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ABOUT MUCET 
 
The  main  purpose  and  scope  of  MUCET  is  to  provide  a  forum  to  bring  together  the  young  
researchers from MTUN to share their ideas, findings and research outcomes of the various aspects 
of  technology,  social  science  and  management  as  well  as  to  discuss  the  practical  challenges 
encountered and solutions adopted. This is a regular annual gathering of experts, practitioners and 
researchers in the field where research developments and best practices are exchanged in support of 
the rising importance of industrial engineering principles and the profession. This can also be an 
avenue for possible collaboration with institutions, industries and other organizations. 
 
To be globally competitive, graduates have to be innovative enough to address current critical issues 
facing industries such as meeting international standard requirements (ASTM, BS, EN, DIN, UL, ISO 
and MS), customizations to fulfill customers needs, development of cost effective new products, 
increasing OEE (Overall Equipment Effectiveness) and shortening time to market. Therefore, we need 
to emphasize major areas of development including manufacturing technology, product design, 
advance processing, ergonomic design, advance materials, telecommunication, chemical 
engineering, microwave engineering, computer engineering, biotechnology, building management, 
construction, transportation, ICT, immersive technology, green technology and social science. 
 
Through  MUCET  the  participants  will  have  the  proficiency  to  apply  knowledge  of  mathematics,  
science  and  engineering  in  identifying  problems  as  well  as  formulating  and  providing  solutions.  
They will be in a better position to adapt to new technologies with the ability and in depth technical 
competence to apply techniques, skills and modern engineering tools for sustainable development. 
Besides, they will realize the need to consider social, economic, technological and environmental 
aspects in solving problems professionally and ethically. Furthermore, they will be continuing their 
professional development and advancement through the process of life-long learning. 
 
MUCET  encourages  the  participants  to  be  active  in  research  and  innovation  as  well  as  to  be 
exposed to various industrial skills, future trends and global scenarios. Achieving global recognition 
and accreditation for excellent development of industries, infrastructure and ensuring the general 
well-being of the nation should be our number one priority. 
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Abstract 

 

Flow shop scheduling problems relates the generation of 

appropriate sequencing for processing of N machines in 

compliance with given processing sequence orders. Due to 

costing requirements and time delivery constraints, continuous 

flow of processing tasks is desired within completion time and 

with minimum of due date time. Viewing as optimization 

problem and focusing on two machines, this research aims to 

develop a new Simulated Annealing based scheduling 

algorithm, called SA2M, for flow shop problem. The 

developed algorithm will be compared to the existing 

Johnson’s algorithm in term of its costs. It is expected that the 

developed algorithm will perform well if not a par with 

Johnson’s algorithm.  

 

Keyword :flowshop, Simulated Annealing, makespan 

 

I.  INTRODUCTION 

In flow shop scheduling, it is generally assumed that the jobs 

must be processed on the machines in the same technological 

or machine order [1]. The commonly methods can be divided 

into gradient methods and heuristic methods. Simulated 

annealing algorithm is one of heuristic methods, which starts 

from a initial solution and then improves the quality of 

solution by searching the current solution’s neighborhood 

constantly and finding the new solution to replace the old one. 

The idea of simulated annealing algorithm is firstly given out, 

and it was successfully applied for the combinational 

optimization area [2]. Because the simple and effective 

strategies of searching the optimal solution, simulated 

annealing reduces the high computational complexity of the 

numerical algorithm and avoids the disadvantage of the local 

convergence of the gradient algorithm. In the flow shop 

scheduling problem, n jobs are to be processed on two 

machines. Here, the main assumption is that a machine 

processes one job at a time and a job is processed on one 

machine at a time without preemption. For n jobs, the search 

space for total flow time minimization or makespan 

minimization consists of n factorial possible job sequences 

[1]. 

 

 

 

 

II. LITERATURE 

 

Flow shop sequencing problem 

A permutation flow shop scheduling is a production 

planning process consisting of a set of n jobs, J={J1, J2,.. Jn} to 

be executed in a set of two machines. In this process every job 

Jn will through  two machine named sequence of operation. 

Every job sequence must be only executed on machine 1 and  

then machine 2. A machine cannot execute more than one 

operation at one time.  The diagram of flow shop scheduling 

for SA2M is shown in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Flow shop diagram 
 

Bodlaender found that parallel machine scheduling with 

incompatible jobs is to minimize the jobs makespan [4]. This 

is because two incompatible jobs cannot be processed by the 

same machine in a same time period and will affected the 

completion time. Total completion time is one of the most 

important performance measures, because, in practice, it can 

lead to stable utilization of resources, rapid turn-around of 

jobs, and minimization of work-in-process inventory costs [5]. 

So, to minimize the last completion time, called a standard 

flow shop scheduling problem, researcher proposed several 

approximation optimization algorithms and mentioned as 

future research other combination of well-known 

combinatorial optimization problem [6].  The completion time 

of a sequence of operation On denoted by Cmax. The criterion 

of optimality in a flow shop sequencing problem is usually 

specified as minimization of make-span that is defined as the 

total time to ensure that all jobs are completed on all machines 

M1  M2  

J1  J1  

J2  J2  

Jn  Jn  

1
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as shown in Figure 2, where On is correspond to the 

processing of job  J on two machines, M = {M1, M2}. If there 

are no release times for the jobs then the total completion time 

equals the total flow time. In some cases for calculating the 

completion times specific constraints are assumed [7].  

 

 The makespan can be calculated from the following 

formula: 

𝐶𝑚𝑎𝑥 = ∑ 𝛿𝑡𝑖

𝑖

 (1) 

 

 Where   𝛿𝑡𝑖   is the time step by which increase the makespan 

iteration i; 

 

𝛿𝑡𝑖 =  min
𝑘=1,2

𝑟𝑘
𝑖  (2) 

 

Where 𝑟𝑘
𝑖   is the remaining time of processing job on the 

machine k in iteration i. 

 

The next remaining time of processing on machine k in 

iteration i+1 is calculated as follows: 

 

𝑟𝑘
𝑖+1 =  {

𝑟𝑘
𝑖 − 𝛿𝑡𝑖         if 𝑟𝑘

𝑖 > 0

𝑃
𝐶𝑘

𝑖 𝑘
                if 𝑟𝑘

𝑖 = 0

  0                     otherwise

∧ 𝑞𝑘
𝑖 ≠ {0}, (3) 

 

Where 𝛿𝑡0 = 0 , 𝑟𝑘
0 = 0, 𝑐𝑘

0 = {0} , k = 1,2 and 𝑐𝑘
𝑖  is the job 

processed on machine k in iteration i.  

 

The equation 4 is for the job processed on machine k in 

iteration i+1. 

 

𝑐𝑘
𝑖+1 =  {

𝑐𝑘
𝑖                       if 𝑟𝑘

𝑖 > 0

𝑞𝑘
𝑖 (1)                if 𝑟𝑘

𝑖 = 0

  0                     otherwise

∧ 𝑞𝑘
𝑖 ≠ {0}, (4) 

 

Where 𝑞𝑘
𝑖 (1) is the first element in job queue, k = 1,2. 

 

 

 

 
Figure 2 : Example of gantt chart for flow shop operation On 

sequence J1-J2-J3-J4-J5 

 

 

 

 

 

 

Johnson Algorithm 

Zuzana Čičková and Stanislav Števo wrote that flow 

shop scheduling processing systems with two machines, where 

the aim is to minimize the makespan, can be solved by a 

Johnsons algorithm, but there is no polynomial algorithm for 

solving the problem for three and more machines [8][9][10]. A 

heuristic is used for deciding the number of blocks, Johnson’s 

and NEH algorithm for sequencing the parts and finally 

Genetic Algorithm and Simulated Annealing for sizing the 

blocks. Four algorithms are presented by combination of this 

method. Three lower bounds presented and improved to 

evaluate the performance of algorithms [11]. The algorithm of 

Johnson is a classic method which solves to optimum the 

problem of sequencing  n jobs on two machines, in a 

polynomial time. Assume that there are n jobs on three 

machines, then the problems become NP-complete (which is 

cannot be solved optimally in polynomial time) and the 

Johnson’s algorithm can be applied only for some kind of 

cases that obey some primary conditions [12]. 

 The Johnson’s Algorithm method is done by allocates the 

jobs from the first and from the last position of the schedule 

considering them in ascending order of production times: 

i. If the considered production time occurs on the 

first machine, allocate the job to the start of 

schedule (after the already scheduled ones). 

ii. If the considered production time occurs on the 

second machine, allocate the job to the end of 

schedule (before the already scheduled ones). 

iii. If the production time on considered job are the 

same on both machines, the decision is up to to 

the machine operator or the machine controller 

itself (whether to perform for machine 1 or 2).  

 

 

Example: 

 

 
 

 

 

 

 

 

 

 

 

  

 

Best sequence : J5,J1,J4,J3,J2 OR J5,J1,J3,J4,J2 

 

 

 

JOB 1 2 3 4 5 

M1 4 4 10 6 2 

M2 5 1 4 10 3 
 

J5 J1 J4 J3 J2 M1 M2 

2
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Simulated Annealing 

The Simulated Annealing (SA) was first introduced by 

Kirkpatrick in 1983, is a stochastic optimization method 

rooted in the principles of statistical physics. SA is a generic 

probabilistic met heuristic for the global optimization problem 

of locating a good approximation to the global optimum of a 

given function in a large search space. This algorithm has 

turned out to be a powerful tool in the field of flow shop 

scheduling. Researchers have been studying the application of 

the SA algorithm in various fields of optimization problems, 

but more importantly, it was shown that SA can be applied to 

sequencing problems [13]. Indeed, the Simulated Annealing 

algorithm is an exact method applied in order to obtain the 

optimal solution to a wide class of combinatorial optimization 

and scheduling problems. 

The process of SA can be described as follows. First, an 

initial solution must be specified as a starting point. Then, 

repeatedly, a neighbour solution is randomly chosen from the 

neighbourhood of the current solution. If the newly generated 

solution is better than the current one, it is accepted and 

becomes the new current solution. Otherwise, it still has a 

chance to be accepted with, so called, acceptance probability. 

This probability is determined by the difference between 

objective function of the current and the neighbour solution, 

and depends on a control parameter, called temperature, taken 

from the thermodynamics.  

 

𝑃(∆𝐸) = 𝑒[−
∆𝐸

𝑘𝑇
]
 (5) 

 

Where T is the temperature,  ∆𝐸 is the differential of energy 

between current and the neighbour: 

 

∆𝐸 = 𝐸𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑢𝑟 − 𝐸𝑐𝑢𝑟𝑟𝑒𝑛𝑡 (6) 

 

and k is the Boltzmann constant found by: 

 

𝑘 =  
𝛿0

log
𝑝0

𝑇0

 (7) 

 

where 𝛿0  is an estimated minimal difference between 

objective function of two solutions, 𝑝0 is the initial value of 

the acceptance probability and 𝑇0 is the initial temperature. 

 

After a number of iterations the temperature is decreased 

and the process continues as described above. The annealing 

process is stopped either after a maximum number of 

iterations or when a minimum temperature is reached. The 

best solution that is found during the process is considered a 

final result [14]. 

 

 

 

 
Figure 3 : The example of simulated annealing 

 

 

III.  METHOD 

There exists much kind of methods to solve combinatorial 

optimization problems on flow shop scheduling depending on 

the complexity of the problem to solve. In this paper, we are 

interested on finding the minimum completion time of the last 

job on the last machine of the flow shop problem, using the 

Simulated Annealing based scheduling algorithm SA2M 

method.  Figure 4 shown the suggested step to execute SA2M. 

 

 

 

 
Figure 4:  The steps to achieve expected result 

 

 

Step1 : Determine the number of job n for the system and 

insert the time of job processed in machine k, 𝑡𝑘
𝑖   as shown in 

Table 1. 

 M1 M2 
J1 𝑡1

1 𝑡2
1 

J2 𝑡1
2 𝑡2

2 
J5 𝑡1

3 𝑡2
3 

… … … 
Jn 𝑡1

𝑛 𝑡2
𝑛 

Table 1 : Time for each n job in machine 1 and machine 2 

 

 

 

 

0

20

40

60

80

100

S1 S2 S3 S4 S5 S6 S7 S8 S9

S1
0

S1
1

S1
2

S1
3

S1
4

S1
5

Makespan

BEGIN 

END 

DETERMINE THE  NUMBER OF JOBS 

GENERATE THE NUMBER OF POSSIBLE SEQUENCE USING PERMUTATION 

FIND THE MAKESPAN (BEST SEQUENCE) USING SIMULATED ANNEALING 

COMPARE  WITH JOHNSON’S ALGORITHM 

3
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Step2 : Randomly generate the permutation  population of 

correspond processing of job, Op : calculate the possible 

sequence by using factorial formula, p = n!.  The set of 

possible processing job O={O1, O2, O3,…,Op}.  

 Example:  O1 ={J1-J2-J5-…Jn}. 

 

Step 3: Assign the time of processing job, 𝑟𝑘
𝑖    by mapping the 

sequence of O, that generate in step 3 and  𝑡𝑘
𝑖  . 

 
 Example: 

 M1 M2 

1 J1 𝑟1
1 = 𝑡1

1 𝑟2
1 = 𝑡2

1 
2 J2 𝑟1

2 = 𝑡1
2 𝑟2

2 = 𝑡2
2 

3 J5 𝑟1
3 = 𝑡1

5 𝑟2
3 = 𝑡2

5 
… … … … 

n Jn 𝑟1
n = 𝑡1

n 𝑟2
n = 𝑡2

n 

Table 2 : Time for each n job in machine 1 and machine 2 

after mapping with Op iteration. 
 

 

Step 4: Calculate makespan using equation (1).   

 

Step 5: Find the best sequence base on simulated annealing 

(minimum value).   
 Repeat step 2 until step 4 to get neighbor value. 

 Compare the current value with neighbor value from step 4. 

If E ≤ 0; then accept the neighbor solution. 

Else  accept with probality. 

 Update the cooling temperature. 

 

Step 6: Repeat step 5 until stoping criteria satisfied, that 

freezing temperature.  

 

Step 7: Compare the result with Johnson’s algorithm. 

 

 

 

IV.  RESULT AND DISCUSSION 

 

The algorithm is coded in C++ Builder. The parameters used 

in SA2M algorithm are setting as Table 3. 

 

Number of Job, n 5 

Initial Temperature 300 

Temperature cooling rate 0.9 

Stop/freezing Temperature 2 

Time processed, 𝑡𝑘
𝑖  

 M1 M2 

J1 2 4 

J2 6 10 

J3 5 4 

J4 6 12 

J5 9 9 

Table 3 : Parameter used in the algorithm  

 

 

The processing of searching results for the SA2M is shown in 

Table 4. 

 

 

T SCurrent CT_c SNeighbour CT_n Seq_best 
300 J2-J4-J5-

J1-J3 

45 J3-J5-J1-J4-

J2 

44 J3-J5-J1-

J4-J2 

285 J3-J5-J1-

J4-J2 

44 J5-J2-J4-J3-

J1 

48 J3-J5-J1-

J4-J2 

270 J3-J5-J1-

J4-J2 

44 J4-J2-J5-J3-

J1 

45 J4-J2-J5-

J3-J1 

257 J4-J2-J5-

J3-J1 

45 J1-J2-J4-J5-

J3 

43 J1-J2-J4-

J5-J3 

244 J1-J2-J4-

J5-J3 

43 J1-J2-J4-J5-

J3 

43 J1-J2-J4-

J5-J3 

… … … … … … 

1.97 J1-J2-J4-

J5-J3 

43 J5-J4-J3-J2-

J1 

48 J1-J2-J4-

J5-J3 

Table 4 : Test case for simulated annealing 

Where 

T = temperature 

SCurrent = Current Sequence 

SNeighbour = Neighbour Sequence 

Seq_best = Best Sequence 

CT_c = completion time for current sequence 

CT_n = completion time for neighbour sequence 

 

 

By using simulated annealing, we are using the completion 

time value of SCurrent and SNeighbour to get the minimum 

makespan. If the difference of completion time is less than or 

equal than 0, we accept the SNeighbour as a best sequence. In 

some condition, it has to decide whether or not to accept a 

SNeighbour, that will be using the acceptance probability to 

search new iteration. Table 4 shown that the minimum 

makespan  is 43 for sequence J1-J2-J4-J5-J3. 

 

Simulated Annealing Johnson 
J1-J2-J4-J5-J3 J1-J2-J4-J5-J3 

Table 5: The comparison answer from Simulated Annealing 

and Johnson 

 

The expected result is shown as Table 5 as a proof that 

Simulated Annealing can find the solution as Johnson’s 

algorithm.  

 

 

V.  CONCLUSION 

 

Summing up, this paper has discussed the Simulated 

Annealing based algorithm for flow shop problem. Our 

contention is that Simulated Annealing can help to find 

optimal solutions for the flow shop scheduling problem 
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Abstract— Biopolymer foam was prepared based on 

vegetable oil and Polyol Flexible with commercial Polymethane 

Polyphenyl Isocyanate (Modified Polymeric-MDI) with different 

proportion ratio. This is to determine the acoustic property 

based on the influence of biomonomer (M) proportion ratio 

with processable flexible polyol (E). The acoustic property of 

biopolymer foam was examined by using an impedance tube 

test according to ASTM E-1050 of sound absorption 

coefficient (α). Based on the result obtained, the highest ratio 

of biomonomer to absorb sound is greater than processable 

flexible polyol namely as M100 and E100 respectively. The 

morphology study revealed that M100 foam have lower cell sizes 

compared to other proportion ratio of M with E foams. The 

smallest averaged cell size is 871 µm was obtained from M100 

with sound absorption coefficent (α) of 0.996 at 3796 Hz 

frequency level. As the conclusion, M its self gives highest α 

than the combination of both polyol as well as E which gives 

almost the same results as M but at lowest frequency level. 

Keywords— Biomonomer Foam ;Flexible polyol foam; Sound 

absorption. 

I. INTRODUCTION (HEADING 1) 

Polymeric foams are important and versatile material 

due to their outstanding strength-to-weight ratio, resilience, 

electrical, thermal and acoustic insulating properties, among 

other characteristics. Polyurethane is one of the largest and 

most versatile families of polymer [1]. Some notable 

applications of this foam material include mattresses, 

upholstery, furniture, footwear and textiles in our homes 

and office, and as packing, appliances, electronics, 

machinery and foundry, and as cushioning material in 

automobiles and in the industries [2]. 

This is due to the excellence in being lightweight, 

strength to weight ratio performance, and most importantly, 

if offers a degree of comfort, protection, and utility not 

matched by other single material [3]. By proper choice of 

raw materials, additive and manufacturing technology, 

the properties of flexible polyurethane (PU) foam can be 

changed to satisfy desired application. Generally, the 

characteristic of flexible PU foam can be adjusting via the 

chemical composition of raw material, in particular polyol 

and isocyanate. 

 During  the  formation  of  flexible  PU  foam,  polyol  

and  isocyanate  are  mixed  to  form polyurethane linkage 

[3]. However, due to the fluctuation of oil prices, these petro-

chemical feed stocks would rise in price and this in fact 

could influence the production cost of automotive seats [4]. 

Thus, this research of waste cooking oil convertion process 

into biomonomer (M) is important in producing biopolymer 

foam by reacting with different types of crosslinking agent. 

II. METHODOLOGY 

A. Raw Materials  

The raw materials for the formation of biopolymer 
foam: biomonomer based on vegertable waste cooking oil 
monomer [5-12], flexible isocyanate and Polyol flexible. 

B. Foam Production 

Biomonomer based on waste cooking oil from Small 
Medium Entrepreneur (SME’s) was prepared started with 
preparation of the catalyst [13-18]. Biomonomer (M) was 
mechanically mixed with flexible isocyanate for withabout 
15 minute until it homogenous. The mixture was then 
added with flexible polyol (E) and stirred again for about 
6 second to produce dwimatrix of polymer foam. The 
steps were repeated with six different percentage ratio of 
E and M as tabulated in Table 1 as show below. 
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Table 1. Percentage ratio of dwimatrix foam of biomonomer, 
M with flexible polyol, E 

Dwimatrix 

Foam of 

M and E 

Flexible 

polyol, E 

(%) 

Biomonomer,

M 

(%) 

Flexible 

Isocyanate 

E100 100 0 0.5 

EM20 80 20 0.5 

EM40 60 40 0.5 

EM60 40 60 0.5 

EM80 20 80 0.5 

M10 0 100 0.5 

 

C. Scanning Electron Microscope (SEM)  

The top surface of laminated biopolymer foam samples 
were sputter coated with gold at 25 mA plasma current and 
2 Pa of chamber pressure to make a conducting samples. 
Cellular structure images were examined by using SEM 
of JEOL-JSM6380LA operates at 15 kV at 30 µm 
magnifier under high vacuum. 

D. Characterization Fabricated Biofoam  

The fabricated samples were prepared in 100 mm and 
28 mm diameter and placed in front of the loudspeaker. 
The Impedance tube test according ASTM E1050 for 
horizontally mounted orientation sensitive materials for the 
frequency range of 100 - 6000 Hz were measured [11]. 
Impedance tube is used to test sound absorption of the 
samples at low frequency level by 100 mm sample diameter, 
while sound absorption at high frequency were determined 
by using 28 mm sample diameter. 

III. RESULT AND DISCUSSION 

SEM and Noise Reduction Coefficient (NRC) analysis 
of dwimatrix microporous foams; biomonomer, M with 
flexible polyol, E. 

 

Fig. 1. SEM micrographs of dwimatrix foams; biomonomer, 
M with flexible polyol, E microporous foams were captured 
from the surface parallel to the foaming direction 

 

The morphologies of these foam surfaces were 
investigated. The SEM images of the surfaces are referred 
to Fig. 1(E100) - Fig. 1(M100). Referring to the previous 

researchers, the biopolymer foams were found to have open-
cells cellular-structures. The open-cells were formed from 
cells which contained many small open-windows located on 
its cell-wall whilst these open-windows formation caused 
the struts developed throughout the foam system [1-4], the 
morphology structure of Fig. 1(M100) shows open cell 

which contained many small open-windows (interconnected 
pores) located on its cell-wall. These open-windows 
formation caused the struts developed throughout the foam 
system. This is because of the cell sizes were increase as 
percentage of flexible polyol, E decrease when it added into 
biomonomer, M. It was revealed that the mean cell size of 
M100 is smaller than E100. Furthermore, the higher the 

percentage of biomonomer, M influences the non-uniform 
formation in between the cellular structure of foams and the 
deceasing size of pore as shown as Fig. 1(E100) - Fig. 

1(M100) [8-20]. These morphological structures will be studies 

to investigate the performed of sound absorption on samples. 

 

Fig. 2. Sound absorption coefficient [α] of dwimatrix 
microporous foams; biomonomer, M with flexible polyol, E 

Table 2: Average value of sound absorption coefficient [α] 
versus frequency of dwimatrix microporous foams; 
biomonomer, M with flexible polyol, E 

 

The fabricated samples were prepared in 100 mm and 
28 mm diameter and placed in front of the loudspeaker. 
The Impedance tube test according ASTM E1050 for 
horizontally mounted orientation sensitive materials for the 
frequency range of 100 - 6000 Hz were measured [11]. 
The results were obtained based on the average value of 

Frequency [Hz] Sound Absorption Coefficient [α] 

E100 EM20 EM40 EM60 EM80 M100 

250 0.096 0.089 0.067 0.089 0.150 0.089 

500 0.137 0.184 0.112 0.184 0.211 0.134 

1000 0.217 0.213 0.163 0.260 0.185 0.167 

2000 0.846 0.640 0.566 0.756 0.525 0.571 

3000 0.969 0.866 0.737 0.945 0.767 0.819 

4000 0.881 0.944 0.984 0.889 0.994 0.988 

5000 0.769 0.836 0.903 0.751 0.878 0.995 

6000 0.723 0.839 0.837 0.686 0.826 0.904 
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sound absorption coefficient, α tested from 2 specimens for 
each percentage. The α value of foam increased in 
frequency range of 1000 - 4000 Hz when the percentage 
of M were increased. The result shows similar sound 
absorption curve as pure flexible polyol (E100) 

microporous foam at the entire frequency range. Based 
on Fig. 2, M100 show highest α of 0.996 at 3796 Hz 

frequency level. The tabulated average value of α is in Table 
2 from low to high frequency of dwimatrix microporous 
foams; biomonomer, M with flexible polyol, E. 

Fig. 3 shows below the Noise Reduction Coefficient 
(NRC) calculated using the average values of α according 
to the Eq. 1. The results showed the variations which 
occurs in NRC between different percentage of M and E. 
This is influences by the microporous foam sizes as well 
as cellular-structure which affects the acoustic properties of 
foams due to different ratio of M and E in dwimatrix 
polymer. Meanwhile, other characteristic such as porosity, 
air flow and viscosity [19] of microporous foam will also 
influence the the finding. NRC or damping effect may 
increase by the factor of lower cell sizes and higher cell 
density [1,20]. 

NRC, % = [(α250 + α500 + α1000 + α2000) /4] x 100% (1) (1) 
 

 

Fig. 3. Noise Reduction Coefficient (NRC) of dwimatrix 
microporous foams; biomonomer, M with flexible polyol, E 

IV. CONCLUSION 

From the research, it was revealed that different 
proportion ratio of biomonomer, M with flexible polyol, E 
influences the formation of microporous foam, thus 
influences the characteristic of sound absorption with 
different frequency level of maximum absorption. The α of 
sample M100 is 0.996 at frequency of 3796 Hz which 

smallest cellular pores that is 871µm which gives the 
effective sound absorption than other foam. 

ACKNOWLEDGEMENTS 

The author would like to thanks Universiti Tun Hussein 
Onn Malaysia (UTHM), Johor and Malaysian Government 
for supporting this research under Malaysian Technical 
University Center of Excellent (MTUN-COE) vot C014 and 
UTHM’s postgraduate incentive grant scheme vot 1199. 

 

 

REFERENCES 

The template will number citations consecutively within 
brackets [1]. The sentence punctuation follows the bracket [2]. 
Refer simply to the reference number, as in [3]—do not use 
“Ref. [3]” or “reference [3]” except at the beginning of a 
sentence: “Reference [3] was the first ...” 

Number footnotes separately in superscripts. Place the 
actual footnote at the bottom of the column in which it was 
cited. Do not put footnotes in the reference list. Use letters for 
table footnotes. 

Unless there are six authors or more give all authors’ 
names; do not use “et al.”. Papers that have not been published, 
even if they have been submitted for publication, should be 
cited as “unpublished” [4]. Papers that have been accepted for 
publication should be cited as “in press” [5]. Capitalize only 
the first word in a paper title, except for proper nouns and 
element symbols. 

For papers published in translation journals, please give the 
English citation first, followed by the original foreign-language 
citation [6]. 

 
[1] Verdejo, R., Stampfli, R., Alvarez-Lainez, M., Mourad, S., Rodriguez-

Perez, M. A., Bruhwiler, P. A., and Shaffer, M. (2009). Enhanced 
Acoustic Damping in Flexible Polyurethane Foams Filled with Carbon 
Nanotubes. Composites Science and Technology, 69(10), 1564-1569. 

[2] Latinwo, G. K., Aribike, D. S., Oyekunle, L. O., Susu, A. A., & 
Kareem, S. A. (2010a). Effects of Calcium Carbonate of Different 
Composition and Particles Size Distribution on the Mechanical 
Properties of Flexible Polyurethane Foam. Nature and Science, 8(9), 92-
101. 

[3] Klempner, D., and Sendijarevic, V. (2004). Polymeric Foams and Foam 
Technology. 2

nd 
.ed. Munich: Hanser 

[4] Latinwo, G. K., Aribike, D. S., Oyekunle, L. O., Susu, A. A., & Kareem, 
S. A. (2010b). Effect of Different Filler Treatment on the Morphology 
and Mechanical Properties of Flexible Polyurethane Foam Composites. 
Nature and Science, 8(6), 23-26. 

[5] S. Nurulsaidatulsyida, M.Rus. Anika Zafiah, (2012). Influence of TiO2 
on Selfclean Bio Coating, 3

rd 
ICME, Johor Malaysia, Trans Tech 

Publication, Advanced Materials Research 315, 399-403. 

[6] A.G M. K Zaimy, M.Rus. Anika Zafiah,, and A.L Najibah (2013). 
Characterization of High Density Solid Waste Biopolymer Foam, 4

th 

ICMMT, Seoul Korea, Advanced Materials Research 748, 133-137. 

[7] A.R Rahimah, M.Rus. Anika Zafiah,, A.S.A Bakhtiar (2012). 
Preliminary Fabrication of Polymer Membranes from Renewable 

Resources, 3
rd 

ICME, Johor Malaysia, Trans Tech Publication, 
Applied Mechanics and Materials 315, 428-432. 

[8] M. Avalle , G. Belingardi & R. Montanini (2000). Characterization of 
Polymeric Structural foams under Compressive Impact Loading by 
Means of Energy-Absorption Diagram. International Journal of 
Impact Engineering. Vol 25, pp 455-472. 

[9] Abd-El Fattah., A.Mahmuod., Khaled E. El-Nagar (2008). 
Characterization of the Acoustic Behaviours of Laminated Polyester 
Fabric using Different Adhesion System. Australian Journal of Asic And 
Applied Sciencess. Vol 4, pp 96-101. 

[10] P.  Saha  &  A.B.  Carey  (2003).  Acoustical  Materials  Workshop.  
SAE  Acoustical  Material Committee. Lear Corporation. 

[11] H. S. Seddeq (2009). Factors Influencing Acoustic Performance of 
Sound Absorption Materials. Australain Journal of Basic and Applied 
Sciences, 3(4), pp 4610-4617. 

[12] D. Klempner, & V. Sendijarevic (2004).  Polymeric Foams and Foam 
Technology 2

nd 
. ed. Munich: Hanser. 

8th MUCET 2014, Date:10-11 November 2014, Melaka, Malaysia

8



[13] M.Rus. Anika Zafiah (2008). Degradation Studies of Polyurethanes 
Based On Vegetables Oils. (part I)., Prog in Reaction Kinetic And 
Mechanism, Science Reviews, vol 33, Pp 363-391. 

[14] M.Rus. Anika Zafiah (2009). Degradation Studies of Polyurethanes 
Based On Vegetable Oils. Part 2; Thermal Degradation And Materials 
Properties, Prog React Kinetic And Mechanism, Science Reviews, vol 34, 
pp 1-43. 

[15] M.Rus. Anika Zafiah (August 2009). Material Properties of Novelty 
Polyurethane Based On Vegetable Oils, The 11

th 
International 

Conference onx QiR (Quality in Research), Depok, Indonesia, 3-6. 

[16] M.Rus. Anika Zafiah (2010). Polymer from Renewable Materials, 
Science Progress, vol 3, 93, 1-16 available online; 
www.scilet.com/DB/SPROG. 

[17] S.Nurulsaidatulsyida, M.Rus. Anika Zafiah, N.N Mat Hassan,S.R Mohid 
(2013). Morphology and Mechanical Properties of HDPE / Bio-polymer 

as Compounding Material, 4
th 

ICMMT, Seoul Korea, Advanced 
Materials Research 748, 150-154. 

[18] N.N Mat Hassan, M.Rus. Anika Zafiah, S. Nurulsaidatulsyida., and S.R. 
Mohid (2013). Acoustic Study based on Sustainable Green Polymer 

Treated with H2O, 4
th 

ICMMT, Seoul Korea, Advanced Materials 
Research 748, 281-285.  

[19] Mello, D. D., Pezzin, S. H., and Amico, S. C. (2009). The Effect of Post-
Consumer PET Particles on the Performance of Flexible Polyurethane 
Foams. Polymer Testing, 28(7), 702-708. 

[20] Dai, X. H., Liu, Z. M., Wang, Y., Yang, G. Y., Xu, J., & Han, 
B. X. (2005). High Damping Property of Microcellular Polymer 
Prepared by Friendly Environmental Approach. J. of Supercritical 
Fluids, 33(3), 259-267. 

 

 

8th MUCET 2014, Date:10-11 November 2014, Melaka, Malaysia

9



Thermal Characteristic of Biopolymer Foam using 
Hot Compression Technique 

 

Anika Zafiah M. Rus, Nik Normunira Mat Hassan 
Sustainable Polymer Engineering 

Advanced Manufacturing and Material Centar (AMMC) 
Universiti Tun Hussein Onn Malaysia, Johor 
 Parit Raja, Batu Pahat, Johor, MALAYSIA 

zafiah@uthm.edu.my, niknormunira@gmail.com 

Abstract— Flexible and rigid biopolymer foam were prepared 
by the reaction of polyol based on waste vegetable oil with 
commercial Polymethane Polyphenyl Isocyanate (Modified 
Polymeric-MDI) and Diisocyanate-diphenylmethane (MDI).The 
morphological study of flexible and rigid biopolymer foam were 
examined by Scanning Electron Microscope (SEM), 
Thermogravimetric analysis (TGA) and density. It was found that 
the density of flexible and rigid biopolymer foam was steadily 
increased after using hot compression moulding technique at 90oC. 
Furthermore, the flexible and rigid biopolymer foam gives a close 
cell structure and smallest cell size with hot compression technique 
which is 143.71 µm and 90.01 µm respectively. The thermal stability 
of rigid biopolymer foams exhibited the first degradation of hard 
segment occur at 276.32oC and the second degradation of soft 
segment at 421.05oC as compared to flexible biopolymer foam 
which is 238.39 oC and 419.44 oC, respectively. This behavior of 
thermal degradation of the hard segment and soft segment of 
biopolymer foam was changes after using hot compression 
moulding technique. 

Keywords— Thermal Degradation, Biopolymer Foam, 
Methylene Diphenyl Diisocyanate (MDI). 

I.  INTRODUCTION 

Polyurethane (PU) foam are versatile engineering materials 
which find a wide range of applications because of their 
properties can be readily tailored by the type and composition 
of their component. However, the main market for PU foam is 
in polymeric foam, which are flexible and rigid [1]. Flexible 
and rigid PU foams are two predominant application forms of 
PU with coatings, sealants, elastomers, and adhesives being 
other common forms of applications. PU foam can be produced 
with open-cell structure to be more flexible or a close cell 
structure to be a more rigid [2]. Generally PU foams is one of 
major production from urethane material. The characteristic of 
PU foam can be changes via adjusting the chemical 
composition of the raw materials, in particular polyol and 
isocyanate in which the PU properties mainly depends on the 
types of polyol such as functionality and hydroxyl value 
[3].The bio-polyols synthesized from vegetable oils are 
attractive alternatives for produce green polymer foam. In 
polymer industry, vegetable oils which represent a major 

potential source of chemicals have been utilized as an 
alternative feedstock for bio-monomers [5-7]. 

Thermogravimetric analysis (TGA) is an analytical 
technique that measures the weight of a small polymer sample 
as a function of time or temperature and hence gives a 
quantitative description of the thermal stability of material and 
the amount of the corresponding residue. The derivative weight 
loss curve known as differential thermogravimetric analysis 
(DTG) shown on the TGA themogram can be used to 
understand the onset decomposition temperature, the 
temperature at which the rate maximum of decomposition and 
decomposition temperature as well as the number of step 
involved in the thermal degradation of flexible polyurethane 
foam. TGA is useful to determine thermal stability and 
degradation behavior of a polymer or composite [8]. 

II. METHODOLOGY 

A. Materials 

Biomonomer from waste vegetable oil, Polymethane 
Polyphenyl Isocyanate and Polymethane Polyphenyl 
Isocyanate (diisocyanate-diphenylmethane, MDI).  

B. Foam Production 

Biomonomer based on waste cooking oil from Small 
Medium Entrepreneur (SME’s) was prepared by using in-house 
catalyst preparation to generate the epoxides from unsaturated 
fatty compound which comprises the acid-catalyst ring opening 
of the epoxides to form polyols [2-3,9]. The biomonomer is 
mixed with Modified Polymeric-MDI and diisocyanate- 
diphenylmethane (MDI) were prepared by simple open casting 
method to produce the biopolymer foam. The mixture was 
poured into open mould and allowed to rise freely and the 
biopolymer foam was removed from the mold after 12 hours. 

C. Hot compression 

 160g of biopolymer foam was weighted to fill into the 
mould with internal core size of 180 * 180* 15mm to produce 
biopolymer foam after hot compression. The parameter of the 
compression machine was set at 90oC of temperature, under 26 
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tonnes of pressure within 1 hour. Two samples were prepared 
using this method based on rigid and flexible crosslinking 
agents. 

D. Scanning Electron Microscope (SEM) 

 The top surface of each green polymer foam samples 
was sputter coated with gold at 25mA plasma current and 2Pa 
of camber pressure to make them conducting. Cellular structure 
images were examined by using scanning electron microscope 
(SEM) of JEOL-JSM6380LA operates at 15kV at 30X 
magnification. 

E. Thermogravimetric analysis (TGA) 

 TGA measurement was performed using Linseis TGA for 
characterized the thermal properties of biopolymer foam. The 
TGA for flexible and rigid biopolymer foam was measured 
weight loss and derivative weight loss curve was heated in the 
thermal gravimetric furnace from 20oC to 900oC at the heating 
rate of 10oC/min under oxygen atmosphere, flow rate 0.3 µL 
and using alumina crucible. 

 

III. RESULT AND DISCUSSION 

A. Density of biopolymer foam 

The density of rigid biopolymer foam gives largest as 
compared to flexible biopolymer foam before compression 
technique as refer on Figure 1. On the other hand, the 
densities of the biopolymer foam were changes significantly 

after compression technique at 90
o
C. According to X. Mao 

et al (2008) reported that the decreasing of the density was 
gives increasing of the cell size and window cell of foam 
[10]. 

 

Figure 1. Density of rigid and flexible biopolymer foam 
before and after compression technique 

B. Scanning Electron Microscope (SEM) 

 The cross section surfaces of rigid biopolymer foam of 
compressed and uncompressed technique were observed with 
SEM as shown in Figure 2 (a) and Figure 2(b). The shapes of 
the cells are spherical and close cell structure of rigid 
biopolymer. The cell structure is homogenous, small struts 
and lamellae before compression technique as shown in 
Figure 2(a). However, the morphology structure after 
compression technique gives non-homogenous and small 

struts as referred to Figure 2 (b). The average of cell size 
indicates that the highest cellular cell size is 501.5 µm of 
uncompressed as compared to compressed technique sample 
is 90.1µm. 

 

Figure 2. SEM micrograph of rigid biopolymer foam: (a) 
before compress and (b) after compress 

 

Figure 3. SEM micrograph of flexible biopolymer foam: (a) 
before compression and (b) after compress 

The flexible biopolymer foam represent having open-
cell cellular structure and anisotropic. According to Gibson 
& Ashby (1997) reported that almost all man-made foams 
are anisotropic [11]. The open-cell structure comprises 
many small open windows located on the cell wall and 
these cause the struts formed in between the open window 
[12]. The SEM results present the cell distribution of 
flexible biopolymer foam without compression technique 
shows uniform pore distribution, smaller cell size and 
homogenous. The larger cells were found without 
compression technique is 411.4 µm as compare to cellular 
structure of the flexible biopolymer foam with 
compression technique is 143.71µm. 

C. Thermogravimetric analysis (TGA) 

Referring Figure 4, the first point degradation correlates 
with the hard segment while the second peak correlates with 
the degradation of the soft segment. Qualitative 
characterization of the degradation process is elaborate by the 
onset and maximum peak temperature of the first step T1on 

and T1max along with the same for second step T2on and 
T2max. The detail TGA data, the onset decomposition 
temperature (Tonset) and the maximum decomposition 
temperature (Tmax) for rigid and flexible biopolymer foam 
are shown in Table 1. 
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Figure 4. Thermogram of biopolymer foam (a) 
thermogravimetric (TG) and (b) Differential 
thermogravimetric (DTG) 

The first peak of flexible biopolymer foam was appear at 
the temperature ranges less than 100oC due to the beginning of 

weight loss of volatile material in the DTG evaluation profile 
of the samples indicated in Figure 1 (b). It this sense, it has 
been reported that the first weight loss during thermal 
degradation of biopolymer foam at less 100oC due to the 
degradation of volatile material. The previous researchers was 
investigated the first peak of thermal degradation of biomass 
which is palm kernel shell, empty fruit brunch, palm mesocrap 
fiber and mukah baligian coal at the range of temperature less 
than 150oC due to moisture drying stage. The thermal 
decomposition observed below 110oC corresponded to the 
moisture evolution of the water linked to the hydroxyl and 
carbonyl groups of the fiber. The maximum peak of biomass 
shows at 50oC probably moisture content of the samples [13]

 

Table 1. Thermal decomposition of biopolymer foam 

Sample First Decomposition 
Temperature (oC) 

Second Decomposition 
Temperature (oC) 

Third Decomposition 
Temperature (oC) 

Rigid Biopolymer Foam 276.32 (0.19) 
T1 on = 152.63 
T1 max = 334.21 
Mass loss = 0.242 

421.05 (0.537) 
T2 on = 334.21 
T2 max = 505.26 
Mass loss = 0.474 

610.53 (0.895) 
T3 on = 505.26 
T3 max = 742.11 
Mass loss = 0.242 

Rigid Biopolymer Foam 
after compression 

244.44 (0.153) 
T1 on = 138.89 
T1 max = 338.89 
Mass loss = 0.238 

422.22 (0.505) 
T2 on = 338.89 
T2 max = 516.67 
Mass loss = 0.448 

602.78 (0.857) 
T3 on = 516.67 
T3 max = 716.67 
Mass loss = 0.267 

Flexible Biopolymer 
Foam 

238.39 (0.168) 
T1 on = 94.44 
T1 max = 283.33 
Mass loss = 0.195 

419.44 (0.632) 
T2 on = 283.33 
T2 max = 494.44 
Mass loss = 0.574 

566.67 (0.947) 
T3 on = 494.44 
T3 max = 677.78 
Mass loss = 0.168 

Flexible Biopolymer 
Foam after 
compression 

252.63 (0.152) 
T1 on = 126.32 
T1 max = 384.21 
Mass loss = 0.2 

410.53 (0.562) 
T2 on = 384.21 
T2 max = 507.89 
Mass loss = 0.53 

584.21 (0.914) 
T3 on = 507.89 
T3 max = 678.95 
Mass loss = 0.25 

 

 Table 1 summarized result of rigid and flexible 

biopolymer foam after compression moulding technique. 

The onset degradation temperature Tonset and the 

maximum degradation rate temperature T1max of the first 

degradation stage of rigid biopolymer without compression 

technique are 276.32
o
C and 421.05

o
C, respectively as 

compared to flexible biopolymer foam which is 238.39 
o
C 

and 419.44 
o
C. The weight loss of rigid and flexible 

biopolymer foam were decrease from 0.19 to 0.153 for rigid 

and 0.168 to 0.152 for flexible biopolymer foam with 

compression technique. This behavior may due to the easy 

thermal degradation of the hard segment due to the amount 

of weight loss or percentages of mass loss in first stage 

decomposition was well correlated with the hard segment, 

suggesting that the degradation start in the hard segment 

[14]. 

IV. CONCLUSION 

The polyol based on waste vegetable oil could be used as 
one of the raw material for preparation of biopolymer foam. 
The overall density of biopolymer foam increased steadily 
and the morphology structure of cell size was decrease 

after compression moulding technique at 90
o
C. In 

addition, the thermal degradation of rigid biopolymer foam 
exhibited gives the highest hard segment and soft 
segment as compared to flexible bioploymer foam. 
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Abstract— Biopolymer Flexible Compress (Bio-PC) were 
prepared by the reaction of polyol based on waste vegetable oil with 
commercial Polymethane Polyphenyl Isocyanate (Modified 
Polymeric-MDI) with different percentages of Titanium dioxide 
(TiO2) loading and then compress by using hot compression 
moulding technique at 90oC. In this study, Bio-PC was examined 
the transmissibility and damping characteristic after UV exposure. 
It was found that the damping characteristic of Bio-PC was 
increase with increasing of the UV exposure and decrease with 
increasing of TiO2 loading at displacement (1mm, 1.5mm) and 
acceleration (0.1G and 0.15G) base excitation according to ASTM 
D3580-9. The increasing of UV exposure of Bio-PC system will 
decrease the transmissibility of system and increased the damping 
of the system at low frequency ranges. However, the damping of 
Bio-PC increase with increasing of the UV exposure and decrease 
with increasing of TiO2 loading. 

Keywords— Biopolymer foam; UV exposure; Damping 
characteristic; Transmissibility 

I.  INTRODUCTION  

Worldwide, more and more attention is being focused on 
polyurethane recycling due to under way changes in both 
regulatory and environmental issues. Increasing landfill costs 
and decreasing landfill space are forcing consideration of 
alternative option for the disposal material. Polyurethane 
successfully recycled from a variety of consumer product 
including appliances, automobiles, bedding, carpet cushion, 
upholstered furniture. Since 1990, the polyurethane recycle and 
recovery council (PURRC) sponsored major investigation into 
the recycling process including full-scale foam trials (Herman 
Stone 2000). 

Recycling of polymer waste materials is a one way to 
overcome the disposal problem of polyurethane become 
economically and environmental viable. The four major 
categories, are mechanical recycling, advanced chemical and 
thermo chemical recycling, energy recovery and product 
recycling (KM Zia et al 2007). Mechanical recycling process 
by regrinding polyurethane foam into the powder and lead to 
be reused in the production of new foam as filler by the 
compression molding method. In this paper was discussed the 
development of a new method for converting polyurethane 
waste materials and used polyurethanes into reusable products 

which can be used in the preparation of polymer using 
mechanical recycling by hot compression moulding technique. 

Damping characterization of the Biopolymer Compress 
(Bio-PC) was study to propose the reliability of Bio-PC 
transmitted of the vibration at low frequency after UV 
exposure. The transmissibility test was conducted followed 
ASTM D3580-95. The vibration characteristics, such as 
resonance peak, resonance frequency and attenuation 
frequency of Bio-PC inserted to system were determined and 
discussed based on the transmissibility results measured. The 
vibration damping of Bio-PC clearly noticed from the damping 
ratio (ζ) calculated using the formula of transmissibility and 
experimental data. According to White et al (2000) was 
reported that some of the amplitudes were absorbed by Bio-PC 
due to its damping effects occur during the transmissibility. 

The modelled as a mass-spring damper system of measured 
vibration transmissibility of Bio-PC followed by previous 
researchers such as White et al., (2000),Guo et al., (2009) and 
Joshi et al., (2010) as refer Figure 1. According to Guo et al., 
(2009) was reported inserted the paperboard pads as nonlinear 
elastic but according to White et al., (2000) and Joshi et al., 
(2010) the foam cube inserted was modelled as nonlinear 
elastic and linear viscoelastic. In this study, the Bio-PC was 
modelled as nonlinear equivalent stiffness (K) and nonlinear 
equivalent  damping  (C)  according  to the difference 
characteristics and the damping effects of Bio-PC with TiO2 
loading and UV irradiation. 

 

Figure 1: Mass-spring damper system was modeled as Bio-
PC system 

8th MUCET 2014, Date:10-11 November 2014, Melaka, Malaysia

14



 This method was proposed by Wang and Low 
(2005) to analyze the damped response of nonlinear of 
cushion. In this study, this method was selected to analyze 
of Bio-PC as long as the foam blocks system for sample 
testing. In mechanical vibrations study, there has a equation 
of motion when the Bio-PC system facing a vertical 
excitation and it shown as equation 1, where M = total 
mass applied on moveable top plate, C = damping 

coefficient = 2ζ [(σAM)/ (εԁ)]
1/2

,  K = stiffness at local 
working point = (σA) / (εԁ), x = motion in moveable plate, y 
= motion in base, and z = (x – y). 

Mẍ + Cż + Kz = 0 (1) 

 The transmissibility is defined ad ratio of base 
transmitted to moveable top plate with 2 blocks loaded at 
different frequency of this research were determined as 
equation 2 (Guo et al., 2010), where r = frequency ratio of 
base frequency to natural frequency of system = (ωb/ ωn), ζ 
= damping ratio, x = motion at mass, y = motion at base. 

 

By  using  equation  3,  the  total  damping  ratio  (ξ  total)  

occurred  in  Bio-PC  system  can  be calculated from 

experimental data obtained in transmissibility test. As 

noted in description of FFC system, the total damping 

occurred in system was generated from damping effect 

from Bio-PC (ξ foam) and friction losses (ξ frictional losses) 

found in Bio-PC system during mechanical vibration (Liang 

and Freeny, 1998). 

 

 

The frictional loss was occurred of Bio-PC system due to 

vibration transmitted from base to the moveable top plate 

may dissipated by resistance to uniaxial motion of top plate 

of foam block system. In this study, this friction loss were 

measured in order to accurately analysis the damping effects 

caused by Bio-PC to vibration absorption. 

Figure 2 : Displacement response of foam-block system in 

free-vibration test. 

The friction losses were determined due to the displacement 
response of moveable top plate of foam block system by a free-
vibration test. Figure 4 shows the beginning motion of top plate 
with two blocks loaded is vibrate with decaying amplitude very 
fast, after an initial forced applied. This situation was occurred 
due to the frictional loss in four linear bearing of the foam 
block system. Liang & Feeny (1998) were mentioned the 
frictional losses or damping can be calculated through a 
logarithmic decrement method generate based on free vibration 
test. 

According to Liang & Feeny (1998), the main formula to 
calculate the damping to the displacement response measured, 
where Y = y(t) = displacement, i = 1, 2, ..., n-1, and β = 
logarithmic decrement = ξ/ (1-ξ2)1/2. Based on this formula 
(Equation 3), the β can be calculated by having 4 data from the 
resulting curve referred Figure 4. 

 

 The  damping  ratio  generated  by  4  bearing  linear  
system  in  foam  block  system  can  be determined by 
filled the β value to β = ξ/ (1-ξ

2
)
1/2

. According to 
Liang and Freeny, (1998) was mentioned the total damping 
ratio (ξ total) = damping foam (ξ foam) - friction losses (ξ 

frictional losses).  

II. SAMPLE PREPARATION 

Bio-monomer based on waste cooking oil from Small 

Medium Entrepreneur (SME’s)  was prepared by using in-

house catalyst preparation to generate the epoxides from 

unsaturated fatty compound which comprises the acid-

catalyst ring opening of the epoxides to form polyols  

(Anika Zafiah, 2008 &2009; MHN ;Normunira et al, 2013). 

The bio-monomer is mixed with diisocyanate-

diphenylmethane (MDI) with different percentages of TiO2 

which is 0%, 2.5%, 5.0%, 7.5% and 10.0% were prepared by 

simple open casting method to produce the biopolymer 

foam and was removed from the mold after 12 hours. After 

that, the samples were prepared with 160g of biopolymer 

foam was weighted to fill into the mould with internal 

core size of 180 * 180* 15mm to produce Bio-PC by 

using hot compression technique. The parameter of the 

compression machine was set at 90
o
C of temperature, under 

26 tonnes of pressure within 1 hour.  Sample of Bio-PC were 

exposed to the UV light in UV Lamp Test Chamber Model 

HD-703 (Haida International Equipment Co., LTD) at 

different exposure time at 250h, 500h, 750h, and 1000h at 

50°C. The UV exposure of the samples was carried out 

using an array of UV fluorescent lamps emitting light in the 

region from 280 to 320 nm with a tail extending to 400 nm. 
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III. VIBRATION TRANSMISSIBILITY AND DAMPING 

CHARACTERISTIC 

The vibration transmissibility test was developed to 
determine the effectiveness of Bio-PC on reducing the 
unwanted base vibration. The transmissibility test was 
generated at various based excitation levels that is 1mm and 1.5 
mm for displacement, 0.1G and 0.15G for acceleration in 
frequency range 2-30 Hz at 10mm, 15mm and 20mm of 
thickness. Damping characterization of the Bio-PC was study 
by modelled a mass-spring damper system at the range low 
frequency by following ASTM D3580-95. 

IV. RESULT AND DISCUSSION 

 The photo degradation effect of damping characteristic 
for Bio-PC with TiO2 loading was investigated in this 
study from 0h to 1000h UV exposure. TiO2 used as an 
additive of polymer due to the unique features including 
non toxicity and chemical stability under both high 
temperatures, the excellent UV screener to reflect the light 
away from the material surface (James Robinson et al, 2011). 
Furthermore, TiO2 has been selected in this study cause 
the most important photocatalyst for the degradation of 
many organic pollutants. The value of (ξ foam) was calculated 
using equation (3) and (4) in which damping foam (ξ foam) 
= damping total (ξ total) - friction losses (ξ frictional losses) in 
which the value of damping of friction losses (ξ friction losses) is 
0.37363 was calculated. 

 

Figure 3: Transmissibility (neat Bio-PC) and damping of Bio-
PC with TiO2 loading for displacement 1mm excitation after 
UV exposure 

 

Figure 4: Transmissibility (neat Bio-PC) and damping of Bio-
PC with TiO2 loading for displacement 1.5mm excitation after 
UV exposure 

 

Figure 5: Transmissibility (neat Bio-PC) and damping of Bio-
PC with TiO2 loading for acceleration 0.1G excitation after 
UV exposure 

 

Figure 6: Transmissibility (neat Bio-PC) and damping of Bio-
PC with TiO2 loading for acceleration 0.15G excitation after 
UV exposure 

Referring Figure 3 to Figure 6 indicated the damping of 
Bio-PC with different ratio of TiO2 loading at excitation for 
displacement was 1mm and 1.5mm and acceleration 0.1G and 
0.15G with 10mm of thickness respectively. The results show 
the damping of Bio-PC increase with increasing upon the UV 
exposure and decrease with increasing of TiO2 loading. 
Obviously, the damping of Bio- PC with 7.5% TiO2 loading 
gives decrease without UV exposure as compare to other 
concentration of TiO2 loading at the 1mm and 1.5mm 
displacement based excitation. These results reported may the 
molecules of Bio-PC leads to the break (chain-scission), 
crosslink or suffer substitution reaction after UV exposure. The 
increasing of duration time of UV exposure up to 1000h of 
Bio-PC can cause the polymer breakdown and reduction of 
strength. 

However, the increment time of UV exposure of Bio-PC 
system will gives the increment of damping of the system in 
whilst for acceleration and displacement. The damping 
significantly linearly increased at the maximum transmissibility 
at the range 15 to 25 Hz frequencies. The different 
concentration ratio of TiO2 loading gives the deceasing of 
damping before UV exposure and started increment when 
exposure to UV. Hence, the damping characteristic of Bio-PC 
has become an important requirement in the design automotive 
and aerospace structures (Gibson and Finegan, 1999). 
However, for Bio-PC, the characteristic of damping is an 
important property of materials and damping capacity is 
usually employed to judge material ability to dissipate elastic 
strain energy when it is subjected to vibratory loads (Gu et al., 
2007). In this case, Bio-PC can dissipated the vibrations 
through expelled the fluid inside the particles when the 
moveable top plate vibrate (Gibson and Ashby, 1997). 

V. CONCLUSION 

The Biopolymer Flexible Compress (Bio-PC) is a 
renewable polymer based on waste vegetable oil is used to 
characterize the transmissibility and damping after UV 
exposure. The increasing of UV exposure of Bio-PC system 
will decrease the transmissibility of system and increased the 
damping of the system at low frequency ranges. However, the 
damping of Bio-PC increase with increasing of the UV 
exposure and decrease with increasing of TiO2 loading. In this 
study was conclude that the system behavior of Bio-PC is 
under damping (0<ζ<1) with UV exposure and TiO2 loading. 
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Abstract— This study was developed to compare the behavior 
and the ability of polymer foam composites towards sound 
absorption test based on conditions of the fillers and wood dusts 
particle sizes. By choosing the size of <355 µm, three different 
percentages has been selected which is 10%, 15% and 20% for both 
type and conditions of wood dust. These samples has been tested by 
using Impedance Tube test for sound absorption coefficient (α) 
measurement and Noise Reduction Coefficient measurement (NRC) 
and Scanning Electron Microscopy (SEM) to study the pores 
structure for selected size and type of wood dust-polymer foam 
composite. The sound absorption coefficient (α) shows variety of 
value at frequency range of 2500 to 6000 Hz. The highest α value is 
approaching to 1 while the lowest α value is 0.6.The pore size and 
structure was influence the sound absorption behavior of each 
sample. Untreated MM and OPT-polymer foam composite of every 
percentage loading shows the uniform pore structure as compared 
treated MM and OPT-polymer foam composites. NRC results shows 
that increasing pore size has decrease the NRC value for untreated 
and treated MM-355, meanwhile others shows increasing in NRC 
value. It is therefore, concluded that the sound absorption 
coefficient for each sound absorbing material, with different sizes of 
wood dust particles, types of wood dust and the percentages of wood 
dust loading in polymer foam matrix effect the sound absorption 
behavior. 

Keywords— Wood Dust, sound absorption coefficient, polymer 
foam composite 

I.  INTRODUCTION 

In the recent years, a number of studies have been carried to 
develop new materials and technologies improving the sound 
absorption properties (Zhang, J.et al., 1997 & Yu, B.Z. 1999). 
The sound of an industrial waste developed by using processed 
bamboo and oil palm frond has been tested for its sound 
absorption properties (Koizumi, T. et al., 2002 & Sihabut, T., 
1999). Sound absorbing materials absorb most of the sound 
energy striking them and reflect very little. Therefore, sound-
absorbing materials have been found to be very useful for the 
control of noise (Arenas, J.P. et al. 2010); Materials that have 
high value of sound absorption coefficient are usually porous 
(Crocker, M.J. et al., 2007) . The absorption coefficient is a 
useful concept when using geometrical acoustic theory to 
evaluate the growth and decay of sound energy in a room 
(Anika Zafiah, M.R. et al., 2012). 

From previous study, polyurethane foams composites made 
from palm oil were synthesized, crosslink and doped with eco 
natural filler of rubber waste or sawdust powder (Anika Zafiah, 
M.R., 2010 & Anika Zafiah, M.R., 2009b). As natural 
resources become scarce, many researchers and industries are 
beginning to investigate and utilize various renewable 
resources such as the abundant and cheap vegetable oils, which 
represent a major potential source of chemicals (Anika Zafiah, 
M.R., 2008 & Anika Zafiah, M.R., 2009a). 

Meranti Merah wood dust (MM) and Oil Palm Trunk dust 
(OPT) was used because its abundant sources of the furniture 
manufacturing. The acoustical properties (sound absorption 
coefficient) of the composite were determined to investigate 
the possibility of untreated and treated MM and OPT as filler 
of polymer composite foams. Both wood dusts were chosen as 
raw material because of its availability. The remaining wood 
dust after hydrolysis treatment containing acidic cellulose-
lignin and before acid hydrolysis treatment was tested as filler. 

In this present study, a comparison between before and 
after acid hydrolysis treatment of MM and OPT contributed as 
filler to composite foam to measure the sound absorption 
ability and understanding the quality of fibrous material in 
composite foam. The analysis of the wood dust construction 
still undergoing for this research since the influence of 
percentage loading or particle size of wood dust is inconsistent 
throughout the analysis. 

II. METHODOLOGY 

A. Preparation of samples polymer foam composite 

Wood dust with <355 µm in size, treated with acid 
hydrolysis named as OPT and MM with percentage of 10%, 
15% and 20% respectively were used as filler in polymer foam 
composites. The pore size and structures of composites during 
the cross linking with polyol and isocyanate was also 
monitored. Specific designed of close mold with 100mm 
diameter and 28 mm diameter was used to fabricate the 
samples.  
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B. Scanning Electron Microscope (SEM) of fabricated 
polymer foam composite. 

The surface of polymer composite foam samples were gold 

coatedat 25 mA plasma current and 2 Pa of chamber pressure 

to make them conducting samples. Cellular structure images 

were examined by using SEM of JEOL-JSM6380LA 

operates at 15 kV at 30 µm magnifier under high vacuum. 

C. Determination of acoustic property of polymer foam 
composite by impedance tube test 

The impedance tube consists of a adjustable filter, 

propagation tube, large sample tube 100 mm diameter, 

small sample tube 28 mm diameter and two-microphone 

method and a digital frequency analysis system for the 

measurement of normal incidence sound absorption 

coefficient and normal specific acoustic impedance ratios 

of materials. Theywere tested by using impedance tube 

test according ASTM E1050 for horizontally mounted 

orientation sensitive materials for the frequency range of 

100-6000 Hz [11]. 

III. RESULT AND DISCUSSION 

A. Scanning Electron Microscopy, SEM 

Define abbreviations and acronyms the first time they are 
used in the text, even after they have been defined in the 
abstract. Abbreviations such as IEEE, SI, MKS, CGS, sc, dc, 
and rms do not have to be defined. Do not use abbreviations in 
the title or heads unless they are unavoidable. 

 

Figure 1:  (a) untreated MM-filler polymer foam composites; 
(b) treated MM-filler polymer foam composites; (c) untreated 
OPT-filler polymer foam composites and (d) treated OPT-
filler polymer foam composites 

Figure 1: (a), (b), (c) and (d) show the porosity structure of 
untreated MM-filler, OPT-filler and treated MM-filler, OPT-
filler reinforced in polymer foam composite. Acid treatments 

for both wood dusts influence the pores structure of MM-
filler and OPT-filler polymer foam composites. In figure (a), 
the MM-filler was loaded in polymer composites shows 
the even pore structure as compared to figure (b) this might 
be due to present of acidity of the MM after acid treatment 
similar to figure (c), OPT-filler where the treated OPT-
filled in polymer foam composites give uneven pores 
structure. Untreated MM-filler and OPT-filler, figure (d) was 
loaded in polymer foam composite gives bigger pore size of 
the foam, whereby the large size of porous cell increases 
the absorption coefficient at low frequency level (Zhang, C 
et al.,2012). This study has observed that the different 
condition of filler gives different pore structure which will 
affect the value of sound absorption coefficient, α. The 
physical condition of treated polymer foam composites is 
slightly brittle as compared to untreated polymer foam 
composite. The pore structure in polymer foam composites 
may affect the acoustic behavior and also affect the 
mechanical properties the polymer foam composites. 

B. Acoustic analysis of polymer foam composite 

 

Figure 2: SAC of different conditions and ratio of the wood 
dust filler-polymer foam composites; (a) MM-355-B, (b) 
MM-355-A, (c) OPT-355-B and (d) OPT-355-A. 

For Meranti Merah wood dust, the percentage of filler 
loading in the polymer foam was influenced the α values 
with different order based on particle size of wood dust. As 
refer to Figure 2, (a), the higher the percentage of MM-
355-B filler loading in the polymer foam, the higher the 
frequency absorption level. The shifted of frequency 
absorption level (Hz) is from 4000 Hz up to 4900 Hz for 
MM-355-B polymer foam composite which highest 
frequency absorption level contributed by the 20% filler 
loading in polymer matrix as refer to Figure (a). Referring 
to Figure (b), as the percentage loading of filler 
increase, the lower the frequency absorption level was 
observed. The range of frequency absorption level was 
decreased from 3500 Hz to 3000 Hz for lowest and 
highest filler loading respectively. 

As for Oil Palm Trunk, OPT dust, Figure (c) shows the 
similar range for frequency absorption level which at 6000 
Hz with the different α value at range 0.6 to 0.8. 

When referring to figure (d) the shifted of frequency 
absorption level (Hz) is from 3500 Hz up to 6000 Hz for 

8th MUCET 2014, Date:10-11 November 2014, Melaka, Malaysia

19



OPT-355-A polymer foam composite which highest 
frequency absorption level contributed by the 10% filler 
loading in polymer matrix but lowest in α value. . Overall for 
acoustic behavior, treated wood dust for both species may be 
vary due to the changes of wood dust structure after acid 
treatment which affects the size of porosity and also affect 
the α value. The differences among the foams in sound 
absorption behavior can therefore be attributed to the effect 
of pore size (Han, F et al., 2003). 

IV. NOISE REDUCTION COEFFICIENT, NRC 

The Noise Reduction Coefficient (NRC) is a scalar 
representation of the amount of sound energy absorbed 
upon striking a particular surface. An NRC of 0 indicates 
perfect reflection; an NRC of 1 indicates perfect absorption. 

Noise reduction coefficient (NRC) for both sizes, <355 
µm (untreated-MM, treated-MM, untreated-OPT and treated-
OPT)) polymer foam composite were analyze absorption level 
and calculated according to eq. (2) by using the value of α 
from lower frequency which is selected in the range of 250-
2000Hz. Table 1 shows the NRC result for each polymer foam 
composites. 

NRC= [(α250 + α500 + α1000 + α2000) /4] 

Table 1: NRC results for untreated and treated MM and OPT 
for 300µm 

 

  

 The efficiency of sound absorption can also determine 
based on the calculated NRC values. In this study, polymer 
foam composites loaded with particle size of MM-355 
(untreated and treated) shows the decreasing of NRC value 
with the increasing of percentage of filler loading, meanwhile 
untreated OPT-355 μm and treated OPT-355μm shows the 
increasing of NRC as the percentage loading increase.. The 
bigger the size of wood dust particle the higher NRC value was 
observed. From previous study, Han, F et al., 2003 has proved 
that the NRC decreases with the increasing of pore size when 
no air gap is present, which means for both conditions MM-
355-B and MM-355-A possess a large pores size compared to 
others. 

V. CONCLUSION 

The wood dust polymer foam composite were studied. The 
two condition of the wood dust which is before and after 
acid treatment gives different result in sound absorption 
coefficient at different frequency level. Untreated wood dust 
polymer foam composite shows uniform pore structure as 
compared to treated. Both of untreated and treated wood 

dust gives different result in sound absorption coefficient at 
different frequency level. The wood dust polymer foam 
composite gives variety value of SAC which approaching to 
1. NRC results in this study show the increasing of pore size 
has decreased the NRC value for both treated and untreated 
MM-355, meanwhile OPT- 355 shows increasing of NRC 
value with the increasing of percentage loading for both 
condition. This type of polymer composite is suitable to be 
used or applied for cushion, sound-proof wall or building 
structure. 
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Abstract— The purpose of this research is to study the 

mechanical strengths and physical changes of the biopolymer (BP) 

and biopolymer composite (BPC) after exposed to UV irradiation. 

Virgin vegetables oil (VO) and Waste vegetables oil (WO) has been 

treated with chemical process and mixed with Methylene Diphenyl 

Diisocyanate (MDI) to produces BP. BPC samples were doped with 

2.5, 5, 7.5 and 10 % metal oxide, Titanium Dioxide (TiO2). These 

samples were exposed using UV weatherometer at 0, 250, 500, 750, 

1000, 2000, and 3000 hours. The effects of UV light on the 

mechanical properties of BP and BPC were determined by tensile 

test. The colour changes of BP and BPC were observed after expose 

to UV light.   

Keywords— Biopolymer composite; virgin vegetables oil; 

waste vegetables oil; titanium dioxide, UV light; tensile strength 

I.  INTRODUCTION 

In recent years, increasing interest in the development of 
more environment friendly polymer products such as plastics is 
observed.   This trend has been spurred not only by the 
realization that the supply of fossil resources is inherently 
finite, but also by a growing concern for environmental issues, 
such as volatile organic solvent emissions and recycling or 
waste disposal problems at the end of a resin’s economic 
lifetime.  Furthermore, developments in organic chemistry and 
fundamental knowledge on the physics and chemistry of paints 
and coatings enabled some problems encountered before in 
vegetable oil based products to be solved.  This resulted in the 
development of coatings formulations with much improved 
performances that are based on renewable resources [1]. 

Palm oil is one of the most widely used plant oils in the 
world, which is grown in mass plantation in tropical countries. 
The competitive environment of the industry provides the drive 
needed to develop plastic materials that utilize less expensive 
material. Palm oil differs from its major competitors (soybean, 
sunflower seed, and rapeseed oil) in that it is obtained from a 
perennial tree crop and drought impacts are less severe in 
comparison to oilseed crops. Palm oil which contains 
significant amount of saturated bonds that presumably 
contribute to the non drying property of the resin synthesized. 

The non-drying alkyds have made tremendous improvement in 
quality of nitrocellulose lacquers. Preparation of the alkyd resin 
from non-drying palm oil may expand the application of the oil 
in various areas as environment-friendly materials, because of 
its abundance and renewability. There is no study reported on 
the synthesis of alkyd resin based on palm oil so far. However, 
the use of petroleum based monomers in the manufacture of 
polymers is expected to decline in the coming years because of 
spiraling prices and the high rate of depletion of the stocks. 
This has inspired the technologists all over the world to 
investigate renewable natural materials as an alternate source 
of monomers for the polymer industry as substitute for the 
petroleum-based monomers to manufacture polymers [2]. 

 The evaluation of the resistance to weathering of 
materials can be done by direct weathering outdoors, but for 
most purposes it is more practical in economical and time 
consumption terms to assess material performance by exposed 
to artificial light sources that accelerate the degradation. 
Degradation of polymeric materials by exposure to solar 
radiation or light is referred to as photo-oxidation. It is a free 
radical process, progressing even at low temperatures by the 
combine action of light and oxygen. Thermal oxidation is 
always superimposed on photo-oxidation [3]. 

Under the action of sunlight, polymer materials undergo a 
series of oxidative reactions that lead to chemical degradation, 
with consequences like brittleness, loss of brightness, colour 
change, opacity and formation of surface cracks. Besides the 
reduction in molecular weight, a number of changes take place 
in the molecules during photodegradation with the formation of 
chemical groups like carbonyl, carboxylic acids and 
hydroperoxides [4].  

Products like fibres and films tend to deteriorate under UV 
exposure to UV light, resulting mainly in fragility and loss of 
transparency. The degradation and stabilization of some types 
of polymer, like polyethelene were extensively investigated 
throughout the years and hence the degradation mechanisms 
and their controlling factors are reasonably well established [5]. 
The common polymers normally photo degrade are fairly well 
known, but various aspects of the mechanisms involve remain 
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uncleared. It is important to take into account very significant 
influence of compounding additives in modifying the chemical 
pathways, which are pigments, extenders, photo stabilizers and 
thermal stabilizers [6].  

II. METHODOLOGY 

A. Materials 

Biomonomer from virgin vegetable oil (VO) and waste 
vegetable oil (WO) was used as received from E1, Sustainable 
Polymer Engineering Group. Biomonomer of VO and WO was 
mixed with MDI as cross linking agent to form virgin oil 
polymer (VOP) and waste oil polymer (WOP) [7]. 

B. Preparation of BP and BPC 

The mixture was stirred together using mechanical stirrer 
for about 60 minutes at 50 °C resulting viscous compound. The 
compound was then cast into a container and spread to uniform 
thickness. The VOP and WOP was leave to cure at ambient 
temperature for at least 6 hours, as to ensure complete removal 
of solvent traces. Once dry, the film was stripped from the 
plate. Micrometer was used to measure the thickness of the 
sample at particular point ranging from 110 µm to 250 µm 
according to MS 133-C5:2010 Paint and Varnishes- Part C5: 
Determination of Film Thickness (Second Revision) (ISO 
2808: 2007, IDT), the dry-film thickness was measured using 
micrometer. The above steps were repeated to fabricate BPC 
doped with different percentage of TiO2 as shown in Table 1. 
The sample of BP based on VOP and WOP while BPC was 
namely according to TiO2 percentage as VOP2.5, VOP5, VOP7.5, 
and VOP10; WOP2.5, WOP5, VOP7.5, and VOP10 respectively 
[8].  

C. UV irradiation of BP and BPC 

The BP and BPC thin film samples were placed on a rack 
with a rack holder in the UV weatherometer chamber at 50 °C 
with different exposure time at 250, 500, 750, 1000, 2000 and 
3000 hours. The UV accelerated weathering test was conducted 
according to ASTM D 4587-Standard practice for fluorescent 
UV-condensation exposures of paint and related coatings. The 
UV Weatherometer used UV irradiation was carried out using 
an array of UV fluorescent lamps emitting light in the region 
from 280 to 320 nm with a tail extending to 400 nm.  

TABLE I. BP and BPC of VOP and WOP doped with different percentage of 
TiO2 

Sample 

name 

Percent of 

fillers (%) 

Mass of 

monomer (g) 

Mass of 

MDI (g) 

Mass of 

TiO2 (g) 

VOP - 30 15 - 

VOP2.5 2.5 30 15 0.75 

VOP5 5.0 30 15 1.50 

VOP7.5 7.5 30 15 2.25 

VOP10 10 30 15 3.00 

WOP - 30 15 - 

WOP2.5 2.5 30 15 0.75 

WOP5 5.0 30 15 1.50 

WOP7.5 7.5 30 15 2.25 

WOP10 10 30 15 3.00 

D. Tensile test of BP and BPC thin film 

Tensile strength for BP and BPC of VOP and WOP were 
measured by Universal Testing Machine (LLOYD Instruments 
LR30K) as in Figure 3.9, with load range; 20N, cross head 
speed; 500 mm min

-1
, gauge length; 100 mm and efficiency 

within ±1%. All specimens were tested at room temperature. A 
minimum of five samples was analyzed in order to obtain 
average result. Original length and area of the gauge sample 
was measured using vernier calipers. The sample was mounted 
between two jaws of the tester. The average tensile strength for 
the films was calculated and the results were compared with 
unexposed bio polymer thin films samples. Stress tests for each 
material were according to ASTM D882. ASTM D882 which 
is the standard test method for tensile properties of thin plastic 
sheeting is very similar to the common ASTM D638 test 
whereby plastic material is pulled until in breaks in order to 
measure elongation, tensile modulus, tensile yield strength, and 
tensile strength at break. However, it is designed specifically 
for thin sheeting and film less than 1 mm (0.04") thick where 
the BP and BPC films samples thickness were 0.11-0.25 mm.  

III. RESULTS AND DISCUSSION 

A. Tensile strength of BP and BPC 

Define abbreviations and acronyms the first time they are 
used in the text, even after they have been defined in the 
abstract. Abbreviations such as IEEE, SI, MKS, CGS, sc, dc, 
and rms do not have to be defined. Do not use abbreviations in 
the title or heads unless they are unavoidable. 

After BP and BPC thin film were exposed to UV light for 
several hours, the samples were mechanically test using UTM 
tensile test according to ASTM D882. Five samples were tested 
to get the average value of each BP and BPC at 250, 500, 750, 
1000, 2000 and 3000 hours exposed to UV light. The 
mechanical properties of BP and BPC were study according to 
the tensile strengths and maximum elongation.  

Fig. 1. present the tensile strength (MPa) as a function of 
UV irradiation time to UV (hours) of BP and BPC of VOP and 
WOP. The tensile strength for all unexposed BPC of VOP and 
WOP is lower than after UV irradiation at 250 hours. 
Evidently, at 500 hours UV irradiation, the tensile strength for 
BP and BPC were decreases. Meanwhile tensile strength of BP 
and BPC of VOP increases after 750 hours of UV exposure and 
remains increasing in systematic way after 1000 hours until 
2000 hours. The tensile strength slightly decreases at 3000 
hours. Meanwhile tensile strength of BP and BPC of WOP 
increases at 750 hours of UV exposure.  The tensile strength 
remains stable after 1000 hours until 3000 hours. The 
decrement of the tensile strength at 500 hours exposure for BP 
and BPC show the crosslinking interaction of TiO2 in the 
polymeric structure is at the initial stage. Results show 
tensilized films of VOP2.5 tend to have higher tensile strength at 
2000 hours UV irradiation while 3000 hours for sample VOP5 
has lowest tensile strength of 7.818 MPa and 4.668 MPa 
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respectively. Meanwhile, the results show tensilized films of 
WOP10 tend to have higher tensile strength at 250 hours UV 
irradiation while WOP7.5 has lowest tensile strength at 500 
hours of 7.668 MPa and 2.358 MPa respectively. 

 

(a) 

 

 

(b) 

Fig. 1. Graph of tensile strength (MPa) against UV irradiation time for BP and 
BPC of (a) VOP and (b) WOP 

 This is due to the UV degradation, which causes a 
breakdown of chemical bonds, resulting in embitterment and 
also increased cross linking and chain scission, which lead to 
shrinking and crack. Thus neat BPF shows rapid loss of tensile 
strength but the addition of TiO2 can improve its performance. 
This result is in good agreement with result obtained by Salem 
[9]; Saleh and Shnean [10]. Mechanical properties of BP and 
BPC can be strongly influenced by photo-oxidation upon UV 
weathering exposure. The ductility disappears and the strength 
and strain at rupture strongly decrease at 500 hours and stable 
until 3000 hours UV exposure. The active participant of OH 
group with isocyanate was lead to failure. 

B. Physical observation of BP and BPC 

The BPC after exposed to UV light for several hours were 
observed to study the appearance of the thin film. Table 2 and 
Table 3 show visual observation of BP and BPC of VOP and 
WOP after UV irradiation in the UV accelerated 
weatherometer according to UV irradiation time. After 
exposure to UV light for certain period of time, it is clear that 
colour of of BP and BPC of VOP and WOP changes from pale 
yellow to dark colour while for the VOP and WOP doped with 
10 % TiO2, the colours does not change dramatically.  

Table 2: Visual observation of BP and BPC of VOP  after 
exposed in the UV Accelerated Weatherometer according to 

UV irradiation time 
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Table 3: Visual observation of BP and BPC of VOP  after 

exposed in the UV Accelerated Weatherometer according to 
UV irradiation time. 

Time 
exposed 
to UV 
(Hour) 

WOP0 WOP2.5 WOP5 WOP7.5 WOP10 

0 

     

250 

     

500 

     

750 

     

1000 

     

2000 

     

3000 

     

 

BP and BPC were turn to yellow after exposed to UV light 
from 250 hours to 3000 hours. Sample thin film for BP of VOP 
and WOP has turned a red-brown colour due to the well-
established formation of quinone products produced from the 
photolysis of the biopolymer. Sample thin films for BPC were 
slowly reduce the colour change due to increasing the TiO2 in 

Time 

exposed to 

UV (Hour) 

VOP0 VOP2.5 VOP5 VOP7.5 VOP10 

0 

     

250 

     

500 

     

750 

     

1000 

     

2000 

     

3000 

     

24

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 
the BPC. Fortunately, the yellowing decrease with the 
increasing of the % TiO2 added to the both biopolymer. 
Therefore, a basically linear increase in yellowness is observed 
with the time of exposure for BP and BPC of VOP and WOP 
exposed to UV light. This is consistent reported by Davis and 
Sims [11]. Additionally, most organic polymers undergo 
chemical modification upon irradiation with UV light because 
their impurities or additives possess chromophoric groups, and 
the early stages of photo initiation must involve the absorption 
of photons by chromophoric groups or impurities [12]. 

IV. CONCLUSIONS 

This paper presents experimental results of the influence of 
UV irradiation on mechanical strengths and physical 
observation of biopolymer composite. This study is a new 
process, particle-bonding technology, to produce biopolymer 
composites from agricultural commodities. In this technology, 
matrix-polymer complexes are formed by the interaction of 
micrometer-scale matrix material with particulate filler. This 
spontaneous process make use of the unique characteristic 
behavior of biomonomer adsorb to the surface of hydrophilic 
particles when the toluene content of solvent mixture increases. 
After that, van der Waals force between matrix-polymer 
complex particles induces the formation of even larger 
agglomerates. Removal of solvents from agglomerates yields 
the final product. Biopolymer thin film composites thus formed 
shows a broad range of strengths depending on the hardness of 
the starting raw material used as a matrix material. 
Incorporation of TiO2 turns the composite into a semi-
conductive polymer composite. It is also shown that TiO2 can 
be used as low-cost substitute for UV stabilizer, colourant and 
plasticizer. 
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Abstract—Diverse contaminations occurred such as water 

pollution. The developing nations experienced increase water 

pollution problems in these recent times. The discharge of 

untreated greywater in an uncontrolled manner to the main 

rivers is a key issue which pollutes the surroundings and causes 

unpleasant odours. Commonly, in village areas they discharge 

from the houses into the drains without any treatment.  It 

represents water that can potentially be intercepted at the 

household level for reuse. The purpose of this study is to establish 

a sustainable greywater treatment system in village house. The 

treatment system is aimed to provide simple and less 

maintenance for village household. Therefore, greywater was 

collected at the outlet pipe from the kitchen and bathroom using 

buckets with grabbing method at individual house Parit Hj. Rais. 

The treatment system consisting of sand, gravel and limestone in 

layer one; clamshell and ceramic in layer two and sand in layer 

three. The effluent was evaluated every week by using HRT 1 to 

HRT 4 day in 30 day treatment process. Besides, analyses of 

samples were collected from the outlet tank. The efficiency of 

greywater treatment achieves high percentage removal of BOD 

98.04%, COD 97%, SS 99.24% and pH 6.60. The quality 

greywater parameters were accepted compared to previous study 

and standard of effluent discharge. Therefore, contaminant will 

be resolved by this treatment to avoid infectious diseases and 

pollution flowing into the drains. By increasing public awareness 

and upgrading the laws necessary to control the discharge of 

greywater in order to protect river systems from further 

degradation, exploitation and contamination is recommended.  

Keywords—Greywater; Drains; Pollution; Treatment 

I.  INTRODUCTION 

On a global scale, the decreasing availability of 

conventional water sources has increased the demand for high 

quality freshwater. This forces everybody independently to 

think the alternative and sustainable solutions to manage this 

valuable resource [1]. In India, about 25 billion liters of 

untreated wastewater discharged into the water bodies every 

day. The untreated wastewater will lead the environment as 

stake and well being/health of the people at risk by increase 

infectious disease [2]. Past several years, the rapid 

development and industrialization in Malaysia affected the 

water resources in rural community [3]. However, these 

development and industrialization decrease quality of water in 

many rivers producing major water contamination 

contributing to the water problem in Malaysia. Water Quality 

Report (2012) stated that out of 473 rivers monitored, 161 

(34%) were found to be slightly polluted and 34 (7%) polluted 

[4]. They are becoming serious and need to solve before it 

becomes the critical pollutant issue in Malaysia.  

However, the sources of water problem keep rising, and 

among of them are called greywater. In the reality, the 

greywater discharge is a varied significantly with time of day 

and day of the week and affluence of the household. The 

major source of greywater is the laundry and it generates 

about 25% of a household daily water use [5]. The laundry 

outlet is the one of the greywater pollutant that affected the 

soil in a ditch. The laundry water containing high salt and 

phosphorus concentrations can lead to salt accumulations in 

the soil and stunting of plants with low phosphorus tolerance 

[6]. Furthermore, greywater is also a wastewater derived from 

the kitchen, bathroom (i.e., discharge from the hand basin, 

shower, and bath) and laundry water. However, greywater 

does not include wastewater that is discharge from the toilet 

use but hence considered as black water [7]. Besides, 

greywater is generated in different quantities between 

households within one community and depend on different 

factor such as lifestyle and household activities [8, 9]. 

Besides, the sources of greywater represent the largest 

potential source of water saving in domestic residences, 
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accounting for as much as 50-80% of the total water uses [10]. 

Greywater was sourced from laundries, hand basins, 

bathrooms and kitchen. In Seward, it is illegal to use kitchen 

greywater for irrigation as it contains a high pollutant load of 

oil and grease and organic content [11]. The characteristic of 

greywater varies greatly upon factors such as the quality of the 

source water and the activities of household occupants [12]. 

There are three factors significantly that affect greywater 

compositions. There is water supply quality, the system that 

treated greywater and activities in the house. The greywater 

may contain disease causing organisms from nappies and 

soiled clothing. Furthermore, chemicals from soaps, 

shampoos, dyes, mouthwash, toothpaste, detergents, bleaches 

and disinfectants may be moderately saline and have a high 

pH when discharge in to drains [13]. Yet, many communities 

in Malaysia mainly the villagers discharged the greywater 

directly into the nearest ditch. 

From previous studies, the simple greywater management 

treatment system allows direct utilization of the water. It can 

use natural gravity by a hybrid treatment process with the use 

of natural filter materials. The natural materials were used as 

filter beds in filtration unit such as fine particles (equal size) 

sand bed, course size bricks bedded, charcoal bed, wooden 

saw dust bed and bed of coconut shell cover. It will facilitate 

the breakdown of organic compounds and recovery of 

nutrients [14]. Based on the aforementioned criteria, low cost 

on-site treatment option is septic tank followed by an 

intermittent sand filter, septic tank followed by wetlands and 

UASB-hybrid reactor [15]; Therefore, use of filter of the 

combination of sand, gravel, limestone, clam shell and 

ceramic designed in layer was proposed for the simple 

greywater treatment system. Preferably greywater should be 

treated anaerobically because of lower treatment costs and the 

possibility of recovering energy [9]. 

Conceptually, greywater should have a much lower 

concentration of various potential pollutants than the 

wastewater.  Therefore, through this study, a lab scale project 

was conducted in individual village in Parit Hj. Rais, Parit 

Raja, Batu Pahat, Johor, Malaysia with the objectives to 

quantify wastewater production in village households, 

characterize important water quality parameters, and design 

simple treatment systems. It is hypothesized that the results 

show a high degree of variability of greywater production and 

its quality from individual households. A simple design 

treatment system is expected to protect public health and 

environmental pollution prior final discharge to the nearest 

river. 

II. METHODOLOGY 

A. Greywater Sampling and Filtration System 

Greywater was collected at the outlet pipe from the kitchen 

and bathroom using buckets with grabbing method at 

individual house Parit Hj. Rais at peak period of morning and 

evening. Figure 1 shows the design of filter media. Three 

plastic tanks were used as inlet, treatment system and outlet 

tank accordingly at different height to have gravitational flow 

for household greywater treatment system in this study. At 

inlet tank, stocking filter is used to remove large particles like 

hair, to prevent clogging. This can be as simple as waterproof 

box and a stocking attached with the tap. Secondly, three 

layers were created in waterproof box as a tank according to 

the filter design. The design of greywater filter in first layer 

comprises mixed of sand, gravel and limestone as filter media 

to remove large particles, clarify the water and stabilization of 

pH. The second layer comprise mixed of clamshell and 

ceramic. With this combination, the pollution can be reduced 

and reuse it beneficially for gardening. The last layer was fine 

particles of sand used for microbiological treatment. Then it 

goes down to outlet tank finally. 

The application of clam shell and ceramic will give 

sufficient microorganism for degrading organic pollutant in 

the greywater. Microbes in the clamshell and ceramic break 

down organic matter in the water. The basic structure was a 

waterproof box filled with coarse sand laid below a mixed 

(sand, gravel and limestone) bed. The design of greywater 

percolation was done vertically through the media. The treated 

greywater can be reused for gardening as an optional function. 

The treated water was compared with untreated water to get 

their efficiency of the treatment. 

 

Fig. 1: Greywater filtration Treatment system 

The tank volume has been calculated about 24557.5 

cm
3
 in order to calculate the tank soil mass for each material. 

By calculation, the materials were filled in the tank according 

to their weight from a layer created respectively. The tank 

materials mass for each layer in the tank can be seen in Table 

1. 

TABLE 1: SUMMARY SOIL FILLING MATERIAL FOR TREATMENT 

SYSTEM TANK 
 

Materials Tank Soil Mass (kg) 

Layer 1 

27

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 
Sand 13.02 

Layer 2 

Clamshell 2.46 

Ceramic 7.16 

Layer 3 

Sand  4.34 

Gravel 4.09 

Limestone 3.82 

 

By the volume of tank 0.0025 m³, the hydraulic retention 

time (HRT) and flow rate (Q) has been calculated. The HRT 

result were 1
st
 day, 2

nd
 day, 3

rd
 day and 4

th
 day respectively 

while the flow rate Q was 17.36 ml/min for HRT 1
st
 day, 8.68 

ml/min for HRT 2
nd

 day, 5.90 ml/min for HRT 3
rd

 day and 

4.69 ml/min for HRT 4
th

 day respectively. The inlet greywater 

has been controlled using the flow rate from each HRT and be 

retained for 1 day, 2 day, 3 day and 4 day to get the pattern of 

removal of greywater. The samples taken on site after 

treatment were tested in the laboratory for analysis.  

Therefore, sample container, preparation and preservation 
was done according to the Standard Method for Examination 
of Water and Wastewater (2005). Untreated greywater was 
collected and analyses for the following parameters: pH by pH 
meter (HACH, HQ440d); biological oxygen demand (BOD5) 
by five-day incubation test; chemical oxygen demand (COD) 
by using COD reflux method (method 8000); suspended solids 
(SS) by the photometric method (method 430); turbidity by the 
attenuated radiation method (method 3750); phosphorous by 
the ascorbic acid method (method 3025); oil and grease by the 
partition gravimetric method (method 5520B). 

III. RESULT AND DISCUSSION 

A. Household Activity  

From the survey and interview session, information about 

the house occupants at the study site on household activities 

was recorded. There were 5 people at the study site consisting 

of 2 adults, 2 house wifes and 1 child. The people in the house 

usually take bath 2 or 3 times a day. Because of the weather in 

Malaysia with temperature around 24º and 39º compare to 

other temperate countries caused people to bath more than 1 

time per day. The analysis also showed that the occupants 

regularly cook two times in a day morning, afternoon and 

night.  They wash (laundry) everyday in the morning. 

 

B. Water Consumption Survey 

Based on survey data, they were five family members 

among them a child. Figure 2 shows the total percentages of 

greywater consumption for the household. The activities of the 

occupants include cooking, cleaning, laundry and shower 

which generate 50-140 liters daily. There are three main 

sources of greywater which involves bathroom, kitchen and 

laundry. Based on the pie chart, bathing activity contributes 

the highest percentage of greywater producing 41 % of total 

greywater from the household. The increase percentage is 

because the occupants bath 2 or 3 times daily. Furthermore, 

the bathroom and laundry greywater release together from the 

same pipe. Otherwise, laundry greywater contributes about 

28% of the greywater volume. The occupants in the house do 

their laundry work every day in the morning. The quantity of 

kitchen greywater contributes about 31% of total greywater 

volumes because they use the kitchen 2 times to cook for their 

family. 

 

 

Fig. 2: Percentage of Greywater Consumption from Household 

C. Characteristics of Filter media 

According to table 2, XRF analysis, three highest 

concentration percentage in clamshell were contains of 

calcium oxide (CaO), silicon dioxide (SiO2) and ferric oxide 

(Fe2O3) about 90.40%, 3.41% and 2.34% respectively. 

Ceramic contains silicon oxide (SiO2), aluminium oxide 

(Al2O3), and potassium dioxide (K2O) with 65.40%, 21.90%, 

and 3.31% respectively. In addition, limestone has similar 

concentration percentage with clamshell which contains 

calcium oxide (CaO) about 96.40% and silicon dioxide (SiO2) 

about 1.29%. It also has magnesium oxide (MgO) contain 

about 1.60%. Furthermore, gravel also has similar 

concentration percentage with limestone with calcium oxide 

(CaO), magnesium oxide (MgO) and silicon dioxide (SiO2) 

about 97.10%, 1.03% and 0.90% respectively. In other hand, 

sand generally use the for filter system contains silicon 

dioxide (SiO2), aluminium oxide (Al2O3) and titanium dioxide 

(TiO2) about 95.60%, 3.28% and 0.34% respectively. 

TABLE 2: RANGE OF COMPOSITION ELEMENTS OF XRF 

DATA FOR EACH MATERIAL 
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Summary data of the quality of untreated and treated 

greywater is shown in Table 3. The pH, BOD, COD and SS 

results of untreated greywater showed a good compatibility 

with all data reported in literature [16, 17]. Concerning 

turbidity, COD, and BOD values some of them were lower 

than the maximum referenced in literature. It should be 

underlined that households where high organic fraction and 

soaps were used led to higher SS, COD, and BOD values. As 

all of these parameters characterize pollution, the efficiency of 

any treatment would much depend on frequency of bath, 

cooking style and dishwashing products used rather than on 

the family composition. 

The analysis of greywater treatment system shows that 

the pH concentrations were improved from acidic to neutral. 

pH concentration in untreated greywater was generally acidic 

(5.28) mostly contributed from organics compound in foods 

such as fruits, pickles and sauces. The pH of the treated 

greywater gradually increased from 5.28 to 6.9 with increasing 

duration of time possibly due to decomposition of organic 

materials into the materials of treatment system. As the 

greywater flows through the treatment system, particles were 

absorbed by the materials in the filter media and removed 

from the flow. Treated greywater also has shown better quality 

during the period of treatment by the reduction of BOD, COD 

and SS concentrations. 

 

TABLE 3: OVERALL RESULT PARAMETER FROM 

GREYWATER TREATMENT SYSTEM 

Parameters 

Avg + 

StDev of 

untreated 

greywater 

Treated Greywater (Avg+StDev) 

HRT 1 Day HRT 2 Day HRT 3 Day 
HRT 4 

Day 

pH 5.28 +0.07 8.24+0.01 8.24+0.02 7.84+0.01 6.60+0.21 

BOD 

(mg/L) 

108.07+ 

8.69 
19.30+3.03 13.70+4.13 3.31+0.64 2.06+0.05 

COD 

(mg/L) 

262.56 + 

22.05 
147.67+0.58 56.67+0.58 48.67+0.58 8.67+0.58 

SS (mg/L) 
263.89 + 

7.78 
14.67+0.58 13.67+0.58 9.67+0.58 2.00+0.58 

Avg±StDev= Average and Standard deviation 

D. Physiochemical Pollutant Removal 

Figure 3 shows the BOD concentration for untreated and 

treated greywater. The application of sand, gravel and 

clamshell was considered to give sufficient microorganism for 

degrading organic pollutant in the greywater because of the 

XRF result shows the high calcium oxide content about more 

than 90% concentration. Therefore, these fluctuations in BOD 

value indicate the variation in organic matter which is coming 

in the water through kitchen. Low COD removal indicated that 

greywater contain slowly-biodegradable organics, which will 

affect BOD values also [18]. The concentration of BOD for 

untreated greywater was 108.07 mg/L. After filtered with filter 

media, the BOD concentration was decreased gradually to 

19.69 mg/L, 15.50 mg/L, 3.95 mg/L and 2.11 mg/L on the 

HRT 1, HRT 2, HRT 3 and HRT 4 day of treatment. The 

percentages of removals were 81.78%, 85.66%, 96.35% and 

98.04% respectively. It was proved from the previous study 

conducted by [17] using sand and gravel respectively as a 

filter about 85.68% removal was attained by sedimentation, 

[19] pretreatment with sand and gravel then with peat based 

filter also removed BOD about 81.13% and conducted by [20] 

using a clamshell as a filter 89.3% removal of BOD 

concentration was achieve. 

 

Fig. 3: Removal efficiency of BOD  

From Figure 4 below, removal efficiency of COD for 

untreated and treated greywater is shown. The concentration 

of COD for untreated greywater was 262.56 mg/L. According 

to [15] COD was generally higher than BOD measured in a 

given sample by the amount of refractory organics in the 

sample. The COD was remove through the time detained and 

to be absorbed by the natural adsorbents used in filtration. 

This can be attributed to the facts that greywater pollutants 

were slowly biodegradable [14, 21]. Based on the XRF data, 

because gravel and clamshell have high calcium oxide content 

more than 90% concentration it makes micro-organism attach 

Filter media Concentration (%) 

Clam shell 
CaO – 90.40%, SiO2 – 3.41%, 

Fe2O3 – 2.34% 

Ceramic 
SiO2 – 65.40%, Al2O3 –1.90%, 

K2O – 3.31% 

Limestone 
CaO – 96.40%, MgO – 1.60%, 

SiO2 – 1.29% 

Gravel 
CaO – 97.10%, MgO – 1.03%, 

SiO2 – 0.90% 

Sand 
SiO2 – 95.60%, Al2O3 – 3.28%, TiO2 – 

0.34% 
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to them. After filtered through the media, COD concentration 

decreased gradually to 147.67 mg/L, 56.67 mg/L, 48.67 mg/L 

and 8.67 mg/L on the HRT 1, HRT 2, HRT 3 and HRT 4 day 

of treatment. The percentages of removal were 44%, 78%, 

81% and 97% respectively. 

However, according to studies from [22 00] Liu, et al., 

(2010) using clamshell as a filter, about 85.1% of percentage 

removal was attained. Another study conducted by [14] using 

fine sand as a filter, 90.8% removal was achieved and also 

conducted by [23] using gravel as a filter, 65% removal of 

COD concentrations was achieved. It shows that the ability of 

filter media to remove COD. In terms of the parameters for 

HRT 4 day, the untreated greywater filtered with treatment 

system was the best among others because it gave lowest COD 

value. 

 

Fig. 4: Removal efficiency of COD 

Figure 5 shows the graph of suspended solid (SS) against 

time for untreated and treated greywater. The concentration of 

SS before treatment was 263.89 mg/L. After treatment 

process, SS decreased dramatically by following HRT from 

14.67 mg/L to 2.00 mg/L. The removal efficiency percentage 

was from 94.00% to 99.04%. The larger treating volume 

available in these beds, the steady hydraulic characteristics of 

the substrate and the variety in pores’ sizes resulted in creating 

a substantial filtering media able to remove large amounts of 

solids [24]. However, according to studies from [23, 14, 24] 

using clamshell, fine sand and gravel respectively as a filter 

about 89.9%, 89.9% and 84% removal. 

 

Fig. 5: Removal efficiency of SS 

IV. CONCLUSION 

Installation of simple greywater treatment system is one of 

the potential alternatives and can be added to the treatment of 

greywater system because it is low cost, requires no skill 

personnel and easy maintenance. From the result gathered, the 

efficiency of the treatment system was excellent. The 

performance within proved by the result the highest value of 

percentage removal for pH was neutral about 6.60, BOD 

98.04%, COD 97.00% and suspended solid 99.24%. The 

overall result of the parameters was 95.09% removal and 

proved this treatment system was very efficient to treat 

greywater and more effective if making product and 

installation of the treatment system created properly at the 

factory than by hand within low-skilled worker. Therefore, the 

treatment system can be used in village house without problem 

arising during the treatment process. Therefore, it suggests to 

deepen the study more about the materials and treat greywater 

by using combined material or with different sizes and also do 

more study about the suitable sizes of the treatment system so 

that can be placed at anyway around the houses without 

problems. 
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Abstract—There is restriction on the usage of mobile phone in 

certain potentially dangerous premises such as petrol station and 

hospital. The usage of mobile phones at those premises might 

cause some disturbances and hazards. Therefore, safety 

precautions need to be taken into consideration when we are 

within the premises. Unfortunately, there are still many users 

who disobey the rules and use their mobile phone in those areas. 

Therefore, mobile phone detector is used to monitor the usage in 

the premises. Thus, software approach is implemented. The 

design of this location-based safety alert system will make the 

smartphone to intelligently detect the user’s location all the time 

after it is activated. It will alert and ask the user to switch to 

airplane mode once the system detects the user is in those 

premises. Thus, the safety alert system not only acts as a 

reminder to reduce the chance of the accidents occurring to the 

user itself, but also allocate a safer surrounding to the public. 

Keywords—location based; alert system; android phone 

I.  INTRODUCTION 

Apparently, there is restriction on the usage of mobile 
phone in certain potentially dangerous premises such as petrol 
station and hospital, therefore mobile phone detector is needed 
to monitor the usage in the premises. The usage of mobile 
phones at those premises might cause some disturbances and 
hazards. Therefore, safety precautions need to be taken into 
consideration when we are within the premises. 

A. Hospital 

The hospital will define and control their own wireless 
network equipment and the working frequencies. The wireless 
network will use with enough certainty to ensure that there will 
not be interference with the patient monitoring equipment. 
However, the wide variety of handsets and the multiple 
operating cellular telephone services nowadays make it harder 
to ensure that there won't be any interference.  

Mobile phones can interfere with pacemakers and other 
sensitive electronic monitoring devices in hospital. It is a 
sensible safety precaution, but it is quite conservative since cell 
phones will disturb less than 4% of devices at distances of less 
than 40 inches. Still, there are other good reasons to restrict 
mobile phone usage in hospital. Ringing phones and the 
conversations can be noisy and disruptive to patients [1]. 

B. Aircraft 

Passengers are reminded to switch off their electronic 
devices during the flight. The ban is needed because the radio 
frequency emitted by cell phones is suspected to malfunction a 
plane's electronic systems [2]. 

Radio-frequency (RF) emissions from mobile phones, 
laptops, tablets and other electronic devices might occur at the 
same frequencies used by aircraft communication, navigation 
and surveillance radio receivers. The RF emissions could cause 
fluctuations in navigation readouts, disturbance in other flight 
displays, and interference with air traffic communications [3]. 

Mobile phone manufacturers have placed the warnings in 
their user manuals. For instance, Nokia warns its users that not 
to use phones on airplanes as this can cause interference with 
the navigational equipment [4]. 

C. Petrol Station 

The mobile phones can ignite sparks generated by the 
phone battery and produce static charge during the 
transmission. Petrol fuel has low electrical conductivity and 
does not conduct electricity under normal condition. However, 
static electricity charge will be produced as the fuel flows 
through the nozzle. In general, the static charge will dissipate 
in the range of few seconds to few minutes after reaching the 
maximum level of the tank. The spark produced needs to be 
discharged near the tank opening. It is also possible for a spark 
to discharge directly from the gasoline surface to the grounded 
nozzle [5].  

Studies had been conducted and no concrete proof was 
found on the safety issue regarding the usage of mobile phones 
in potentially explosive environments. Even though there is no 
solid evidence on the ignition source, the usage of the mobile 
phones while refueling vehicles is strongly prohibited by the 
authorities because it may divert concentration and lead to 
spills out and possible accidents [6]. Mobile phone 
manufacturers also strongly emphasize on not using their 
phones in areas with potential explosive atmospheres, as there 
are issues regarding to static electricity not associated with 
mobile phones [7].  

A mobile phone detector called “Mobile Phone Usage Alert 
System for Petrol Station”, also known as “Call Buster”, had 
been developed by a previous batch student. The mobile phone 
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detector can sense the presence of an activated mobile phone 
from a distance of 1.5 meters. The detector operates by 
detecting the incoming and outgoing calls, text messages and 
video calls. Once the RF transmission signal is detected, the 
alert system will be triggered immediately [8]. 

However, not all phone signal can be detected by the 
mobile phone detector. It had been tested for several times and 
it was working fine with most of the phones except iPhone and 
some Samsung Android-based phone models. The circuit of the 
detector was then modified to fix the problem but it still failed 
at last. 

D. Scope of Project 

Nowadays, the most common problem in this world is the 

unauthorized usage of mobile phones in prohibited areas such 

as examination halls, confidential rooms, prisons, colleges, 

hospitals, airport, court, and petrol station. This best way to 

prohibit the unauthorized usage of the mobile phones is to 

disable the communication feature of the mobile phone 

temporarily. Hence, a software-based location-based safety 

alert system is designed to detect the user’s current location. If 

the user is near or inside the potentially danger area, the safety 

alert system shall alert the users by buzzing an alarm sound. 

Therefore, the user will be informed that they are in those 

restricted area. They are reminded to activate airplane mode 

which disable the communication feature of the mobile phone 

temporarily. Hence, the safety alert system may reduce and 

minimize accidents in the restricted areas by notifying the user 

to not use their mobile phone. 

II. PROBLEM STATEMENT 

A. Aircraf 

Using mobile phone aboard planes (refer Fig.1) is banned 
by almost all airlines and by the air traffic regulations of most 
countries. However, problems can still arise when passengers 
forget to switch off mobiles. 

Mobile phone and other electronic devices can cause the 
auto pilot to disengage. The instruments which guide pilots in 
bad weather can also be affected by the electrical signals from 
such devices. This may bring potentially catastrophic 
consequences [2]. 

An inquiry into the crash of Crossair flight LX 498 (refer 
Fig. 2) which crashed just after take-off, is focusing on a link 
with mobile phones after testing with the Saab 340, a same 
model of Crossair flight LX 498 airplane. The tests showed 
that navigation system of Saab 340 could be disrupted by a 
mobile phone [9]. 

 

Fig. 1 Passenger using mobile phone on the plane. 

 

Fig 2. Crossair Flight LX 498 crashed site. 

B. Petrol Station 

Signboards can be found in petrol station to remind users 
not to use their mobile phones as shown in Figure 3. However, 
not much people follows the rules. Some users still make 
phone call when they are refueling. The carelessness of users 
could bring serious consequences to the other users in the 
petrol station. The highly flammable petrol can cause the 
tragedy such as fire or explosion [10]. 

Figure 4 shows the accident site at Petronas petrol station. 
The accident was caused by the usage of mobile phone when a 
user was pumping gas into the cylinder. 
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Fig. 3 Mobile phone is prohibited in petrol station 
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Fig. 4. Accident site where explosion of gas occurred when people 

using their phone. 

III. PROJECT PREPARATION 

In this project, the focus is on the mobile application 
development. The mobile application utilizes the built-in GPS 
in Android smartphone to detect the user’s location. It will then 
trigger an alert if the user is at the potentially-hazardous place. 
A solar charger will be designed too for the phone attached in 
this alert system. Figure 5 and Figure 6 show the basic idea or 
concept on the software and hardware respectively. 

 

Fig. 5. Basic idea on the software Graphical User Interface (GUI) 

 

 

Fig. 6. Basic idea on the hardware – solar charger 

Location-based Safety Alert System acts as a reminder to 
users that they are not allowed to use their mobile phones in 
certain areas. It is very applicable and useful to the places 
where usage of mobile phone is strictly prohibited. For 
example, usage in petrol station and gas industry, airport and 
aviation industry, confidential rooms, hospital, prisons, 
government office, courts and commercial buildings. This 
project is suitable in all the places mentioned earlier because 
the safety alert system is aimed and depended on the users. The 
users will be alerted and reminded to disable the 
communication feature of their phones if necessary. Hence, the 
safety alert system will minimize the risk and accident, 
especially on the petrol station and promotes safety to people 
and also the surrounding buildings. 

The software part will be utilising any smartphone with 
GPS chip to detect the places at which the usage of handphone 
is prohibited. 

Eclipse is a Java-based open source platform that allows a 
software developer to create a customized integrated 
development environment (IDE) from plug-in components 
built by Eclipse members. It contains a base workspace and an 
extensible plug-in system for customizing the environment.  

Eclipse is very different from traditional IDEs in a number 
of fundamental ways. The Eclipse platform, when combined 
with the Java Development Tools (JDT), offers many of the 
features you'd expect from a commercial-quality IDE: a syntax-
highlighting editor, incremental code compilation, a thread-
aware source-level debugger, a class navigator, a file/project 
manager, and interfaces to standard source control systems, 
such as CVS and ClearCase. 

Eclipse is easy to use, it does not only allows the 
programmers to create simple GUI application, but also can 
develop complex application as well. Eclipse has more 
functionality which includes the combination of control on a 
form by visually arranging the components, specify attributes 
for the actions of those components, and writing additional 
lines of code for more functionality. A simple GUI can be 
created by dragging and dropping the components needed, 
functions can be added by multiple lines of code. Figure 7 and 
Figure 8 show some drafts of the user interface layout of the 
application. 
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Fig. 7. Notification GUI 

 

Fig. 8. Time Chooser GUI 

IV. PROJECT FLOWS 

According to Figure 9, the system will show the Google 
Map to show the user’s current location and the current latitude 
and longitude. The system will keep on updating the location 
of the user. Even the system is paused and back to the phone 
main menu, the system will be turned on again and work in 
background every 10 seconds.  

 

Fig 9. The process flow of the software 

When the user is near the preset location (danger area), the 
system will trigger an alert notification with a buzzing alarm to 
tell user that he or she is in the danger area that usage of phone 
is prohibited. The alert notification is all about a pop-up menu 
asking users to choose whether to activate airplane mode or 
not. This is a counter-measure to overcome if misalarm 
happens since the accuracy of GPS is varied from every phone. 
If the user chooses to activate airplane mode, another pop-up 
menu will appear and ask for the time to activate airplane 
mode. The options are 5 minutes, 10 minutes, 15 minutes, 20 
minutes, 25 minutes, and 30 minutes. Said if the user chooses 
for 5 minutes, the phone will automatically change back to 
normal phone mode. This helps the phone to gain back the 
communication function in case the user forgets to turn it back 
on. If the user is still in that area after 5 minutes, the airplane 
mode is deactivated and the system will be continuing to detect 
the current location of user. The system will immediately know 
the user is in the danger area again, alert notification will be 
fired up and the buzzing alarm will alert the user. 

A. Hardware Development 

 The hardware part will be the solar charger for the alert 
system. It supplies the electricity to the alert system 
continuously to sustain the power-consuming GPS alert 
system. Therefore it is best used in the car when driving. The 
alert system will be supplied with electrical energy generated 
from the solar panel directly after regulating the voltage by the 
voltage regulator LM317. The overall circuit will be designed 
by using Proteus 7.7 SP2 and fabricated upon success. Then, 
the hardware will be tested to ensure that it is functioning as 
desired. This Proteus software has features like professional 
schematic capture and Printed Circuit Board (PCB) design 
providing automated component placement, track routing, 
design validation and other functions. It makes the users to 
convert the circuit designed easily into a PCB layout so that 
etching can be done to produce the PCB. 

B. Designing the Solar Charger Circuit 

The solar charger circuit shown in Figure 11 produces a 
stable voltage of 5V to charge up the phone attached in the 
safety alert system via USB. The solar panel will give an 
output voltage of 6V to the circuit. The output voltage will be 
connected to the input of the voltage regulator. The voltage 
regulator LM317T will convert it into 5V by controlling the 
2KΩ potentiometer. Next, the output of the voltage regulator 
will be connected to the USB female connector pinout. 

 

Fig. 10. The schematic diagram for solar charger 
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Figure 11 and Figure 12 shows the complete circuit for the 

solar charger circuit. The size of the circuit is measured to be of 
6.5cm height and 5cm width. With such a small size, the circuit 
is portable to place at any places. 

 

Fig. 11. The PCB front view for solar charger circuit 

 

Fig. 12. The PCB back view for solar charger circuit 

V. THE APPS 

This safety alert system is utilizing the GPS and internet 
data. The internet data is needed to show the Google Map to 
show the user’s current location whereas the GPS is used to 
detect the current latitude and longitude of the user. The system 
will keep on updating the location of the user. Even the system 
is paused and back to the phone main menu, the system will be 
turned on again and work in background every 10 seconds. 
Figure 13 shows the mobile application main GUI. It can show 
the current location of the user and its latitude and longitude. 

 

Fig. 13. Main GUI of the Location-based Safety Alert System 

Figure 14 shows that when the user is near the preset 

location (danger area), the system will trigger an alert 

notification with a buzzing alarm to tell user that he or she is 

in the danger area that usage of phone is prohibited. The alert 

notification is all about a pop-up menu asking users to choose 

whether to activate airplane mode or not. This is a counter-

measure to overcome if misalarm happens since the accuracy 

of GPS is varied from every phone. If the user chooses to 

activate airplane mode, another pop-up menu will appear and 

ask for the time to activate airplane mode. The options are 5 

minutes, 10 minutes, 15 minutes, 20 minutes, 25 minutes, and 

30 minutes. Said if the user chooses for 10 minutes, the phone 

will automatically change back to normal phone mode. This 

helps the phone to gain back the communication function in 

case the user forgets to turn it back on. Figure 15 shows the 

time chooser option menu for the safety alert system. Figure 

16 shows the phone is in airplane mode by seeing at the 

aeroplane icon on the status bar. 
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Fig. 14. Notification is being triggered upon entering the petrol 

station. 

 

Fig. 15. Time chooser option 

 

 

Fig. 16. The airplane mode is activated 

Another case, if the user is still in that area after 10 

minutes, the airplane mode is deactivated and the system will 

be continuing to detect the current location of user. The 

system will immediately know the user is in the danger area 

again, alert notification will be fired up and the buzzing alarm 

will alert the user. 

 

Table 1 shows the comparison between the mobile phone 

detectors (hardware) and the location-based safety alert system 

(software). The hardware-based system is more towards active 

mode, as they are continuously searching for phone signal. 

However, the software-based system is more passive, as it 

depends on the user decision whether to follow the notification 

or not. The users must have a proper attitude and awareness on 

the safety issues. 

 

 Table 4.1: Comparison between the systems 

 

 HARDWARE 

(ACTIVE) 

SOFTWARE 

(PASSIVE) 

Features Wolfhound 

Cell Phone 

Detector 

Mobile Phone 

Detector 

By Tan Chen 

Wei 

LOCATION-

BASED 

SAFETY ALERT 

SYSTEM 

USING 

ANDROID 

PHONE 

Ability to 

Detect / 

Transmit 

Signal 

Both Both N/A 

Range of 

signal 

detection / 

location 

Up to 5 

meter 

Up to 3 meter Radius of ≈ 50 

meter to 100 

meter 
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Time needed 

for signal/ 

location 

Detection 

30 minutes 

(signal) 

Immediately 

(signal) 

Immediately 

(location) 

Sensitivity of 

Signal 

Detection 

Randomly 

(Standby & 

Switch off 

mode ) 

Randomly 

(Standby 

mode) 

Detects location 

Is all phone 

signal can be 

detected? 

Yes Except iPhone, 

some models 

from Samsung 

As long as it can 

be installed, it can 

tell the restricted 

location 

 

A. Prototype of the Project 

Figure 17 shows the prototype of this project is built by 

using a plastic box. The size of the prototype is measured to be 

16.5cm x 12cm (height x width) which fits the typical size of 

the car dashboard. The solar panel is placed on top of the 

plastic box. The solar charger circuit is placed inside the 

plastic box with the USB output pin exposed at a small 

opening of the box.  

 

 

Fig. 17. The prototype for the location-based safety alert system 

VI. CONCLUSION AND FUTURE WORK 

The location-based safety alert system using Android 

phone is software-based to cover the flaws found on the 

mobile phone detector hardware.  After the mobile application 

is activated, it will continuously track the user’s location in 

Google Map using the GPS embedded inside the smartphone. 

It will trigger an alert to the user upon entering the potentially-

dangerous premises. The alert notification will then remind the 

user not to use handphone in the specific areas. The system 

will turn into airplane mode after the user chooses the 

activation time for airplane mode. After the activation time, 

the phone will be turned back automatically to normal mode to 

gain back communication feature. The alert system utilizes the 

potential of GPS chip (where communication between the 

satellite and GPS chip is engaged) embedded in the 

smartphone throughout the application. Internet data is needed 

to show the Google Map. A solar charger is built to 

compensate the great power consumed by GPS chip. 

 

At this moment, the safety alert system can only detect one 

particular location. In near future, multiple locations can be 

detected to make it become more practical. Any new targeted 

locations, for instance newly-built petrol station or hospital, 

their GPS location can be added by updating the database of 

the application. The users can just update the minor part of the 

extension instead of updating the whole application.  

 

Internet data is still needed to show the Google Map, so 

that the user can know where he or she actually is. However, 

this is inconvenient to those users who are not the data plan 

subscriber. Thus, in future, an offline map may be introduced 

to save cost on the internet data plan of the mobile phone. 
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Abstract—The aims of this research are to  compare the 

resultant substrate and coating characteristic between PDC and 

DC in situ cleaning techniques The in situ cleaning experimental 

runs  for both DC and PDC substrate  biases  was performed at  

500V for 3 hours on WC substrate prior to the deposition of TiN 

coating. Coating adhesion, substrate surface energy, surface 

roughnesses were inspected using CSEM scratch tester, 

wettability test and atomic force microscopy (AFM), respectively. 

The data was analyzed using Minitab and Excel software. 

Coating adhesion of samples treated by PDC was higher by 5.0% 

compared to that of cleaned using DC substrate bias. The 

analysis suggested that the improvement in adhesion was due to 

higher substrate surface energy and roughness.  

Keywords: PVD coatings, Pulse direct current, Surface roughness, 

Coating adhesion, Titanium nitride 

I. INTRODUCTION  

There are common hard coating materials available to 

coat machining tools such as TiN, TiC, CrN and ternary 

materials of TiAlN [1]. Coating with good adhesion often  

fails cohesively rather than adhesively  and usually resulted in 

superior  tool life [2]. Consequently, various processing 

methods had been developed to improve coating adhesion. For 

instance, in PVD process, the in situ sputtered cleaning 

sequence prior to coating help to improve coating adhesion 

[3]. Furthermore, substrate without bias application during in 

situ cleaning is hard to obtain good coating adhesion [4]. 

However, at higher potential different, the tendency of arcing 

to occur is very high as well and introduces drawbacks to the 

adhesion [5,6]. Arcing will not only causing problem to the in 

process substrate, but also to the subsequent substrates 

because arcing will contaminate the chamber of the machine. 

Hence, the adhesion quality will be degraded further until 

proper cleaning and maintenance is carried out [7]. Based on 

some previous researches, the arcing issue can be solved by 

having negative PDC bias instead of conventional DC bias 

applied to the substrate during in situ cleaning. However, there 

are still less focused and papers that have been published on 

PDC bias [8,9,10,11] compared to majority of researches 

using the conventional method of DC bias [12,13,14,15].  

A good surface quality of cemented carbide, the critical 

load of TiN coating is more than 70N can be achieved. 

Whereas, if the coating is deposited on bad quality of 

cemented carbide surface, critical loads obtained may be very 

low, between 10 – 25N [16]. Besides, the PDC coating 

adhesion mean and median is expected to be higher and the 

variation to be lower, as compared to DC. Comparison of 

adhesion properties shall be analyzed using statistical tools, 

such as, Mann-Whitney test, Two-Sample T-test and F-test: 

Anova. There are many common statistical software packages 

available in the market that should be able to do the tests, for 

examples, Excel, SPSS, SAS, SYSTAT and Minitab [17]. 

 

There is still lack of study using PDC over DC substrate 

bias techniques to improve coating adhesion, especially on the 

analyses of substrate surface roughness and energy effects to 

coating adhesion. Therefore, the research objectives are to 

make direct comparison between the two techniques and to 

validate the results using common statistical analysis tools. 

II. EXPERIMENT  DETAILS 

A. Coatings Deposition Process 

The experiments were conducted using a magnetron 

sputtering Vactec, PVD 1000 system from Korea. The 

machine is equipped with an ENER5 pulse power supply that 

has a pulse direct current (PDC) substrate biasing up to 800V 

and frequency range between 0 – 100 kHz. The holder rotary 

speed was set at 2RPM throughout the deposition process. 

Titanium (Ti) and   Tungsten carbide (WC) cutting tool inserts 

by Sumitomo were used as target and substrate materials, 

respectively. The substrates were soaked in ethanol solution 

using ultrasonic machine JAC Ultrasonic 1505 at 42ºC for 

30minutes. Machine chamber was vacuum pumped down to 

5.0x10
-5

mbar and process temperature was to 400ºC.  When 
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the vacuum chamber reached setting temperature, a 50sccm 

pure Ar gas with a purity of 99.999% was pumped into the 

chamber through an ion gun outlet power at a setting of 

0.24kV/0.4A until the process pressure dropped to 3.0 x 10
-

3
mbar. Biases of substrates were set at similar voltage level of 

-500V for PDC at frequency of 50kHz (duty cycle 20%) and 

DC at constant voltage for 30minutes [18]. 

 

Deposition process was carried out for 3 hours at 

deposition rate of 3.90 x 10
-3

µm/min. A 99.999% purity of 

reactive nitrogen gas was pumped at 0.5 x 10
-3

mbar into the 

chamber at ratio 0.12:1 of N2:Ar. Substrate bias set at -250V, 

target power of 6kW and temperature of 400ºC for 5 minutes 

for Ti interlayer and 180 minutes for TiN coating.  

B. Testing on Coating Adhesion and Substrate Surface 

Properties 

The coating adhesion tests were conducted using a scratch 

tester by CSEM, Revetest fitted with a Rockwell C diamond 

stylus (200µm tip radius; cone apex angle 120º). A 

progressive load from 0.9N to 200N was applied for total 

scratch length of 5.0mm. The loading rate and speed were 

constant at 382.67N/min and 9.61mm/min, respectively. The 

equipment is attached to an acoustic emission monitoring 

device within vicinity of 100 kHz for failure detection. 

 

Surfaces of post in situ cleaning were inspected using 

non-contact mode AFM, Park System XE-100 model. The 

topography’s scanning area X-5µm x Y-5µm, and analyses 

were performed at scan rate of 0.5Hz.  

 

Wettability test uses contact angle of a water drop to a 

surface as a measurement of surface energy level (Paital and 

Dahotre. et al., 2009). The meniscus of contact angle between 

the surface and pure water was measured between 0 and 180º. 

The interfacial surface energy (γ) equation of a material 

surface in relation to a liquid as derived by Young as shown in 

(Equation 1) [19], as following: 

 

γlv cos θ + γsl = γsv (1) 

 

Where, γlv is liquid - vapor interfacial tension; γsv is 

substrate surface - vapor interfacial tension; γsl is liquid - 

surface interfacial tension; θ is contact angle. Hence, at lower 

θ value shall reflect higher substrate surface energy. The static 

contact angle was observed using a digital 800k USB 2.0 CCD 

DCAM and VIS ver7 (Professional Edition) software which 

allows auto calculations of the angles.  

 

Finally, a Minitab software version 16 and Excel software 

were utilized to perform statistical analyses and validate the 

results of DC and PDC coating adhesions and substrate 

surface properties. 

III. RESULTS AND DISCUSSION 

A. Coating Adhesions of DC and PDC Treated Samples  

Results of TiN coating adhesions or critical loads 

obtained from the scratch tests are tabulated in Table 1.  

 

TABLE I.  : COATING ADHESION VALUES OF DC AND PDC SUBSTRATE 

BIASES 

Sample Critical Load (coating adhesion)/ Newton (N) 

DC -500V PDC -500V 

1 68.8 72.3 

2 69.8 76.3 

3 68.0 75.3 

4 66.3 75.3 

5 66.0 75.0 

6 69.8 76.8 

7 68.8 77.0 

8 68.8 77.8 

9 68.0 77.5 

10 70.3 77.8 

11 72.3 70.3 

12 73.3 69.3 

13 68.5 72.0 

14 76.5 75.3 

15 73.3 75.3 

Mean 69.9 74.9 

Range 10.5 8.5 

Std Dev 2.849 2.698 

 

The mean adhesion (critical load) values for DC and PDC 

were 69.9N and 74.9N respectively. Analysis of means using 

the Two-sample t-test had shown that the P-value is less than a 

critical factor value of 0.05. In other words, there is a 

significant difference between the two means, DC and PDC at 

-500V. 

 

Fig. 1 shows the box plot with significant improvement 

on coating adhesion in means of about 7.0% comparing DC to 

PDC mean values of the experimental data. The data 

distribution of PDC shows a 5.0% improvement in term of 

their standard deviations and has more normal distributed data 

compared to DC, which indicates more predictable coating 

adhesion strength.  

 

PDC substrate bias technique does have a positive impact 

to substrate readiness prior to coating deposition and increases 

coating adhesion properties [2]. In addition, PDC enhances 

ionization and electron density in a plasma environment 

compared to DC, which increases the sputtering rate during in 

situ cleaning. Moreover, it eliminates arcing that might 

damage substrate surface, and produces better consistency of 

cleaning capability. Finally, PDC leads to more uniform and 
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higher coating adhesion compared to comparable DC working 

conditions [8].  

 

PDC -500V Bias : Adhesion(N)DC -500V Bias : Adhesion(N)

77.5

75.0

72.5

70.0

67.5

65.0

D
a

ta

Boxplot of DC -500V Bias : Adhesion(N), PDC -500V Bias : Adhesion(N)

 

Fig. 1: A box plot of DC and PDC at -500 V Bias 

 

The results of PDC coating adhesion samples are 

significantly higher and more consistent compared to DC. 

Therefore, this data analysis supports the conclusion being 

made that, PDC substrate bias is more effective to clean the 

substrate surface during in situ cleaning and leads to higher 

coating adhesion compared to DC. 

 

B. Comparison of Substrate Surface Roughness between DC 

and PDC 

Table 2 shows the AFM results of WC substrate surface 

roughness, Ra, for PDC and DC at -500 V substrate bias 

voltages during in situ cleaning. 

TABLE II.  : SUBSTRATE ROUGHNESS AND COATING ADHESION 

RESULTS BETWEEN DC AND PDC 

Criteria Substrate Bias Technique  

Improvement 

% from DC to 

PDC 

Bias (V) DC -500  PDC -500  
26.5% 

Ra (nm) 63.197  45.882  

 
 Based on the results, PDC shows reduction of about 

26.5% in surface roughness if compared to DC. It was a direct 

indication of no excessive sputtering process taken place onto 

the substrate surface during cleaning process. In other words, 

pulse bias allows better control in term of sputtering rate with 

minimum unwanted arcing issues and helps to prevent the 

excessive bombardments effect [8, 11]. In addition, lower 

surface roughness increases surface area and minimize 

shadowing effect during the deposition process.  

 

 Surface of DC treated substrate as in Fig. 2a shows 

coarser surface grain compared to the PDC treated substrate in 

Fig. 2b. Hence, the observation is good agreement with 

surface roughness data obtained using the same AFM. 

Moreover the surface grain structure of PDC treated substrate 

in the form of globular or angular shape rather than spikes of 

peaks and valleys in DC treated substrate. Therefore, indicates 

that PDC not only produces finer surface grain but also 

improves its structure. The Ra observed in DC treated 

substrates depicts irregularity in its grain structure. It might 

due to arcing phenomenon during in situ cleaning process and 

resulted in severe adhesion defect. The result of coating 

adhesion decreases with increasing roughness of the substrate 

surface similar to previous observation [5]. 

 

 
 

 

Fig.2: AFM three-dimensional images of WC substrate 

surface inspected area formerly treated by (a) DC and (b) PDC 

substrate biases 

 

C. Comparison of Substrate Surface Energies 

Fig. 3 shows the results of contact angles of PDC and 

DC treated substrate. By altering the substrate bias from 

conventional DC bias to PDC bias at -500V, the substrate 

experienced reduction in contact angle. Based on Young 

Equation (1), the surface energy (γsv) is inversely proportionate 

to contact angle (cos θ). So, it can be directly concluded that 

the utilization of PDC bias is efficient to increase the surface 

energy of substrate surface compared to DC bias by 5.6%.  

 

Fine globular and homogenous grain microstructure produce 

better coating adhesion compared to peaks and valleys. Wider 

area shall provide higher surface energy that allows 

interactions via formation of Van der Waals bonding between 

substrate and coating materials for better adhesion [20]. 

Scan size: X 10um, Y 10um 

Scan size: X 5um, Y 5um 

(b) Substrate surface 

treated using -500 V 

PDC substrate bias 

(a) Substrate surface 

treated using -

500 V DC 

substrate bias 

Peaks and valleys morphology 

Globular morphology 
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In 

Situ/Contact 

Angle 

Image : A drop of water on substrate  

 
DC                   

-500 V 

 
Contact Angle:    

38.6 º 

 
 

PDC                 

-500 V 

 

Contact Angle:   

36.4 º 

 

Fig. 3: Water drop wetting ability of WC substrate at DC -500 

V and PDC -500 V 

IV. CONCLUSION 

These analyses conclude that PDC substrate bias is more 

effective to clean the substrate surface during in situ cleaning 

compared to DC substrate during in situ cleaning process. The 

coating adhesion strength improved by 7.0% and its variation 

reduced by 5.0% by applying PDC compared to DC at -500V 

of substrate bias during in situ cleaning. The improvement 

trends are contributed by the change on substrate surface 

morphology properties. The modifications of substrate surface 

morphology properties in terms of surface roughness reduction 

of 27.4% and surface energy increment of 5.6% and surface 

morphology patterns shifted from peaks and valleys to 

globular microstructures of PDC compared to DC bias 

techniques. The data was analyzed using statistical analysis of 

t-test and the results were significant. 
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Abstract- The precipitated of calcium carbonate has 

attracted much attention because of its numerous 

applications in various areas of plastics, textiles, rubbers, 

adhesives, paints and waste water treatment. Nanosized of 

precipitated calcium carbonate, (PCC) will enhance the 

properties and give better performance. Its high purity and 

close controlled particle size and shape are making it the 

white filler of choice. Nanosized precipitated calcium 

carbonate particles were prepared using spraying method. 

The particles were prepared using three (3) different 

concentrations of Calcium Hydroxide, Ca(OH)2, three (3) 

CO2 flow rate and three (3) different calcinations 

temperatures. The three (3) concentration of Calcium 

Hydroxide that been used are 25g / 200ml, 25g / 400ml and 

25g / 800ml and each of these  initial solution sprayed at 

three (3) different CO2 flow rate, 5l / per-minute, 7l / per-

minute and 10l / per-minute. Calcium Carbonate, CaCO3 

powders were then calcined at three (3) different  

temperature, 1100°C, 1200°C and 1300°C. Images from 

FESEM showed morphology of the particles changed to 

spindle-like or prismatic when the ionic strength of the 

Calcium Hydroxide, Ca(OH)2 was increased.  

 

 

 

 

 

 

I. INTRODUCTION 

Nanophase and nanostructured materials, a new branch 

of materials that attracting a great deal of attention due 

their potential applications in various areas such as 

electronics, optics, catalysis and nanocomposites. The 

unique properties and the improved performance of 

nanomaterials are determined by their sizes, surface 

structure and inter-particle interactions. The role played 

by particle size is comparable in some cases to the 

particle chemical composition adding another flexible 

parameter for designing and controlling their behavior 

[1]. Nanomaterials are classified into nanostructured 

materials and nanophose/ nanoparticle materials. The 

nanometer size here covers a wide range which can be as 

large as 100-200 nm. To distinguish nanomaterials from 

bulk it is vitally important to demonstrate the unique 

properties of nanomaterials and their prospective impacts 

in science and technology [1]. Precipitated Calcium 

carbonate, (PCC) has establish itself as a primary 

extender for paints. Important properties are its non-

toxicity, low intrinsic color, low abrasiveness, low 

electrolyte content and the pH stabilizing effect. Every 

different kind of crystal is suitable for a particular 

applications and only the right PCC can boost the quality 

of the end products. The real advantage of PCC lies in 

possibilities of tailor making the products with specific 

particle morphology, particle size, particle size 
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distribution and specific surface area [2].A ground 

calcium carbonate will normally have a rhombic 

morphology since this is the natural shape of calcite 

fragments. Rhombohedral PCC plays a role in paper 

filler but is of more interest as a coating PCC. The 

aragonite is used for special purpose, where more exotic 

properties in the paper are sought. The pseudo-

amorphous PCC is really agglomerates of very fine 

calcite crystals. No practical use for these products is 

known but they are of interest to the PCC manufacturer 

since they tend to show up if control over the process is 

lost [2]. There are several precipitation techniques in 

which the precipitation of PCC is reported included 

modified emulsion membrane. The determination of the 

relationship between precipitation conditions and product 

morphology is still a major challenge in synthesis of 

precipitated calcium carbonate with super fine particle 

size. Control of crystal size and shape of precipitated 

calcium carbonate (PCC) is important for the subsequent 

separation process and quality of the product and takes 

on additional significance when scale up issues are 

involved[3]. Spray method is one of the alternative that 

can be used to control of crystal size and to produce 

small particle in size. Spray gun was used to produce 

mist milk of lime (MOL) and spray together at the same 

time but from different nozzle into a chamber. Factors 

that must be considered to achieve nanosized PCC are 

MOL must be in mist condition, Carbon dioxide flow 

rate and concentration of initial solution. It was observed 

at a low concentration of 25g/800ml, particle size of 

calcium carbonate tend to be smaller with decreasing 

concentration. Objective of this paper, to discuss effect of 

different initial concentration solution on synthesis nano 

sized precipitated calcium carbonate.  

II. METHODOLOGY 

Raw Materials. Calcium carbonate powders from 

Simpang Pulai, Perak used as source of calcium 

carbonate particle, Distilled water, CO2, Merck-Shuchard 

Polyethylenglycol 1500 

Preparation of Nano-Precipitated Calcium Carbonate 

involved 4 steps;  

1) Calcination of calcium carbonate 

2) Preparation of milk of lime (MOL) 

3) Spraying MOL 

4) Filter  

 

 

 

 

 

 

 

 

 

 

 

 

1) Calcination of calcium carbonate 

 

Calcium carbonate with weight of 200 gram 

will be places in furnace for 180 minutes 

with 3°C per minute and their upgrading for 

calcination process. This process will 

decompose calcium carbonate into calcium 

oxide. Reaction takes places is 

 

        CaCO2 (s) > 900°C   CaO(s) + CO2 (g)  (equation 

2.1)  

2) Preparation of milk of lime (MOL)  

 

Calcium oxide dissolved in water to form 

calcium hydroxide in 500biker, mL for 

slaking process. Quantity distilled water 

vary from one sample to other, (200 ml, 

400 ml, 800 ml). Hydrated-lime, Ca(OH)2 

suspension was preheated at 55-60°C. This 

step to help better dissolved of Calcium 

oxide in distilled water, Polyethylenglycol 

1500 (PEG) was added as stabilizer. 

Reaction takes place is 

           CaO (s) + H2O slaking   Ca (OH)2    (equation 2.2)  

 

 

3) Suspension milk of lime (MOL) is pouring 

into a spray gun container and supplied air 

compressor as a force to produce a mist. CO2 

gas supplied at the same time but from 

different nozzle. Milk of lime is spray into a 

chamber from spray gun. Precipitation will 

occur slightly in front of air gun nozzle that 

produced mist of calcium hydroxide. Nozzle 

of CO2 is placed as close as possible to this 

area. All precipitated liquid will be collected 

in a chamber. Reaction takes place is  

 

Ca (OH)2 (s)  CO2 (g)   CaCO3 (s) + H2O (equation 2.3)                    

Precipitation 

 

4) Precipitation will be collected in a chamber 

and filter out using centrifugal. Precipitated 

powders will be placed into oven for drying 

at 60°C around 10 minutes. Finally, all the 

precipitated powders grind and sieve using 

75µm.
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III. RESULT AND DISCUSSION 

  

Table 1 show the particle size precipitated calcium    

carbonate at different concentration of initial solution. It 

was observed at a low concentration of 25g/ 800 ml, 

particle size of calcium carbonate tend to be smaller with  

decreasing concentration. The particle size decrease 

when the ionic strength of the Ca (OH)2 was decreased. 

One of the unique properties of using spray method is the 

compartmentalized environment bounded to the internal 

droplet by mist. The Ca
2+

 dwelled in one droplet, will not 

diffuse to another. Therefore, each droplet can taken as 

individual microreaction compartment containing limited 

Ca
2+

. The total mass of constituents involved in the 

reaction in the compartment can be controlled by the 

concentration present in the mother liquor. For the 

system adopted in the study, the quantity of Ca
2+

 in the 

internal water was controlled by the initial loading. 

Obviously, the reaction that occurred in situ will stopped 

automatically when the concentration of Ca
2+

 is lower 

than the solubility limitation of Ksp / [CO3 
2- 

] where Ksp 

is the equilibrium saturation solubility product of CaCO3 

and  is the equilibrium saturation concentration of CO3
2-

. 

Theoretically, if the volume of a droplet and the number 

of PCC particles possibly formed in it are known, the 

particle size of PCC can be calculated simply by the 

following equation ( presuming the particles is in a 

spherical shape and the internal Ca
2+

 ions are completely 

consumed) 

r = MiR (CIN / 1000np ) 1/3  

Where r and R denote the radius of PCC particles and 

droplets, respectively; Mi is the molecular weight of 

CaCO3; CIN  is the feeding concentration of Ca2+ 

(mol/l); n denotes the average number of PCC particles 

produced within one droplet and p is the density of the 

PCC ( 2.93 g/cm3) . With the decreased of CIN , the 

particle size decreased steadily because lack of Ca2+ ions 

in each droplet to react with CO3
2-

 ions and will retard 

crystallization growth. 

 

Table 1: Particle size precipitated calcium carbonate at 

different concentration of initial solution 

Initial 

concentration/  

CO2 flow rate 

25 gram / 

200ml 

( 2.25M) 

25gram / 

400ml 

( 1.13M) 

25gram / 

800ml 

( 0.56M) 

5Liter / minute 127nm 274nm 82nm 

7 Liter / minute 206nm 158nm 160nm 

10 Liter / minute 206nm 120nm 121nm 

 

 

 

 

Figure 1: Effect of various lime concentration on the 

particle size of precipitated calcium carbonate, PCC 

 

 

 
Figure 2: 25g / 200ml, 5L CO2, 1100°C, (x30000) 

 

 
 

Figure 3: 25g / 200ml, 5L CO2, 1100°C, (x50000) 
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Figure 4: 25g / 400ml, 5L CO2, 1100°C, (x30000) 

 

 
Figure 5: 25g / 400ml, 5L CO2, 1100°C, (x50000) 

 

 

 

 

Figure 6: 25g / 800ml, 5L CO2, 1100°C, (x30000) 

 

 

Figure 7: 25g/800ml, 5L CO2, 1100°C, (x50000) 

Figure 7: 25g / 800ml, 5L CO2, 1100°C,  

(x50000) 

 

Figure 1 - figure 7 shows the Scanning electron 

microscope (SEM) images of the precipitated calcium 

carbonate particle of different concentration. It was 

observed that at a low concentration of 25g/800ml, 

calcium carbonate particles formed like cubic 

rhombohedral crystals and with increasing concentration 

to 25g / 400ml, either short or long structured prismatic 

shapes, scalenohedron was produced. The morphology of 

particles changed to spindle like or prismatic when the 

ionic strength of the Ca (OH)2 was increased. 

Attributed the yield and growth of spindle or prism like 

crystals to the excess Ca
2+

 ions in the reaction solution. 

In the actual precipitation process, dissolution of CO2 

into the chamber is slow so the actual volume of CO2 

adsorbed is lower than the ideal stoichiometric reaction 

of calcium carbonate. This results in an access of Ca
2+ 

ions in the solution which appear to be adsorbed on the 

preferred face of cubic like calcium carbonate particles. 

Then the adsorbed ions inhibit the face growth of a 

particle and produce modifications in particle 

morphology to spindle, prism or tabular like crystal.  

 

 
Figure 8: Variation in particle morphology with the 

concentration of initial solution [2] 

 

 

IV. CONCLUSION 

Nanosized precipitated calcium carbonate (PCC) was 

successfully prepared using spraying method from a 

solution milk of lime and low concentration of 25g/800 

ml, particle size of calcium carbonate tend to be smaller 

with decreasing concentration. The particle size decrease 

when the ionic strength of the Ca (OH)2 was decreased. 
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Abstract— Nowadays the use of insulation wall in 

building construction faces some problems such as having 

high in dead weight, low resistant to humidity and limited 

mechanical strength. This green technology project 

proposes lightweight concrete as a replacement for 

insulation wall. This lightweight concrete will be developed 

using polymer waste, sand, water, and cement. This 

research was used thermoplastic polymer waste which is 

PP (Polypropylene) material as the reinforcement material 

to replace small gravel in conventional concrete. All its 

composition percentage of raw materials was divided into 

different samples composition. Its composition determines 

the performances of the samples in physical properties, 

density and water absorption percentage, mechanical 

properties, compressive strength as well as microstructure 

analysis. 

 

Keywords— Green technology, Polypropylene, density, 

water absorption, compressive strength 

I. INTRODUCTION  

Lightweight aggregates were used for lightweight concrete 

construction. Foaming agent such as aluminium powder can 

be added into the mixture to generated entrained gas that 

trapped inside the concrete brick. Lightweight aggregate can 

also be produced by heating clay, shale, slate, perlite, and 

vermiculite. Industrial cinders and blast-furnace slag that has 

been specially cooled can also be used [1,2]. The most widely 

used for natural lightweight aggregates were pumice and 

scoria. A concrete of intermediate strength, with impressive 

values of insulation was produced by pumice, scoria, and 

others type of volcanic rock. While for the low strength of 

concrete with superior insulation properties was made from 

perlite and vermiculite, but the drawback is that they produce 

more shrinkage [3].  

 

Concrete is a construction material cement based adhesive, 

and the aggregate of: sand and stone (gravel). This product 

will be modify the use of materials that have been commonly 

used in the manufacture of the concrete so as to produce 

concrete material better than the existing concrete and used for 

this. Modification of this product still refers to the standards 

design requirements that already exist. The product will 

include the replacements of modified binder (cement) with a 

thermoplastic material and replace the gravel with the whisker 

of PP (Polypropylene). Until now, there has growing interest 

in studies on effect of polymer to composite structure [4, 

5,6,7,8].  

 

The objective of the study is to develop a polymer binder 

product with additives and the application of short (aggregate) 

PP (Polypropylene) polymer waste instead of gravel aggregate 

in the concrete matrix.  

 

II. EXPERIMENT PROCEDURE  

The research is a laboratory scale to determine the optimum 
composition of the manufacture of lightweight concrete by 
replace the gravel with thermoplastic waste material which is 
PP (Polypropylene). Specimen made with different percentage 
composition of sand, cement, PP (Polypropylene), water, and 
additives. This research consisted of compression test, density 
and water absorption percentage test. All concrete samples had 
undergone physical and mechanical properties testing after 
reach room temperature that consist of ASTM C39 Test Press 
(Compressive) and Test ASTM C373 Density and Water 
Absorption Percentage. The Apparent water absorption 
percentage and density of a specimens measuring diameter 57 
mm by 60 mm high was estimated by the Archimedes method 
using water. Subsequently their specific gravities were 
determined by dividing the unit weight of the sample by the 
unit volume.   

                 Density, ρ = m/V                                            (1) 

Where m is the weight dry sample (kg), V is the volume 
cylinder (m), and ρ is density of the concrete sample (kg/m³). 

The porosity was determining using equation as below:                                
 

%Water Absorption Percentage =  

          (Wfinal – Winitial) / Wfinal X 100%                                 (2) 
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Where 𝑊𝑓𝑖𝑛𝑎𝑙 the weight after dipping or weight is wet 

sample (g) and 𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the weight before dipping or weight 

dry sample (g).  

 

III. RESULT AND DISCUSSION 

a. Physical Properties: Density and Water Absorption 

Percentage 
 

Table 1 shows the density and water absorption percentage 

result for PP composite with various compositions. The 

density range is between 1484 kg/m
3
 to 1686 kg/m

3
 and the 

water absorption percentage range from 10.2% to 13.8%. The 

value range record were fulfilled the lightweight requirement 

[6].  

 

Table 1: Density and Water Absorption Test 

 

Sampel Sand 

(%) 

Additive 

(%) 

PP 

Waste 

(%) 

Density 

(kg/m-3)  

Water 

Absorption   

(%) 

A1 47 5 18 1549 12.2 

A2 47 3 20 1568 12.9 

A3 47 1 22 1484 12.6 

B1 52 5 13 1591 10.7 

B2 52 3 15 1563 10.2 

B3 52 1 17 1483 12.5 

C1 57 5 8 1685 10.8 

C2 57 3 10 1627 13.8 

C3 57 1 12 1585 11.9 

 
Fig. 1 shows the comparison and relationship between the 

density and water absorption percentage with percentage of 
additive for sample group B. Since the increasing amount of 
additive contributes to a creation of more compact and denser 
structure, sample within group B that has higher the percentage 
of additive shows greater density as predicted. Sample B1 with 
5% of additive has density of 1591 kg/m

3
. Water absorption 

percentage ranging from 10% to 13% as recorded. Sample B2 
and sample B1 has lower water absorption percentage as 
compared to sample B3 since the increment in the amount of 
additive help to produce compact structure with strong 
bonding, which means the lesser voids is formed in the 
specimen. 

Fig. 2 shows the density values for each sample from 

group A, B and C in related to their percentage of 

polypropylene waste. The percentage of Polypropylene waste 

for sample A are between 18% to 22% where they have the 

greatest amount of polypropylene waste compared to sample 

B and sample C which the polypropylene waste amount 

between 13% to 17% and 8% to 12% respectively. All the 

samples are having densities values below 1600 kg/m
3
 except 

for sample C1 and C2. From the trend shown in the graph, it 

can be concluded that the density of composite concrete 

decreased as the amount of polypropylene waste added to the 

composite concrete structure increased. Condition were 

fulfilled except for Sample A2 with deviation is shown. 

 

Fig. 3 shows the percentage of water absorption for each 

sample from group A, B, and C in related to their percentage 

of polypropylene waste. All samples shows inconsistent 

reading ranging from 10% to 14%. The result shows 

inconsistent values because formation of voids can be 

occurred everywhere in the specimen, they can be found either 

on the surface of the specimen or inside the internal body of 

the specimen. The distributions of voids are random and they 

can’t be controlled by human. Voids on the surface of the 

specimen have higher tendency to trap more water than those 

voids inside the body of specimen since water are easier to 

gain access into the voids on the surface. Other factor that’s 

influent the water absorption percentage is the shape and size 

of the polypropylene waste. The polypropylene waste pieces 

used in this project are all irregular in shape and size. 

 

 
 

 

 

 

 

 

            

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

           Fig. 2: Effect of Density, kg/m³ on % of  
                       Polypropylene Waste 

 

   Fig. 1: Comparison Density and Water Absorption       

             

versus %Additive for Sample B 
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        Fig. 3: Effect of Water Absorption Percentage     

                    versus % of Polypropylene Waste 

 

3.2 Mechanical Properties: Compressive Strength 

 

Table 2 shows the compressive strength result for PP 

composite with various compositions. The compressive 

strength range from 2.70 MPa to 5.83 MPa were fulfilled for 

lightweight aggregate concrete compressive strength [6]. 

 
Table 2: Data for Compressive Strength 

 

Sampel Sand 

(%) 

Cement 

(%) 

PP 

Waste 

(%) 

Add 

(%)  

Compressive 

Strength   

(MPa) 

A1 47 30 18 5 12.2 

A2 47 30 20 3 12.9 

A3 47 30 22 1 12.6 

B1 52 30 13 5 10.7 

B2 52 30 15 3 10.2 

B3 52 30 17 1 12.5 

C1 57 30 8 5 10.8 

C2 57 30 10 3 13.8 

C3 57 30 12 1 11.9 

 

Fig. 4 shows the result data of compressive strength 

obtained by compression testing for all samples from group A, 

B and C. Based on the trend of the graph for each sample 

group, it is quite clear that compressive strength decreases as 

the amount of polypropylene increased while amount of 

additive decreased. Since insufficient additives and the 

addition of polypropylene aggregates helps to promote voids, 

the compressive strength of the material will eventually 

decreased. It is proved from the sample A3, B3, and C3, they 

all have lowest amount of additive with highest amount of 

polypropylene waste among group A, B, and C respectively 

and they show the lowest compressive strength in their own 

sample group. The water to cement ratio is vital to obtain 

adequate cohesion between cement and water. The water must 

be sufficient but as less as possible to prevent the 

polypropylene aggregate to float on top of specimen. 

 

Fig. 5 shows the compressive load for sample B1 and C1 is 

identical to each other while the compressive load for sample 

A1 is far lower than others. Even though the compressive 

strength for sample C1 has a reading of 5.834 MPa that is 

slightly higher than sample B1 which is 5.816 MPa, the 

sample B1 is more ideal sample for this project. It is because 

the sample C1 has density greater than 1600 kg/m
3
. 

 

 

 

 
              Fig. 4: Graph of Compressive Strength versus  

                          Sample Code Number 

 

 

 
Fig. 5: Graph of Compressive Load versus Compressive       

               Extension for Lightweight Polypropylene Concrete 

 

 
Table 3 shows comparison between sample B1 and 

conventional concrete sample. It is clear that the conventional 

concrete has extremely high compressive strength than the 

sample B1 with 13% of polypropylene aggregate added. The 

conventional concrete sample in this research had reached 

compressive strength of 25.433 MPa. Since conventional 

concrete has density of 1902.01 kg/m
3
, it is not considered 

under lightweight concrete class, which could promote to 

lower handling fee and labor cost. The water absorption 

percentage of conventional concrete has recorded with pretty 
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low value; it is because no polypropylene is added as addition 

of polypropylene could contributes to voids formation. 

 

Table 3: Comparison between Sample B1 and 

                            Conventional Concrete Sample 

Sampel B1 
Conventional 

Concrete 

Density (kg/m3) 1591.01 1902.06 

Water Absorption percentage (%) 10.73 5.74 

Compressive Strength (MPa) 5.816 25.433 

 

3.3 Microstructure Analysis 

 

Fig. 6 shows microscopic image captured using digital 

microscope for sample A3 (22% PP, 1% Additive). Sample 

A3 was added with the most polypropylene among others 

sample. Large amount of polypropylene waste have been 

observed under magnification of 50x. Voids or pores can be 

seen and not much additives and sand grains are found. 

 

Fig. 7 shows microscopic image captured using digital 

microscope for sample C1 (8% PP, 5% Additive). Sample C1 

has the least amount of polypropylene. Very little 

polypropylene is seen under magnification of 50x. Additive 

and sand grains observed on sample C1 are more compared to 

sample A3. 

 

 

Fig. 6: Microstructure (Sample A3; 22% PP, 1% Additive) 
 

Fig. 7: Microstructure (Sample C1; 8% PP, 5% Additive) 

 

IV.  CONCLUSION 

Based on the result and analysis had been done for this 

research, the product sample that created were gave positive 

and good result based on several testing. The physical 

properties such as density and porosity of lightweight concrete 

were determined. All of the nine sample result values recorded 

in the result table were fulfilled the lightweight concrete 

requirement. The requirement value for density is in range 

1450-1800 kg/m³ and for water absorption percentage is 

between 5-20%.  The highest and the lowest value of density 

among nine samples of lightweight concrete are 1685.51 kg/m³ 

and 1483.59 kg/m
3
 while water absorption percentage are 

13.76% and 10.23% respectively.  

  

The sample that has the highest value of compressive 

strength and density below 1600 kg/m
3
 is the most desirable 

sample among the others. The highest compressive strength 

and maximum load are 5.834 MPa and 14.89 kN. Even though 

with slightly lower compressive strength of 5.816 MPa, 

sample B1 with 52% sand, 30% cement, 13% PET Waste, 5% 

Additive and 40% water produce optimal result with concrete 

density lower than 1600 kg/m
3
 to fulfill requirement of Class 

II type insulating/ structural lightweight aggregate concrete 

[6].  
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Abstract-The natural fibre plays an important role in developing 

biodegradable FRP to resolve the current ecological and 

environmental problems. The utilization of bamboo fibres (BF) 

as reinforcement in FRP composite materials has increased 

tremendously and this has undergone a high-tech revolution in 

recent years as a response to the increasing demand for 

developing biodegradable, sustainable, and recyclable materials. 

Therefore, in this study, BF was used as a reinforcing material in 

a polymer matrix that is polypropylene (PP). This research 

studies the effects of BF length (4, 3 and 2 cm) and BF loading on 

the mechanical properties of BF/PP composite. Various ratios of 

BF/PP composite were analyzed and the ratios of composition in 

the BF/PP composite was fixed at 70:30, 60:40 and 50:50. An 

alkaline treatment was conducted to extract thin bamboo fibre 

bundles and enhance the BF properties before the formation 

process of BF/PP composite using hot press. The mechanical 

properties of BF/PP composite were determined using tensile test, 

flexure test, hardness test, density measurement and 

macrostructure analysis. The results show that the 2 cm fibre 

length showed the best mechanical properties because it gives the 

optimal results as compares to other FB length of 3 cm and 4 cm. 

Mechanical properties of samples decreases with increasing fibre 

length. Meanwhile, for BF loading of 50:50 in composition ratio 

(BF/PP), the best mechanical properties than 60:40 and 70:30 

composition ratios. 

Keywords— Bamboo Fibre; Polypropylene (PP); Fibre 

Reinforced Polymer (FRP); Flexural Strength and Tensile Strength 

component. 

I.  INTRODUCTION (HEADING 1) 

A "composite" is define as two or more different materials 
are combined together to create a superior and unique material. 
Composite materials can be divided into two main groups, 
which are filler/reinforcement and matrix/binder/resin [1].   
The history of composites dates back to ancient times for 
construction applications. Straw was mixed with mud to form a 
building material known as adobe. The straw provided the 
structure and strength, while the mud acted as a binder, holding 
the straw together in place [2]. Since the days of adobe, the use 
of composites has evolved to commonly incorporate a 
structural fibre and a plastic known as Fibre Reinforce Plastic 
(FRP). Like straw, the fibre provides the structure and strength 
to the composite, while a plastic or polymer holds the fibre 

together. Common types of fibres used in the production of 
FRP composites include aramid, carbon, boron, basalt, fibre 
glass and also natural fibre [1-2]. This type of composite is 
used extensively throughout our daily lives. Common everyday 
applications of FRP composites include aircraft, boats and 
marine, sporting equipment, automotives equipment, wind 
turbine blade, body armor, building materials, water pipes, 
bridges, tool handles and ladder rails. In comparison to 
common materials used today such as metal and wood, FRP 
composites can provide a distinct advantage. The primary 
driver and advantage in the adoption of FRP composites is the 
lightweight properties. In transportation, less weight equates to 
more fuel savings and improved acceleration. In sporting 
equipment, lightweight composites allow for longer drives in 
golf, faster swings in tennis, and straighter shots in archery. 
While in wind energy, the less a blade weighs the more power 
the turbine can produce. Besides weight savings, the most 
important benefits of composites include, non-corrosive, non-
conductive, low maintenance, long life and also design 
flexibility [2].  

Bamboo fibre is one of the most attractive candidates as a 
strengthening natural fibre. It has several advantages, such as 
the environmental load is small, because it is grows rapidly and 
takes only several month to grow up, thus it is easy to 
regenerate after cutting, and the bamboo fibre has relatively 
high strength compared with other natural fibres such as jute 
and cotton. Additionally, the bamboo is a typical bio-resource 
which has not been fully utilized. Other than that, it is also low 
cost, low density, ecologically friendly, sustainability and 
biodegradability [3-5]. Bamboo is an abundant natural resource 
in Asia and South America. It has been traditionally used to 
construct various living facilities and tools. The high strength 
with respect to its weight is derived from fibres longitudinally 
aligned in its body. Therefore, bamboo fibres are often called 
‘natural glass fibre’ [6-8]. To practically apply the benefit of 
bamboo fibres, it is necessary to develop a process to fabricate 
bamboo composites as well as to extract qualitatively 
controlled fibres from bamboo tress. However, it is difficult to 
extract bamboo fibres since they have superior mechanical 
properties. The bamboo fibre is often brittle compared with 
other natural fibres, because the fibres are covered with lignin. 
Therefore, a new process should be adopted to extract the 

56

http://mucet2014.utem.edu.my/conference-venue-and-fee
mailto:2ayunatasyakasim@yahoo.com


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 
bamboo fibres for reinforcement of the composites materials 
[9-11]. There need to be a reduction in harmful destruction of 
ecosystem in order to produce low cost fibre reinforced 
polymer (FRP) composites. Thus, our country needs 
researchers to study the policies for the manufacturing of 
composites using natural fibres which are entirely 
biodegradable. These policies have generated safe strategies to 
protect our environment. Furthermore, this study aims to 
investigate effect of BF loading and BF length on the 
mechanical properties in BF/PP composite and to explore the 
potential of this BF/PP composite. The effect of different 
loading of BF and BF length on the mechanical properties such 
as Tensile Stress, Flexure Strength, Hardness, Bulk Density 
and Microstructure are observed.  

II. EXPERIMENTAL 

A. Materials 

The materials used in the fabrication the FRP composites 
are BF and PP.  Figure 1 (a) and (b) show the image of BF and 
PP. Meanwhile, composition of this composite is listed in 
Table 1. 

  

(a) (b) 

Fig. 1, (a) and (b) Photograph image of BF and PP 

Before the BF can be used as filler, an alkaline treatment was 

done. Tthe raw bamboo was first longitudinally cleaved into 

small slabs by the rolling mill machine. These small slabs 

were then immersed in NaOH solution at 70⁰C for 10 hours. 

The concentration of the NaOH was 1%. Advantages of 

alkaline treatment include the removal of moisture content 

from the fibers thereby increasing its strength. Also, chemical 

treatment enhances the flexural rigidity of the fibers. Last, this 

treatment clears all the impurities that are adjoining the fiber 

material and also stabilizes the molecular orientation [12, 13].  

 

TABLE 1, Samples of BF/PP composite 

Ratio of PP/BF Fibre length 

50/50 
2cm 

 

3cm 

 

4cm 

 
60/40 

70/30 

 

B. Preparation of composites 

The samples of BF/PP composite were prepared using 

manual mixing technique, where they were mixed in a beaker. 

The composition of BF and PP composite has been fixed as 

shown in Table 1. After the mixing process, the compound 

between BF and PP was placed in the mold and then the mold 

was compressed at an elevated temperature. Following this, 

some mechanical testings were conducted that include tensile 

test (ASTM D 3039/D 3039M-00), flexure test (ASTM D 790-

03), density test, shore hardness test and macrostructure 

analysis. 

III. RESULTS AND DISCUSSION 

A. Effect of Fibre Length on Tensile Stress of BF/PP 

compositeand  

Figure 2 shows the bar chart of tensile stress (MPa) versus 
contents of 50%BF, 60%BF and 70%BF for various fibre 
lengths of 2, 3 and 4 cm, respectively. The graph shows that 
the tensile stress increases with the increase in fibre contents 
for 50%BF and 60%BF, while for the 70%BF content, it shows 
an inconsistent trend. 

 

Fig. 2 Tensile stress of various BF loading wt% with 
various BF lengths 

 

Based on the result of tensile strength (σ) and Young’s 
Modulus (E) of the composite , the BF length of 2 cm shows 
the highest strength as compare to others BF lengths (3 and 4 
cm). The values of E and σ, and BF lengths were monitored 
with different BF loadings. For BF lengths 3 and 4 cm, the 
value of E and σ are not too close for different BF loadings. 
Thus it shows that the increment of BF lengths affected the 
tensile strength (σ) and the Young’s Modulus (E) of the 
composite. 

 

B. Effect of Fibre Length on Flexure Strength of BF/PP 
composite 

Figure 3 shows the bar chart of flexure strength (MPa) 
versus composition of 50%BF, 60%BF and70%BF for various 
fibre lengths of 2, 3 and 4 cm respectively. It shows that the 
flexure strength increases with the increase in fibre contents for 
fibre lengths of 3 and 4 cm. While for fibre length 2 cm, it 
shows a decrease in value of flexure strength as the BF content 
has increased. The values of flexure strength for fibre length 2 
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cm are higher as compare to other fibre lengths of 3 cm and 4 
cm accepted for 70% BF contents.  

 It shows the effect of BF loading for various BF lengths of 
2, 3 and 4 cm on flexure strength. According to the BF lengths 
for BF loading 50 and 60 wt%, the flexure strength has 
decreased with the increment of BF lengths. The value of 
flexure strength for each BF length also shows big gap among 
the values. However, for BF loading 70 wt%, the value of 
flexure strength did not exhibit much difference even though 
the value of flexure strength is not so high. Meanwhile, the BF 
length of 2 cm shows the highest value compare to other BF 
lengths for all BF loadings and the highest value is 82 MPa at 
the BF loading of 50 wt%. It shows that the increment of BF 
loading and BF fiber lengths have decreased the flexure 
strength [4] as illustrated in Table 3 about Microstructures of 
BF/PP Composites. 

 

C. Effect of Fibre Length on Hardness of BF/PP composite 

Figure 4 shows the graph of hardness (Shore D) versus 
composition of 50%BF, 60%BF and 70%BF for various fibre 
lengths of 2, 3 and 4 cm, respectively. The results show that all 
compositions have decreased the hardness value with the 
increased of BF contents. For the fibre length 2 cm has shown 
the highest value compared to 3 and 4 cm fibre lengths. 

 

Fig. 4 Hardness vs various BF loading wt% with various BF 
lengths  

 The graph in Fig. 4 also shows the effect of BF loading for 
various BF lengths of 2, 3 and 4 cm on the hardness (shore D) 
properties of the composite. According to the BF lengths and 
BF loading, for a BF loading of 50 wt%, the hardness value is 
almost similar for all BF lengths. But for BF loading 60 and 70 
wt%, the hardness decreased with the increment of BF lengths 
and the hardness values is slightly lower than that of the BF 
loading of 50wt%. 

D. Effect of Fibre Length on Bulk density of BF/PP composite 

Figure 5 shows the graph of density (g/cm³) versus 
composition of 50%BF, 60%BF and 70%BF for various fibre 
lengths of 2, 3 and 4 cm, respectively. The result shows that the 
density value increased with increased BF contents. While for 
70%BF/30PP, it shows an inconsistent pattern, although the 
small difference is only 0.007g/cm³. 

 

Furthermore, the graph also shows the effect of BF loading for 
various BF lengths of 2, 3 and 4 cm on the density of the 
composite. According to the BF lengths and BF loading, for BF 
loading 50 wt%, the hardness value is almost similar for all BF 
lengths. Nevertheless, for BF loading 60 and 70 wt% the 
hardness decreased with the increment of BF lengths and the 
hardness values is slightly lower than of the BF loading of 
50wt%. 

F. Microstructure of BF/PP composites 

 Table 3 shows the macrostructure of all composites BF/PP 
samples that were prepared. From the macrostructure analysis, 
the BF did not really have a good interfacial reaction with PP, 
as the PP content was reduced from 50% to 40% and 30%, 
respectively. Moreover, for the PP loading of 50% and 40% 
show a good adhesion between the BF and PP, especially for 
the short fiber (2 cm) compared to the long fibres.  Other than 
that, it also shows some of the PP tends to congregate at certain 
spots especially for long fibre like 4 cm. Hence, it did not hold 
the fibre firmly and this effected their mechanical properties. 

 

 

Fig. 3 Flexure strength of various BF loading wt% with various 
BF lengths  

 

 

Fig. 5 Density vs various BF loading wt% with various BF 
lengths 
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IV CONCLUSION 

The effects of bamboo fibre length and bamboo loading on the 

mechanical properties of BF/PP composites have been studied 

and determined. Based on the results, it can be concluded that 

the tensile strength, flexure strength, hardness and density of 

the samples were decreased with increasing the fibre length. 

Secondly, the composition ratios of (BF/PP) for 50/50% and 

60/40% is much better than that of the 30/70%. However,  for a 

composition ratio of 70/30%, it is not suitable for composite 

materials because it shows inconsistent results. Furthermore, 

the 2 cm fibre is the best length because it gives the optimal 

results compared to those of the 3cm and 4cm fibre lengths. 
 

Table 3 Microstructures of BF/PP Composites 

                         PP                   BF 
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Abstract— As transistor’s density and dimension have been 

rapidly shrunk down in every year onwards, it is difficult to 

design a Metal Oxide Semiconductor Field Effect Transistor 

(MOSFET) that possesses minimal short channel effect (SCE) 

problems. One of the most recognized MOSFET architecture 

which has the ability to circumvent SCE is known as Vertical 

Double Gate (DG) MOSFET device. The presence of two gates 

are capable of doubling the channel coupling in Vertical DG-

MOSFET device, thus resulting in higher current density. This 

paper presents a study in which an attempt has been made to 

virtually design the Ultrathin Pillar (UTP) Vertical Double Gate 

(VDG) MOSFET device for low power (LP) technology 

requirements by utilizing SILVACO TCAD tools. Three novel 

designs which are known as UTP VDG-MOSFET, UTP Silicon-

on-insulator (SOI) VDG-MOSFET and UTP Polysilicon-on-

insulator (POI) VDG-MOSFET are introduced in order to 

compare their electrical performance. From the retrieved results, 

it is observed that UTP POI VDG-MOSFET device is the most 

suitable design for low power application in which its threshold 

voltage (VTH) and drive current (ION) values are correspondingly 

at 0.419 V and 704.6 µA/µm. These values are observed to be the 

closest value to the International Technology Roadmap 

Semiconductor (ITRS) 2013 specification. 

Keywords—ATHENA, ATLAS, POI, SOI, VDG-MOSFET 

I.  INTRODUCTION  

The prediction made by Gordon Moore in 1965 states that 

the number of transistors per chips would double 

approximately every two years [1]. When the physical gate 

length (Lg) of Metal Oxide Semiconductor Field Effect 

transistor (MOSFET) shrinks, the effective channel length 

(Leff) of the MOSFET device will be decreased. The close 

proximity between the source region and the drain region will 

reduce the ability of the gate to control the threshold voltage 

(VTH) and the flow of the current in the channel [2]. The 

increase of electrostatic effect in the channel region will 

eventually lead to short channel effect (SCE) problems. 

Therefore, conventional MOSFET architecture are not suitable 

to be scaled down below 20nm technology [3]. In order to 

suppress SCEs, the gate to channel coupling must be increased 

with respect to source/drain coupling to channel coupling. 

This could be realized by having one extra gate in MOSFET 

device to suppress SCEs and thus doubling the drive current 

(ION).  

 

One of the common types of double-gate MOSFET is 

known as VDG-MOSFET. The basic architecture of VDG-

MOSFET consists of a silicon pillar of few tenth of nanometer 

in length, which is regarded as the active area of the MOSFET 

[4]. The channel length of the Vertical DG-MOSFET is 

normally adjusted by oblique rotation ion implantation (ORI), 

diffusion techniques. The advantage of the Vertical DG-

MOSFET is that the channel length is not dependent on the 

use of lithography. It can be easily fabricated with both back 

gates aligned together [5]. The main advantage of this 

architecture is due to its high possibility in reducing short 

channel effect (SCE). 

 

Short channel effect (SCE) has become the major threat in 

conventional MOSFET device structure. SCE occurs when the 

source and drain region become too close to each other. If the 

effective channel length (Leff) becomes too short, the depletion 

region from drain will reach the source region and 

subsequently reduces the barrier for electron injection. As 

consequences, leakage current (IOFF) and drain induced barrier 

lowering (DIBL) will be increased. The vertical pillar is then 

be constructed in order to prevent SCE problems. As the drain 

region is located on the top of pillar, the effective channel 

length (Leff) will not be dependent with physical gate length 

(Lg). Hence, any reduction on physical gate length (Lg) does 

not affect much on the effective channel length (Leff). 

 

The good switch-off characteristic of a Vertical DG-

MOSFET can be realized by gate to gate capacitive coupling 

[6]. The voltage of both sides of the gates swing 

synchronously and then induces the same amount of potential 

charge within the channel. This will create an excellent 

electrostatic control of the gate over the sub-threshold leakage 

current. It shows how much change in the gate voltage is 

required to change the drain current by one decade. This 
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response characteristic is known as sub-threshold swing and is 

expressed in (1) [2]: 
 

                             










)(log10 DS

GS

Id

dV
SS                                   (1)   

 

For the purpose of scaling down the dimension of VDG-

MOSFET, physical gate length (Lg) and silicon pillar length 

(Lp) are reduced. However, it has to be done by using an 

appropriate etching technique. The technique named as ion-

bombarded-retarded etching (IBRE) had been introduced in 

order to form an ultra-thin pillar in VDG-MOSFET device [7]. 

This unique etching technique utilizes a hot alkaline solution 

which enables Si substrate being etched anisotropically. Si 

etch rate (ER) in an alkaline solution is low and thus reduce 

the possibility of Si damage during ion implantation. 

 

A proper design consideration must be taken in order to 

virtually fabricate a proper Ultrathin Pillar (UTP) VDG-

MOSFET for low power (LP) technology. According to 

International Technology Roadmap Semiconductor (ITRS) 

2013 for year 2014, the threshold voltage (VTH) must be in the 

range of ±12.7% of ITRS 2013 prediction (0.453V) [8]. In 

other words, the VTH value has to be within range of 0.395V to 

0.511V. Drive current (ION) is expected to be equal or more 

than 610µA/µm. Meanwhile, the off-state leakage current 

(IOFF) must be equal or more than 10ρA/µm [8]. The 

simplified ITRS 2013 specification table is shown in Table I. 

TABLE I. ITRS 2013 SPECIFICATION FOR LOW POWER (LP)   

TECHNOLOGY REQUIREMENT [8] 

Electrical Response ITRS 2013 Specification 

Threshold Voltage (VTH) ±12.7% of 0.453V 

Drive Current (ION) ≥ 610 µA/µm 

Leakage Current (IOFF) ≥ 10 ρA/µm 

 

II. MATERIAL AND METHODS 

A. UTP VDG-MOSFET Device Design Using SILVACO 

TCAD 

Three novel designs are introduced which are named as 
Ultrathin Pillar (UTP) VDG-MOSFET, UTP Silicon-on-
insulator (SOI) VDG-MOSFET and UTP Polysilicon-on-
insulator (POI) VDG-MOSFET as illustrated correspondingly 
in Fig. 1a, Fig. 1b and Fig. 1c. These MOSFET’s designs 
utilize the same methodology except for level concentration of 
certain dopants and the type of used insulator. 

Fig. 1a depicted the layout of UTP VDG-MOSFET device 
which consists of two physical gates with length of 12nm. The 
Si-pillar is etched until its length reaches 12nm. The drain 
region is located on the top of vertical Si-pillar to widen the 
effective channel length (Leff). However, there is a major 
disadvantage of this design which is high overlap capacitances 
[5]. High overlap capacitance may cause a great decrease in 

drive current (ION), thus reducing the switching speed 
operation. The way to reduce the effect of overlap capacitance 
is by developing SOI and POI formation as illustrated in Fig. 
1b and Fig. 1c. The performance of these three models of 
MOSFET are investigated by comparing their corresponding 
electrical characteristics. 

Fig. 1a depicted the layout of UTP VDG-MOSFET device 
which consists of two physical gates with length of 12nm. The 
Si-pillar is etched until its length reaches 12nm. The drain 
region is located on the top of vertical Si-pillar to widen the 
effective channel length (Leff). 

 

 

Fig. 1. UTP VDG-MOSFET layout (a) Without SOI (b) SOI (c)  POI 

Since the UTP POI VDG-MOSFET device is an upgraded 
model based on the architecture of the previous two models, 
the methodology of UTP POI VDG-MOSFET device are 
preferred to be discussed in this section. A UTP POI VDG-
MOSFET device was simulated by using ATHENA module in 
SILVACO TCAD tools. Initially, a P-type silicon with <100> 
orientation was used as the main substrate for this research 
project. Silicon substrate was then injected by boron with 
concentration of 1x10

14
 atom/cm3. The formation of buried 

oxide (BOX) was developed by depositing 16nm oxide 
thickness (tBOX). After that, enhanced channel was created on 
the top of the BOX by depositing polysilicon material with 
8nm of thickness. This formation was known as polysilicon-
on-insulator (POI) which was able to suppress SCEs by 
reducing the amount of charge carriers penetrating the 
depletion region. The mobility of charge carriers in the channel 
region becoming more rapid, hence increasing the drive current 
(ION).  

The silicon was then etched in order to form a very thin 
pillar which separates the two gates. The virtual process was 
followed by the gate oxidation process at temperature of 930 
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C
o
. The gate oxidation process used the dry oxidation method 

instead of wet oxidation because the thickness of oxidation can 
be better controlled through dry oxidation. The thickness of 
gate oxide was a very important parameter in vertical 
dimension that determines the gate control. The next step was 
to dope a substrate ion (boron) into the silicon substrate with 
concentration of 9.81x10

12
 atom/cm

3
 at energy level of 20kev 

with tilt angle of 7. This was done for the purpose of threshold 
voltage adjustment in the UTP POI VDG-MOSFET device.  

The next simulation process was to deposit polysilicon on 
top of the gate oxide. The polysilicon was etched away to form 
a polysilicon gate with length of 12nm. The polysilicon gate 
was then oxidized at temperature of 870 C

o
. The gate was made 

of polysilicon due to its ability of preventing source/drain ions 
to be penetrated into a channel region. Phosphor dosage of 
3.63x10

14
 atom/cm3 was then doped into polysilicon gate 

along with energy level of 20 kev at tilt angle of 10. This was 
done in order to increase the conductivity since polysilicon is a 
low conductivity metal. The conductivity of the gate would 
affect the switching frequency of the MOSFET device.  

In order to achieve an optimum performance for UTP POI 
VDG-MOSFET device, indium with dosage of 2.61x10

13
 

atom/cm
3
 was doped at energy of 170 kev and tilt angle of 24 

into the substrate. Halo implantation was followed by 
depositing sidewall spacers. Sidewall spacers were then used as 
a mask for source/drain implantation. Arsenic atom with 
concentration of 1.22 x 10

18
 atom/cm

3
 at energy level of 43 kev 

and tilt angle of 80 was implanted to ensure the smooth current 
flow in UTP POI VDG-MOSFET device. Compensation 
implantation is utilized later by implanting phosphor dosage of 
2.51 x 10

12
 atom/cm3 at energy level of 60 Kev and tilt angle 

of 7. This step is taken in order to reduce parasitic effects that 
could lowering the drive current (ION).  

Next, silicide (CoSi) was formed on the source and drain 
region by sputtering cobalt on silicon surface. This transistor 
was then connected with aluminum metal. The aluminum layer 
was deposited on the top of the Intel-Metal Dielectric (IMD) 
and unwanted aluminum was etched to develop the contacts 
[9]-[10]. The procedure was completed after the metallization 
and etching were performed for the electrode formation, and 
the bonding pads were opened. The final UTP POI VDG-
MOSFET device structure was completed by mirroring the 
right-hand side structure. The final structure of UTP POI VDG-
MOSFET device is illustrated as in Fig 2. The overall 
flowchart of virtual fabrication process of UTP POI VDG-
MOSFET device is shown in Fig. 3. 

After the devices were built by utilizing ATHENA module, 
the designed device was then simulated in ATLAS module in 
order to extract electrical characteristics such as the ID versus 
VGS curve. The value of threshold voltage (VTH), drive current 
(ION), leakage current (IOFF) and subs-threshold swing (SS) 
values was then extracted from that particular curve. 

Almost the same methodology are utilized in designing 
both UTP VDG-MOSFET device and UTP SOI VDG-
MOSFET device. The differences are at the level of doping 
concentration and the type of material used as insulator. The 
final structure of UTP VDG-MOSFET device and UTP SOI 

VDG-MOSFET device are depicted correspondingly in Fig. 4 
and Fig. 5. 

 

 

Fig. 2. Final Structure of UTP POI VDG-MOSFET device 
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Fig. 3. UTP POI VDG-MOSFET Process Flowchart 

 

 

Fig. 4. Final Structure of UTP VDG-MOSFET device 

 

 

Fig. 5. Final Structure of UTP SOI VDG-MOSFET device 

B. Device Characterization 

Electrical characteristics for all types of UTP VDG-
MOSFET device were experimented by comparing the value of 
their corresponding threshold voltage (VTH), drive current 
(ION), off-leakage current (IOFF), ION/IOFF ratio and sub-
threshold swing (SS). All retrieved values for each individual 
type of UTP VDG-MOSFET device were compared among 
each other for comparison analysis. Characterization analysis 
that have been presented in this study were obtained by 
utilizing SILVACO TCAD software, ATLAS module. 

It is essential to ensure that all types of UTP VDG-
MOSFET device are producing a quite similar value of 
threshold voltage (VTH) among each other in order to precisely 
evaluate their performance. The value of threshold voltage 
(VTH) must be within ±12.7% of ITRS 2013 prediction. The 
input process parameters that have been used in the design of 
UTP VDG-MOSFET device were substrate implant dose, halo 
implant tilt angle, gate-oxide diffusion temperature, threshold 
voltage (VTH) implantation dose, VTH implantation energy, halo 
implantation dose, halo implantation energy, source/drain 
(S/D) implantation dose, S/D implantation energy, 
compensatory implantation dose, compensatory implantation 
energy and etc. The detail amount of input process parameters 
used in all the MOSFET designs were summarized in Table II. 

The initial point for the characterization simulation is a 
structure represented in Fig. 2. Fig. 4 and Fig. 5. The SOI and 
POI structures are believed to have higher immunity to SCEs 
compared to the reference design. It is mainly because of the 
BOX formation is able to trap most of the charge carriers in the 
channel. This will subsequently increases the mobility of ions 
in the channel region, hence boosting the drive current (ION). 
The presence of polysilicon on the top of BOX formation is 
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believed to enhance the channel capacity, thus increasing the 
mobility of charge carriers. 

TABLE II. INPUT PROCESS PARAMETERS OF UTP VDG-MOSFET 

DEVICE 

Process 

Parameters 

 UTP VDG-

MOSFET 

device  

UTP SOI 

VDG-

MOSFET 

device  

UTP POI 

VDG-

MOSFET 

device  

Units Level 

Substrate 

Implantation 
Dose 

atom cm-3 1e14 1e14 1e14 

VTH Implantation 

Dose 

atom cm-3 1.81e12 1.81e12 9.81e12 

VTH Implantation 
Energy 

kev 20 20 20 

VTH Implantation 

Tilt 

degree 7 7 7 

Halo 
Implantation 

Dose 

atom cm-3 1.33e13 2.04e13 2.61e13 

Halo 

Implantation 
Energy 

kev 170 170 170 

Halo 

Implantation Tilt 

degree 24 24 24 

S/D Implantation 

Dose 

atom cm-3 1.25e18 1.25e18 1.22e18 

S/D Implantation 

Energy 

kev 45 45 43 

S/D Implantation 

Tilt 

degree 80 80 80 

Compensatory 

Implant Dose 

atom cm-3 2.51e12 2.51e12 2.51e12 

Compensatory 

Implant Energy 

kev 62 62 60 

Compensatory 

Implant Tilt 

degree 7 7 7 

III. RESULTS AND DISCUSSION 

The electrical characteristic results for all three types of 
UTP VDG-MOSFET device were obtained by utilizing 
ATLAS module. Later, the final results of electrical response 
for all UTP VDG-MOSFET devices were compared among 
each other. The electrical performance for each individual 
device were the compared and analyzed. 

A. Analysis of Vertical DG-MOSFET Device  

Fig. 6 shows the doping concentration across the UTP 
VDG-MOSFET device. The figure indicates the doping 
concentration of silicon, silicon dioxide, polysilicon, silicon 
nitride and aluminum. Doping concentration is regarded as one 
of the important factors in the fabrication process. An accurate 
doping concentration will ensure the UTP VDG-MOSFET 
device  are working well with an excellent gate control, high 
drive current (ION), very low leakage current (IOFF), ideal sub-
threshold swing (SS) and high ION/IOFF ratio. 

Fig. 7 depicts the graph of drain current (ID) versus gate 
voltage (VG) at drain voltage (VD) = 1.0V for all types of UTP 
VDG-MOSFET device. The expected nominal value of 
threshold voltage (VTH) specified in ITRS 2013 for year 2014 

is 0.453V. The threshold voltage (VTH) values extracted from 
the graph for UTP VDG-MOSFET device, UTP SOI VDG-
MOSFET device and UTP POI VDG-MOSFET device were 
observed to be 0.417V, 0.419V and 0.419V respectively. All 
the values were acceptable since their value’s range was still 
within ±12.8% of ITRS 2013 prediction (0.453V) [8]. 

 

Fig. 6. Contour Mode of UTP VDG-MOSFET layout (a) Without SOI (b) 

With SOI  (c) With POI 

 

Fig. 7. Graph ID-VG for UTP VDG-MOSFET devices 

Fig. 7 shows the graph of sub-threshold drain current (Id) 

versus gate voltage (VG) at drain voltage (VD) = 1.0 V for UTP 
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VDG-MOSFET device, UTP SOI VDG-MOSFET device and 

UTP POI VDG-MOSFET device. The value of the off-leakage 

current (IOFF) and drive current (ION) for each individual 

MOSFET can be extracted from the graph.  

 

 

Fig. 8. Graph Sub-threshold ID-VG for UTP VDG-MOSFET devices 

Based on the results extracted from the graph in Fig. 8, it 

was observed that the values of drive current (ION) for UTP 

VDG-MOSFET device, UTP SOI VDG-MOSFET device and 

UTP POI VDG-MOSFET device were 274.3 µA/µm, 329.6 

µA/µm and 704.6 µA/µm respectively. Meanwhile, the values 

of leakage current (IOFF) for UTP VDG-MOSFET device, UTP 

SOI VDG-MOSFET device and UTP POI VDG-MOSFET 

device were found to be 8.293e-12 µA/µm , 3.567e-16 µA/µm 

and 9.775e-16 µA/µm respectively. 

B. Performance Comparison among UTP VDG-MOSFET 

Devices  

For the purpose of investigating the electrical performance 

of UTP VDG-MOSFET devices, several electrical responses 

of each individual type of MOSFETs were recorded to be 

compared and analyzed. The detail performance comparison 

among all types of UTP VDG-MOSFET device are 

summarized in Table III. 

TABLE III. PERFORMANCE COMPARISON OF UTP VDG-MOSFET 

DEVICES 

Electrical 

Responses 

UTP 

VDG-

MOSFET 

Device  

UTP SOI 

VDG-

MOSFET 

Device 

UTP POI 

VDG-

MOSFET 

Device  

Expected 

Range of 

Value 

VTH (V) 0.417 0.419 0.419 ±12.7% of 

0.453 

ION (µA/µm) 274.3 329.6 704.6 ≥ 610 

IOFF (A/µm) 8.293e-12 3.567e-16 9.775e-16 ≥ 10ρ 

ION/IOFF Ratio 33.08e6 9.24e11 7.208e11 ≥ 106 

SS (mV/dec) 65.06 60.72 63.52 60-65 

 

The threshold voltage (VTH) of all types of UTP VDG-
MOSFET device are set to be a reference value and its value is 
set to be as close as possible towards each other. This is done 
in order to ensure other electrical characteristics are precisely 
computed by ATLAS module of SILVACO TCAD tools. From 
Table III, it can be observed that all the threshold voltage (VTH) 
for each types of UTP VDG-MOSFET device are within the 
range of 0.417V-0.419V. Since these results are still in the 
range of ±12.7% of 0.453V (ITRS 2013) [8], they are 
acceptable to be selected as reference values for each 
corresponding designs. 

The second electrical response is known as drive current 
(ION). From Table III, it is observed that only drive current 
(ION) of UTP POI VDG-MOSFET device (704.6 µA/µm) 
exceeds the expected requirement which is 610 µA/µm. 
Meanwhile, drive current (ION) for both UTP VDG-MOSFET 
device and UTP SOI VDG-MOSFET device are observed to be 
274.3 µA/µm and 329.6 µA/µm. Both of these results are far 
from the expected value, thus they are not applicable for low 
power (LP) technology. A high drive current (ION) value 
indicates an excellent driving capability of MOSFET device. 

For leakage current (IOFF), all types of UTP VDG-MOSFET 
device possess a value that exceeds 10 ρA/µm. Based on Table 
III, UTP SOI VDG-MOSFET device produces the lowest 
leakage current (IOFF) at 3.567e-16 A/µm. For both UTP VDG-
MOSFET device and UTP POI VDG-MOSFET device, the 
leakage current (IOFF) values are 8.293e-12 A/µm and 9.775e-
16 A/µm respectively. A low leakage current (IOFF) indicates 
excellent suppression of short channel effect (SCE).  

In order to determine the power consumption of each 
individual UTP VDG-MOSFET device, the ION/IOFF ratio are 
computed and analyzed. Based on the computation results in 
Table III, all types of UTP VDG-MOSFET device produce 
ION/IOFF ratio above 10

6
. The higher ION/IOFF ratio is, the lower 

power consumption will be. Therefore, it can be observed that 
ION/IOFF ratio of UTP SOI VDG-MOSFET device is the highest 
value which is 9.24e11. Meanwhile, the ION/IOFF ratio for both 
UTP VDG-MOSFET device and UTP POI VDG-MOSFET 
device are 33.08e6 and 7.208e11. There are slightly decrease 
on ION/IOFF ratio value for UTP POI VDG-MOSFET device 
compared to UTP SOI VDG-MOSFET device. This shows that 
UTP SOI VDG-MOSFET device has slightly lower power 
consumption than UTP POI VDG-MOSFET device. 

The final response which has been investigated is called 
sub-threshold swing (SS). Sub-threshold swing (SS) is an 
important electrical response in UTP VDG-MOSFET device 
which is able determine how fast the switching operation from 
“OFF” state to “ON” state or vice versa. The lower SS value is, 
the faster the switching operation will be. The ideal SS value 
for MOSFET device is in the range of (60-65) mV/dec. Based 
on the results in Table III, it is observed that UTP SOI VDG-
MOSFET device produce the lowest SS value at 60.72mV/dec. 
Meanwhile, SS values for both UTP VDG-MOSFET device 
and UTP POI VDG-MOSFET device are 65.06 mV/dec and 
63.52 mV/dec correspondingly. The values are still within the 
predicted range.  
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From the overall performance observation, only UTP POI 
VDG-MOSFET device satisfies all the expected value’s range 
of electrical responses. The UTP SOI VDG-MOSFET device 
seems to be better in almost electrical responses but its drive 
current (ION) value are lower than 610 µA/µm [8]. Therefore, 
UTP POI VDG-MOSFET device is recognized as the ideal 
design consideration for low power (LP) technology in ITRS 
2013. 

IV. CONCLUSION 

In conclusion, three designs of MOSFET named as UTP 

VDG-MOSFET device, UTP SOI VDG-MOSFET device and 

UTP POI VDG-MOSFET device  are succesfully designed by 

utilizing SILVACO TCAD, ATHENA and ATLAS modules. 

The UTP POI VDG-MOSFET device has been recognized as 

the most ideal design for low power (LP) application due to its 

excellent electrical characteristics. The electrical 

characteristics of UTP POI VDG-MOSFET device is observed 

to meet the low power (LP) technology requirement of ITRS 

2013 for year 2014. The drive current (ION) of UTP POI VDG-

MOSFET device exceeds the minimum value of 610 µA/µm 

as specified in ITRS 2013. The presence of both BOX and 

enchanced polysilicon channel formation are able to prevent 

excessive charge sharing within the source region. Both of 

these formation are capable of increasing the depeletion region 

under the gate, thus trapping more charge carriers in the 

source region. The rapid mobility of ion movement in the 

channel tremendously increases the drive current (ION). 

Futhermore, the leakage current (IOFF) of UTP POI VDG-

MOSFET device  is observed to be very low due to the BOX’s 

abilty in reducing the encroachment of the drain’s electric 

field. A very low leakage current (IOFF) indicates an excellent 

suppression of short channel effects (SCEs). Based on the 

retrieved results, the threshold voltage (VTH) and drive current 

(ION) values of  UTP POI VDG-MOSFET device are observed 

to be 0.419 V and 704.6 µA/µm respectively.  
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Abstract—The effect of wire electrical discharge machining 

(wire-EDM) parameters on machining characteristics of 

Titanium Alloy (Ti6Al4V) is studied. 0.2mm diameter of 

electrolytic brass wire having composition ratio Copper and Zinc 

60:40 was selected as wire electrode. The experiment was done 

using SODICK VZ500L wire-EDM machine. Orthogonal arrays 

design of Taguchi method was applied to design the experimental 

matrix and the data was analyzed using analysis of variance 

(ANOVA). It is found that the most significant parameter 

affected material removal rate (MRR) is servo voltage followed 

by pulse duration, while pulse interval shows the less significant 

factor. The validation of optimum parameter has been done for 

MRR and it is found that after optimization process, the MRR 

can reach up to 0.044g/min, which is a 4.76% increased as 

compared to maximum MRR result from initial experiment. 

Surface roughness (Ra) reduces to 4.35% meanwhile kerf width 

(Kw) slightly increases to 0.036% after conformation run of the 

optimization combination process parameters. Pulse duration of 

input parameter of gives the most significant impact to RA and 

Kw. Thus, it shows that the results of wire-EDM on Ti6Al4V are 

particularly useful for industrial practitioners and researchers to 

determine the best combination of parameters which lead to 

optimize the machining performance. 

Keywords—wire-EDM; titanium alloy; taguchi method; 

machining characteristics 

I.  INTRODUCTION  

Wire electrical discharge machining (wire-EDM) is a 
modification of electric discharge machining which has been 
widely used for a long time in producing mould, die and other 
machine parts of conductive materials. Capability of cutting 
variety of conductive materials with intricate shapes makes it 
important in the market [1]. Some researchers have studied 
machining in critical area such as cutting at narrow slot [2], 
thin part [3] and pocketing having sharp edge [4], however, 
wire-EDM is the most preferred method rather than using 
conventional machining [5]. It was known that Titanium 
alloys, i.e., Ti6Al4V, have relatively high melting 
temperature, low thermal conductivity and high electrical 
resistivity as compared to metal. It also has been classified as 
difficult to machine by conventional machining method [6]. 

Therefore, selection of optimum machining parameters is 
challenging task in wire-EDM due to the presence of a large 
number of process variables and stochastic process 
mechanism. It was noticed that various wire-EDM machining 
parameters influence material characteristics such as material 
removal rate, kerf width and surface roughness. The setting 
possible combination of those parameters was difficult to 
produce optimum surface quality. Thus, the application of 
statistic techniques was widely used in an accessing in 
machining performance such as using response surface 
method [7], full factorial [8] and Taguchi method [9]. 
Therefore, a comprehensive study using design of experiment 
(DOE) of the effect of wire-EDM parameters such as pulse 
duration, pulse interval, servo voltage and ignition pulse 
current on the machining characteristic is greatly significant 
and could be necessity [10]. In this study, the effect of 
machining parameters on machining characteristics, i.e., 
MRR, RA and Kw, of Titanium alloy (Ti6Al4V) in wire-EDM 
is investigated. Further, the design of experiment using 
Taguchi method was used for optimization parameters and the 
percentage contribution response of machining characteristic 
of Ti6Al4V was analyzed by ANOVA analysis. 

II. EXPERIMENTAL SET-UP 

Titanium alloy (Ti6Al4V) was used as a workpiece 
material for this study and electrode brass wire with diameter 
of 0.2mm was selected as electrode. Bridge Port milling 
machine having maximum speed 4200rpm was used to 
prepare the workpiece samples. The size of Ti6Al4V 
workpiece was 60mm (width) x 260mm (length) x 4mm 
(height) as shown in Figure 1. SODICK VZ500L having 4-
axis CNC wire-EDM machine was used to perform the 
machining process and the machining parameters were 
selected such as pulse duration, pulse interval, servo voltage 
and ignition pulse current as the parameters set-up. De-ionized 
water was used as dielectric fluid while machining 
characteristics to be investigated were material removal rate 
(MRR), surface roughness (Ra) and kerf width (Kw). 
Mitutoyo weighing scale was used to get the weight of 
workpiece for calculation of MRR.  
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Fig. 1. Cutting method of workpiece 

 

With the help of Minitab software version 16 to analyze 
the result, orthogonal arrays of Taguchi method was selected 
and analysis of variance (ANOVA) was employed to evaluate 
the data. Table 1 shows the selected parameters performed for 
this study with working levels. The range of experimental 
parameters value between low and high was decided 
according to capability of SODICK VZ500L wire-EDM 
machine. Four factors with three levels were performed in this 
experiment. In this paper, the pulse duration, pulse interval, 
servo voltage, and ignition pulse current were represented by 
A, B, C, and D respectively. 

TABLE I.   PARAMETERS SETTING FOR WIRE-EDM 

Parameters Units 
Level 

Low (-1) 
Medium 

(0) 
High (+1) 

Pulse durationa µs 0.5 0.6 0.7 

Pulse intervalb µs 10 15 20 

Servo voltagec V 30 40 50 

Ignition pulse currentd A 8 16 24 

a. Pulse duration (A),  

b. Pulse interval (B),  

c. Servo voltage (C)  

d.  Ignition pulse current (D) 

 

The equation of Taguchi method is stated in Equation 1. 

 

N = 3
k
                                             

 

Where, N denotes as the number of preparation samples 
and k denotes as the number of factors, i.e., pulse duration, 
pulse interval, servo voltage, and ignition pulse current, being 
investigated in this experiment and 3 is the level of experiment, 
i.e., low (-1), medium (0) and high (+1). There were 9 
operation runs and 3 repetitions on each operation run were 
performed for this experiment with total 27 operation runs. The 

ANOVA analysis was employed in order to indicate the 
percentage of contribution on each factor. 

III. RESULTS AND DISCUSSIONS 

A. Experimental Result 

Table 2 shows the experimental result of material removal 
rate (MRR), surface roughness (Ra) and kerf width (Kw) that 
was collected using orthogonal arrays of Taguchi method. The 
measurements of weight were taken by using weighing scale 
while the time of machining process was taken from the 
screen monitor of wire-EDM machine after each machining 
process. It is found that sample no. 2 shows the highest MRR 
with 0.042g/min while sample no. 3 shows less MRR with 
0.031g/min. The MRR value was determined using Equation 
2. 

 

MRR = 
𝑤𝑎 − 𝑤𝑏

𝑡𝑚
 (g/min)                        

 

Where; wa = material weight before machining, wb = 
material weight after machining and tm = machining time. 

 

TABLE II.   EXPERIMENTAL DATA OF MRR, RA AND KW 

Run A B C D 
MRR 

(g/min) 

Ra 

(s) 

Kw 

(mm) 

1 0.5 10 30 8 0.038 2.40 0.282 

2 0.5 15 40 16 0.042 2.34 0.279 

3 0.5 20 50 24 0.031 2.07 0.277 

4 0.6 10 40 24 0.040 2.97 0.267 

5 0.6 15 50 8 0.037 2.82 0.272 

6 0.6 20 30 16 0.040 2.76 0.277 

7 0.7 10 50 16 0.039 3.21 0.276 

8 0.7 15 30 24 0.041 3.13 0.274 

9 0.7 20 40 8 0.040 3.16 0.276 

 

B. Analysis result of material removal rate (MRR) 

Explanation of the result analysis is described by the graph 
and percentage of contribution value. It is determined that 
each of selected parameter influenced all the responses based 
on the percentage of contribution value. S/N ratio for MRR 
after analyzed using Minitab Software Version 16 is shown in 
Table 3. Further, Figure 2 shows the S/N response graph of 
MRR with initial setting the larger is better. From the graph 
which is plot from data from Table 3, it shows that the 

optimum parametric combinations are pulse duration 0.7s at 

Level 3, pulse interval 15s at Level 2, servo voltage 40V at 
Level 2, and ignition pulse current 16A at Level 2. It shows 
that servo voltage is dominant factor affecting MRR. Result 
after validation on combination optimization of these four 
parameters increases the MRR for 4.76%. Some researchers 
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had agreed that servo voltage influenced MRR. When servo 
voltage increases, the spark discharges more energy to 
facilitate the action of melting and vaporization. Therefore, 
advancing the large impulsive force in the spark gap, in which 
increasing the MRR [11,12]. 

 

 

Fig. 2. Signal to noise graph for MRR 

 

TABLE III.   RESPONSE OF S/N RATIO FOR MRR 

Level A B C D 

1 -28.75 -28.18 -28.09 -28.33 

2 -28.19 -27.98 -27.79 -27.9 

3 -27.91 -28.69 -28.96 -28.63 

Delta 0.84 0.71 1.17 0.73 

Rank 2 4 1 3 

 

In order to study the percentage significance of the 
parameters affected the quality characteristic of interest, i.e., 
MRR, ANOVA analysis was performed. The summary of the 
result percentage is indicated using R-Sq as shown in Table 4. 
Considering the value of percentage that shows the significant 
factors influenced MRR, it can be determined that servo 
voltage is the highest percentage with 45.04%. For all 
ANOVA analysis in this paper, the percentage of R-Sq value 
where the parameter shows the highest percentage, it means 
that the nearly value with 100% is the most significant factor 

TABLE IV.  ONE-WAY ANOVA FOR MRR  

Level A B C D 

Rank 2 4 1 3 

R-Sq (%) 22.15 16.32 45.04 16.49 

 

C. Analysis result of surface roughness (Ra) 

The S/N response graph of RA is shown in Figure 3 with 
initial setting the smaller is better. It shows that the optimum 

parametric combinations are pulse duration 0.5μs at level 1, 
pulse interval 20μs at level 3, servo voltage 50V at level 3 and 
ignition pulse current 24A at level 3. From this result, it can be 
noted that the lowest value of RA can be achieved with pulse 
duration is setting at low level meanwhile pulse interval, servo 
voltage and ignition pulse current are setting at high level. 
Result after validation on combination of optimum parameters 
reduces the RA for 4.35%. 

 

 

Fig. 3. Signal to noise graph for RA 

 

Similar to table 4, the summary of the RA using ANOVA 
was identified is shown in Table 5. Considering the value of 
percentage that shows the significant factors influenced RA, it 
can be determined that the pulse duration is the highest 
percentage with 93.41% followed by pulse interval with 
4.31%, servo voltage with 1.72% and ignition pulse current 
with 0.57%. Result of this experiment shows that when longer 
of pulse duration time touches on the workpiece, the good 
surface of workpiece can be found.  

TABLE V.  ONE-WAY ANOVA FOR RA  

Level A B C D 

Rank 1 2 3 4 

R-Sq(%) 93.41 4.31 1.72 0.57 

 

D. Analysis result of kerf width 

The S/N response graph of kerf width is shown in Figure 4 
with initial setting the nominal is the best. It shows that the 
optimum parametric combinations are pulse duration 0.7μs at 
level 3, pulse interval 20μs at level 3, servo voltage 50V at 
level 3 and ignition pulse current 24A at level 3. From this 
result, it can be noted that the appropriate value can be 
achieved with pulse duration, pulse interval, servo voltage and 
current are setting at high level. Result after validation on 
combination these parameters increases the kerf width for 
0.036%. 
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Fig. 4. Signal to noise graph for Kw 

 

Similar to table 5, the summary of the Kw using ANOVA 
was identified is shown in Table 6. Considering the value of 
percentage that shows the significant factors influenced Kw, it 
can be determined that the pulse duration is the highest 
percentage with 37.09% followed by ignition pulse current 
with 30.53%, pulse interval with 28.03% and servo voltage 
with 4.35%. The cutting of Kw on the slot of workpiece needs 
more energy since the cutting must moving through solid area 
therefore it needs more combination parameters of pulse 
duration, pulse interval and ignition pulse current. 

TABLE VI.  ONE-WAY ANOVA FOR KW 

Level A B C D 

Rank 1 3 4 2 

R-Sq(%) 37.09 28.03 4.35 30.53 

 

IV. CONCLUSIONS 

In this study, the performance of wire-EDM parameters on 
machining characteristic that were material removal rate, 
surface roughness and kerf width of titanium alloy was 
investigated. The servo voltage contributes the most 
significant factor for material removal rate, while pulse 
duration contributes the most significant factor for surface 
roughness and kerf width. It can be concluded that a storage 
spark with higher energy is produced when increasing current, 
subsequently more heat is generated and substantial quantity 
of heat utilized in material removal. Meanwhile, high quality 
surface can be achieved when low current with long pulse 
duration time are selected. 
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Abstract— Wastewater contains of different types of 

contaminants will bring impacts to the environment and the 

aquatic life. Therefore wastewater is needed to be treated before 

it is discharged into river. Activated carbon produce from 

coconut shell is one of natural resources that is believed can treat 

the wastewater by removing those contaminated substances. This 

study identified the potential of these natural resources in the 

filter system to improve the wastewater quality. Wastewater 

from KK3 cafe at Universiti Malaysia Pahang was used to be test 

with this carbon filter system. Four parameters include turbidity, 

Total Suspended Solid (TSS), Biological Oxygen Demand (BOD) 

and Chemical Oxygen Demand (COD) were check to identify the 

wastewater quality after using this carbon filter. The water 

quality of wastewater at KK3 café was improved after using 

carbon filter. The percentage of wastewater parameter removal 

in range of 60.63% to 97.48%. This carbon filter was 

recommended to be set up at KK3 cafe at Universiti Malaysia 

Pahang as to pre-treat the wastewater before it is discharged into 

river.  

Keywords— Wastewater; natural resources, carbon filter; 

wastewater treatment  

I. INTRODUCTION 

Wastewater can be defined as the combination of water or 

liquid that earned waste which is removed from institutions, 

residences, commercial and industrial [1]. Nowadays, the 

effluent of domestic wastewater is mostly untreated. It 

contains different types of contaminants such as suspended 

solids, biodegradable organics, pathogens and others heavy 

metals. Those untreated wastewater will flow into river and 

polluted the river.  

Water treatment is the process to treat water and it as able 

to improve the quality of water especially wastewater. The 

wastewater is polluting the river when it is discharged directly 

from household. Therefore wastewater is needed to be treated 

before it is discharged into river. 

Natural resources filter using coconut shell as activated 

carbon is believed will able to treat the wastewater by 

removing those contaminated substances. Activated carbon is 

often be used in the water treatment system. Activated carbon 

has the potential in improving the water quality especially 

drinking water by removing tastes, odour, dirt, rust and sand 

[2]. According to Desilva [3], carbon filtration undergoes two 

principal mechanisms to remove the contaminants which are 

adsorption and catalytic reduction. Y.Adul-Ahad [4] also 

mentioned that activated carbon adsorption is effective and 

reliable in removing organic impurities that found in portable 

water supplies. This statement was then supported by Pohan 

[5] who revealed that activated carbon is highly porous 

adsorbent and suitable to be used for water filtration. This 

study aimed to identify the potential of using carbon in the 

filter system, respective design criteria of carbon filter and 

effect of carbon to the wastewater quality.  

Laboratory testing on wastewater quality include Total 

Suspended Solid (TSS),  Biological Oxygen Demand (BOD), 

Chemical Oxygen Demand (COD) and turbidity before and 

after using a carbon filter. By doing this study, the 

contaminated water is able to be treated before it is discharged 

into river.   

II. METHODOLOGY 

A.  Study Area 

The study area covered at Universiti Malaysia Pahang 

Campus Gambang which located at Gambang, Pahang Darul 

Makmur. The water sample was collected at KK3 student 

caféteria. The carbon filter was acted as pre-treatment filter 

system and functioned to pre-treat the wastewater from KK3 

café.  

B.  Water Sampling  

The wastewater sample was collected at the main drain for 

the effluent from cafeteria. Water Sampling had done during 

peak time 12.30 pm - 1.30 pm and non-peak time 11.30 am. 

Different time of water sampling was done to compare the 

water quality during different period. There are two sample, 

Sample 1 and Sample 2 taken at different day druing peak 

time and non-peak time.  

C.  Filter Design 

The filter was designed as vertical-flow filter which 

operated as down flow filter. There were three different filters 

design which varied from layer and size. The main 

components for filter were sponge, sand, charcoal, activated 

72

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 

carbon and gravel. The schematic diagrams of detailed design 

of filters were shown in Figure 1, 2 and 3. 

 
 

 Fig. 1. Schematic diagram of filter A 

 

 

Fig. 2. Schematic diagram of filter B 

 

 Fig. 3. Schematic diagram of filter C 

 Filter A consists of four layers: sponge layer, sand layer, 

activated carbon layer and gravel layer. Each layer is 3 cm 

high with 8 cm diameter. Filter B is the modification of filter 

A which consists of 5 layers: sponge layer, charcoal layer, 

sand layer, activated carbon layer and gravel layer. Each layer 

is 3 cm high with 8 cm diameter. Filter C is the modification 

of filter B which has the bigger size compared to filter B and 

filter A. Filter C has the diameter of 14 cm and each layer of 

material is 4 cm high. 

D. Laboratory Testing  

Laboratory Testing was done for wastewater before using 

carbon filter and after using carbon filter. The laboratory 

testing which had done include turbidity testing, TSS, 5-day 

BOD and COD.  

III. RESULTS AND DISCUSSIONS 

The analysis was covered the wastewater characteristic 

before using filter and after using filter during peak time 12.30 

pm – 1.30 pm and non-peak time 11.30 am . The wastewater 

characteristic included TSS, turbidity, BOD and COD. There 

are two sample taken from different day.  

As shown in Figure 4, for filtration using Filter A, the TSS 

value reduced from 19 mg/L to 11 mg/L for Sample 1 while 

for Sample 2, the TSS value was reduced from 18 mg/L to 7.5 

mg/L. For filtration using Filter B, the TSS value was reduced 

from 10 mg/L to 5.5 mg/L for Sample 1 while for Sample 2, 

the TSS value was reduced from 12.5 mg/L to 6.5 mg/L. Then 

filtration using Filter C, the TSS value was reduced from 10 

mg/L to 3.5 mg/L for Sample 1 while for Sample 2, the TSS 

value was reduced from 12.5 mg/L to 1.5 mg/L.  
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Fig. 4. Comparison of TSS value during different period 

For turbidity, after filtration was done, the value of 

turbidity was reduced as shown in Figure 5. As during peak 

time 12.30 pm – 1.30 pm  , the turbidity before using filter 

was 11 NTU. After filtration using Filter A, the turbidity 

obtained was 8.20 NTU while for Sample 2, the turbidity 

obtained was 8.11 NTU. During non-peak time 11.30 am, the 

turbidity before using filter was 49.1 NTU. The wastewater 

was filtered using Filter B and Filter C. For sample that was 

filtered using Filter B, the turbidity obtained was 1.612 NTU. 

For sample that was filtered using Filter C, the turbidity 

obtained was 1.238NTU.   

 

Fig. 5. Comparison of Turbidity value during different period 

Figure 6 showed the comparison of BOD value during 

different period. For filtration using Filter A, the BOD value 

can be reduced from 40.27 mg/L to 37.25 mg/L for Sample 1 

while for Sample 2, the BOD value was reduced from 39.5 

mg/L to 39.05 mg/L. For filtration using Filter B, the BOD 

value was reduced from 30.1 mg/L to 13.70 mg/L for Sample 

1 while for Sample 2, the BOD value was reduced from 32.35 

mg/L to 14.15 mg/L. Then filtration using Filter C, the BOD 

value was reduced from 30.1 mg/L to 11.85 mg/L for Sample 

1 while for Sample 2, the BOD value was reduced from 32.35 

mg/L to 10 mg/L.  

 

Fig. 6. Comparison of BOD value during different period 

As shown in Figure 7, the COD value was reduced from 

350.67 mg/L to 251.33 mg/L using Filter A. For filtration 

using Filter B, the COD value was reduced from 109.33 mg/L 

to 47 mg/L. For filtration using Filter C, it resulted in the 

highest degree of reducing which the COD value was reduced 

from 109.33 mg/L to 42 mg/L.  

 

Fig. 7. Comparison of COD value during different period 

Based on the analysis, all the wastewater parameter were 

able to reduced using the entire three filters. The efficiency of 

three filters was showed in Table 1, 2 and 3.    

 

TABLE 1. PERCENTAGE OF PARAMETER REMOVAL USING  

                  FILTER A 

Parameter 
Percentage of removal (%) 

Sample 1 Sample 2 

Turbidity 28.32 26.27 

TSS 42.11 58.33 

BOD 7.45 1.14 

COD 28 28 

 

TABLE 2. PERCENTAGE OF PARAMETER REMOVAL USING  

                  FILTER B 
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Parameter 
Percentage of removal (%) 

Sample 1 Sample 2 

Turbidity 96.72 96.72 

TSS 45 48 

BOD 54.49 55.33 

COD 57.01 57.01 

 

TABLE 3. PERCENTAGE OF PARAMETER REMOVAL USING  

                  FILTER C 

Parameter 
Percentage of removal (%) 

Sample 1 Sample 2 

Turbidity 97.48 97.48 

TSS 65 88 

BOD 60.63 69.09 

COD 61.58 61.58 

 

Based from the results shown, among the three filters, 

Filter C achieved the highest percentage of removal for all the 

parameter. The turbidity was able to be removed around 

97.48%. For TSS the percentage of parameter removal was 

65% and 88%. For BOD, the percentage of parameter removal 

was 60.63% and 60.09% while for COD, the percentage of 

parameter removal was 61.58%.  

Results showed that carbon filter was able to improve the 

wastewater quality and the efficiency of filter was increased 

with the filter dimension and material components.    

The results of wastewater after using the filter C also were 

compared with the Water Quality Index Classification (WQI) 

refer Table 4.  

 

  TABLE 4. DOE WATER QUALITY INDEX CLASSIFICATION  

Source: EQR (2012) 

PARAMETER UNIT CLASS 

I II III IV V 

Ammoniacal Nitrogen mg/L < 0.1 0.1 – 0.3 0.3 – 0.9 0.9 – 2.7  > 2.7 

Biochemical Oxygen 

Demand 

mg/L < 1 1 – 3  3 – 6  6 – 12  > 12 

Chemical Oxygen 

Demand 

mg/L < 10 10 – 25  25 – 50  50 – 100  > 100 

Dissolved Oxygen mg/L > 7 5 – 7  3 – 5  1 – 3  < 1 

pH - > 7.0 6.0 – 7.0 5.0 – 6.0 < 5.0 > 5.0 

Total Suspended Solid mg/L < 25 25 – 50  50 – 150  150 – 

300  

 > 300 

Water Quality Index > 92.7 76.5 – 

92.7 

51.9 – 

76.5  

31.0 – 

51.9 

< 31 

 

 The Water Quality Index (WQI) is the basic guideline 

which related to the category of pollution load and the 

classification for water quality as stipulated under Interim 

National Water Quality Standards for Malaysia. Table 4 show 

the water quality standards for Malaysia for each parameter.  

TABLE 5. WQI CLASSIFICATION FOR SELECTED PARAMETER OF    

                  WASTEWATER AFTER USING FILTER C 

Parameter 
WQI 

Sample 1 Sample 2 
Class 

Non –peak time Before After Before After 

Turbidity (NTU) 49.1 1.23 49.1 1.23 I 

TSS (mg/L) 10 3.5 12.5 1.5 I 

BOD (mg/L) 30.1 11.85 32.35 10 IV 

COD (mg/L) 109.33 42 109.33 42 III 

DO (mg/L) 7.43 7.79 7.42 7.74 I 

 

Based from Table 5, the turbidity obtained was 1.238 NTU 

for both sample and it is belonged to Class I. The value was 

reduced about 97.48% from 49.1 NTU.  

 For non-peak time 11.10 am, the TSS obtained before 

using filter was 10 mg/L and 12.5 mg/L for Sample 1 and 

Sample 2. After the filtration process the values decrease to 

3.5 mg/L  for Sample 1 and 1.5 mg/L for Sample 2. It shows 

that the TSS after the filtration will be in Class I. 

 The BOD value obtained decrease to 11.85 mg/L from 

30.1 mg/L for Sample 1 and from 32.35 mg/L to 10 mg/L for 

Sample 2 and these values belonged to Class IV.   

 For the COD value of wastewater after filtration was done 

USING Filter C, the COD value was 42 mg/L from 109.33 

mg/L for both samples. The COD for this wastewater after 

filtartion is in Class III. 

 The DO level was increased from 7.43 mg/L to 7.79 mg/L 

for Sample 1 and from 7.42 mg/L increased to 7.74 mg/L for 

Sample 2. It shows that DO level after using filter C is in 

Class I.      

IV. CONCLUSIONS 

As a conclusion, the three designed filter: Filter A, Filter B 

and Filter C were able to improve the wastewater parameter. 

Filter A resulted about 1.14% to 58% of parameter removal; 

Filter B was able to remove about 45% to 96.72% of 

parameter removal. While for Filter C, it was able to show the 

highest percentage of removal which the percentage removal 

was more than 60% for all the parameter and the highest 

percentage of parameter removal was 97.48%. The best 

efficiency in improving the water quality which was Filter C 

will be recommended to be set up near KK3 café as can be 

used to pre-treat the wastewater from KK 3 café before it is 

discharged into river. 
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Abstract—Recently, many researchers have developed hybrid 

excitation flux switching machine (HEFSM) for HEV 

applications. The designed HEFSM consist of permanent magnet 

(PM) and field excitation coil (FEC) as their main flux sources. 

HEFSM also consist a robust rotor structure. However most of 

the designed HEFSM used three-phase winding. Three-phase 

winding are complicated and has high copper losses. As one of 

alternative, a new design of single-phase hybrid excitation flux 

switching motor (HEFSM) for direct drive HEV is proposed. In 

this paper, the performance comparison of single-phase hybrid 

excitation flux switching machine with various rotor pole 

numbers is analysed. The flux comparison of PM with DC FEC, 

flux linkage at various FEC current densities, JE, cogging torque, 

Induced voltage/ back EMF of PM with DC FEC, torque and 

power versus FEC current density, JE at various armature coil 

current densities, JA are investigated. The generated results show 

that the appropriate combination of stator slot-rotor pole 

configurations are 8S-4P and 8S-8P respectively, which initially 

provide highest power and torque performance. Therefore, by 

further design modification and optimization it is expected that 

the low cost motor will successfully achieved the target 

performances. 

IndexTerms—Hybrid Excitation Flux Switching Motor, 

Hybrid Electric Vehicle and Single-Phase Winding 

I. INTRODUCTION 

By increasing number of population in the world, the 
demand toward vehicles for personal transportation has also 
been increased dramatically in the past of decade which leads 
to serious problems called ‘global warming’. One of the main 
causes of global warming is Internal Combustion Engine 
(ICE). Through the report in year 2008 [1], about seven per 
cent of global carbon dioxide (CO2) emission in year 2000 
came from the vehicles. By the year 2015, it is expected that 
CO2 emission rate from vehicles will increase two times with 
economic growth. 

Hybrid Electric Vehicle (HEV) is considered as an ultimate 
eco- friendly car and this is highly expected to be popularized 
in the future [2]. The important of the basic characteristics 
requirements of an electric motor for HEV drive systems are 
high torque, high power density, and constant power at high 
speed as well as high efficiently [3]. 

Fig. 1 illustrated the main candidates of electric machine 
for HEV drive. Permanent Magnet Synchronous Machine 
(PMSMs) is used in HEV to overcome problem of low torque 
density and efficiency [4]. Although PMSM has the advantage 
of high torque density and high efficiency, still it has the 
problem of demagnetization and mechanical damage of rotor’s 
magnet. Due to this reason, other alternative machine should be 
design to overcome the problems of PMSM already installed in 
HEV. 

DC motors have been widely accepted in electric 
propulsion due to use battery as DC supply and simple control 
principle. However, DC motor drives have a few 
disadvantages such as low reliability, unstable current and 
high maintenance [5]. Thus DC motors are unsuitable for 
maintenance-free drives. 

 

      

(a)                                                           (b) 

      

(c)                                                            (d) 

Fig. 1. Four Main Candidates of Electric Machine for HEV Drive  
(a) Permanent Magnet Synchronous Machines (b) DC motor  
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(c) Induction Motor (d) Switched Reluctant Motor 

At present, induction motor (IM) are generally established 
as the most potential candidate for the electric propulsion of 
HEVs, due to their reliability, ruggedness, low maintenance, 
and low cost [6]. However, IM drives have demerits such as 
high loss, low efficiency and low power factor [7]. 

Then switched reluctant motor (SRM) is invented to 
overcome the permanent magnet problem. SRM has no PM 
and robust rotor structure but it is not suitable for HEV due to 
large torque ripples and noisy [8]. 

On the other hand, permanent magnet flux switching 
machine (PMFSM) has been proposed. This PMFSM has 
physical compactness, robust rotor structure, higher torque and 
power density and high efficiency. All magnets are located at 
the stator which make the temperature of the magnet can 
easily be controlled [9]. This shows that PMFSM have more 
advantage when compared with PMSM and SRM [10-12]. The 
application such as in aircrafts, automotive traction drives, and 
wind power generation are widely used by using PMFSM, 
[13-14]. However PMFSM has several disadvantages of 
uncontrolled flux and high cost. 

Recently, many researchers have developed hybrid 
excitation flux switching machine (HEFSM) for HEV 
applications. There are two main flux sources which are 
permanent magnet (PM) and field excitation coil (FEC). These 
HEMs have better features when compared with interior 
permanent magnet synchronous machines (IPMSM) used in 
conventional hybrid electric vehicles (HEVs). Since all flux 
sources including PM, FEC and armature coils are located on 
stator core, the rotor becomes a single piece structure similar 
with switch reluctance machine (SRM). The combined flux 
generated by PM and FEC established more excitation fluxes 
that are required to produce much higher torque of the motor. 
In addition, variable DC FEC can control the flux capabilities 
of the motor, thus the machine can be applied for high-speed 
motor drive system. 

Several invention of HEFSM for HEV application has 
been proposed. For example some, 6Slot–5Pole HEFSSM for 
HEV application has been proposed. Although the proposed 
machine has met the target performances, the problem of 
unbalanced pulling force due to odd number of poles is 
difficult to overcome [15-16]. Besides, 6Slot-8Pole machines 
also had been proposed but these types of machines have 
problems of high torque ripple and back-emf waveforms, 
which are usual concerns for this kind of eight pole machine 
[17].It should be noted that all HEFSM mentioned above are 
3-phase HEFSM. 

Due to complicated winding and high copper losses of 3-
phase HEFSM, a simple structure of single-phase HEFSM is 
proposed in which the copper losses will reduce and efficiency 
will increase. In this paper,the impact of rotor pole number of 
the proposed motor with 8 stator slots is investigated in this 
paper in order to determine the optimal performances. Then 
flux comparison of PM with DC FEC, flux linkage at various 
FEC current densities, JE, cogging torque, Induced voltage/ 
back EMF of PM with DC FEC, torque and power versus FEC 
current density, JE at various armature coil current densities, JA 

are also analyzed. 

II. OPERATING PRINCIPLE OF HEFSM 

The term “flux switching” is introduced due to the 
changing of the polarity of the flux linkage by following the 
motion of salient pole rotor.In the proposed HEFSM, the 
possible number of rotor pole and stator slot is defined by (1) 

)
2

1(
q

k
NN sr      (1) 

Where Nr is the rotor poles number, Ns is the number of 
stator slots, q is the number of phases and the natural number is 
defined as k. For the proposed motor, q is set as single phase, 
Nsis set as 8 and Nr are set4, 8, 12, 16, and 20. In general, the 
rotation frequency of mechanical, fm and the frequency of 
electrical, fe for the proposed motor can be articulated as 
(2),where fe, Nr and fm is the frequency of electrical, number of 
rotor poles and mechanical rotation frequency, respectively. 

mre fNf 
    (2) 

The operating principle of OR-HEFSM is demonstrated in 
Fig. 2. The red line indicates flux from PM and blue line 
indicates the flux from FEC, respectively. In Fig. 2(a) and (b), 
the polarity of both red and blue indicator are in the same 
direction.Thus, both of the PM and FEC fluxes are merged and 
flow together into the rotor. The combination of both fluxes 
generated more fluxes and called hybrid excitation flux. While 
in Fig 2(c) and (d), where the blue indicator is in reverse 
polarity and flow around the stator yoke, only the red 
indicatorof PM flux flows into the rotor which results in less 
flux excitation. 

 

 
(a)                                                         (b) 

 

 
(c)                                                          (d) 

Fig. 2. Principle Operation of Outer-rotor HEFSM (a) θe = 0º (b) θe = 

180º more excitation, (c) θe = 0º (d) θe = 180º less excitation 
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III. DESIGN RESTRICTIONS, SPECIFICATIONS  

AND PARAMETERS OF OR-HEFSM 

Table I shows the electrical restrictions related with the 
inverter such as maximum 375V DC bus voltage and 
maximum 360A inverter current are set. The limits of the 
current densities areset to the maximum of 30Arms/mm

2
and 

30A/mm
2
 for armature winding and DC FEC, respectively. In 

addition, the geometrical dimensions of the HEFSM such as 
the stator outer diameter, motor stack length, shaft radius and 
air gap are set to 264mm, 70mm, 30mm and 0.8mm 
respectively, while the PM weight is set to be 1.0kg. The target 
performance for maximum torque and power are 111Nm and 
41kW respectively. 

The commercial FEA package, JMAG-Designer ver.13.0, 
released by Japan Research Institute is used as 2D-FEA solver 
in this design. The material used for PM is NEOMAX 35AH 
with residual flux density and coercive force at 20 º are 1.2T 
and 932 kA/m respectively. Whereas for the stator and rotor 
body, the material used is electrical steel, 35H210. 

Table II shows the parameters of HEFSM. From Table II, 
the rotor parameters involved are the outer rotor radius (D1) 
which is 70% of the size of motor and within the range of 
general machine split ratio, rotor pole depth (D2) which is half 
size of the rotor and to ensure flux moves from stator to rotor 
equally without any flux leakage, the design of rotor pole arc 
width (D3) is defined as in (3). It is to allow optimal flux flows 
into the rotor pitch. The rotor pole width is decrease when the 
number of pole increases. 

∑Ws=∑Wr   (3) 

The distance between airgap and PM is (D4). The PM slot 
shape parameters are the PM depth (D5), and the PM width 
(D6)calculated by using volume of 1kg PM. The size of D5 
isone third of the statorexpecting will give more flux to flow 
and increase the motor performances while for the FEC slot 
depth and FEC slot width, (D7) and (D8) calculated from (4). 
The FEC slot width is one third of the stator and expecting the 
flux have enough space to flow easily. 

a

aa
a

I

SJ
N




   (4) 

Finally, the armature coil parameters are armature coil slot 
depth (D9) and the armature coil slot width (D10)calculated 
from (5) by using 168mm area of armature coil. Therefore, the 
depth of D9 is two third of the statorand will prevent flux 
saturation and make the flux easily through it. 

e

ee
e

I

SJ
N




   (5) 

The motor design parameters, from D1 to D10are 
demonstrated in Fig. 3.Then the initial design of the machine 
configurations of 8 stator slots of various rotor pole numbers is 
illustrated as in Fig. 4. The machine windings are the same for 
all rotor pole number configurations. 

 

 

TABLE I 

HEFSM DESIGN RESTRICTIONS 

Items Unit HEFSSM 

Max. DC-bus voltage inverter  V 375 

Max. inverter current  Arms 360 

Max. current density in 
armature winding, Ja 

Arms/mm2 30 

Max. current density in 

excitation winding, Je 

A/mm2 30 

Stator outer diameter  mm 264 

Motor stack length  mm 70 

Shaft radius  mm 30 

Air gap length  mm 0.80 

PM weight  kg 1 

Maximum torque Nm >111 

Maximum power kW >41 

 

TABLE II 
DESIGN PARAMETER OF HEFSM 

Parameter Description HEFSM 

D1 Rotor outer radius (mm) 92.40 

D2 Rotor pole depth (mm) 31.20 

D3 Rotor pole width (mm) varies 

D4 Distance of airgap (mm) 0.80 

D5 PM depth (mm) 12.55 

D6 PM width (mm) 8.86 

D7 FEC slot depth (mm) 13.35 

D8 FEC slot width (mm) 10.99 

D9 AC slot depth (mm) 26.70 

D10 AC slot width (mm) 6.29 

Area of FEC (mm2) 147.67 

Area of armature coil (mm2) 144 

FEC coil number (turns) 44 

Armature coil number (turns) 7 

 

 

Fig. 3. Motor Design Parameter 

 
IV. DESIGN PERFORMANCE AND RESULTS BASED ON  

2D FINITE ELEMENT ANALYSIS 

In this study, 2-D FEA investigation is implemented to 

examine the impact of various rotor pole numbers on the 

characteristics of HEFSM in which thenumber of stator pole is 

fixed to 8, while the number of rotor pole set to 4, 8, 12, 16 

and 20. The flux linkage, the back-emf, cogging torque and 

average torque are investigated for all topologies. 
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A.    Flux Linkage ofPM and FEC 

The Fig. 5 shows the flux interaction of PM with DC FEC 
for HEFSM. All the flux from PM has been successfully 
interacts with the FEC flux without any leakage. It is clearly 
demonstrate that the magnetic flux linkage of 8S-8P HEFSM 
has the highest amplitude compared with the rest of rotor pole 
number configurations. This is due to the magnetic flux is 
easily flow from the stator to the rotor. The amplitude of 
magnetic flux is reducing with increase in rotor pole number. 

B.    Induced Voltage of PM with DC FEC 

The induced voltage of HEFSM at PM with DC FEC only 

at maximum JE of 30 A/mm
2
 at various rotor poles is illustrated 

in Fig. 6.As seen from the graph, 8S-8P has the higher induced 

voltage follow by 8S-4P. The 8S-20P has less induced voltage 

generated. This graph show 8S-8P has highest distortion 

compare to other combination. All the induced voltages are not 

exceeding the supply voltage which is good for motor 

performance. If the value of induced voltage exceeds the 

supply voltage, the operation of the motors will be interrupt 

as it is use for regenerative breaking to charge battery.  

C.    Cogging Torque 

Fig. 7 illustrates the cogging torque profile of PM flux for 

various rotor poles configurations. Obviously, one cycle 

cogging torque is formed as the rotor being rotate in a 

complete 360° electric cycle. It is clear that 8S-16P 

configuration has highest peak to peak cogging torque and 

8S-12P has the lowest peak to peak cogging torque with 

1.79mNm and 0.46mNm, respectively. 8S-16P has highest 

cogging torque due to the effect of high FEC flux linkage 

flow to the rotor. The cogging torque values produced must 

not exceed 10% of the average torque because it is 

unnecessary for the performance of the machine that can 

produced high vibration and noise.  

 

 
Fig. 5.Flux Linkage of PM with DC FEC with Various JE 

 

 
Fig. 7. Induced Voltage of PM with DC FEC 
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Fig. 4. Preliminary design of the HEFSM configurations 
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Fig. 8. Cogging Torque of PM Only 

D.  Torque and Power versus FEC Current Density, JE at 

Various Armature   Coil Current Densities, JA 

In In load analysis, both FEC and armature coil current are 
supplied in the circuit with the values that have been 
calculated. Both JA and JE are varied from 0A/mm

2
 to 

30A/mm
2
 and 0Arms/mm

2
 to 30Arms/mm

2
, respectively. Fig. 9 

and Fig. 10 show the torque and power versus JE at various JA, 
at various rotor poles correspondingly. From the figure, it is 
shown that the maximum torque and power appears 8S-8P 
configuration about 205.23Nm and 24.58kW, respectively. 
For 8S-12P, the output torque and power start to reduce when 
JE is employed. This is due to a lot of magnetic fluxes are 
cancel with the flux from armature coil and produces negative 
torque. 

V. CONCLUSION 

In this paper, performance comparison of single-phase 
inner rotor with various rotor poles has been investigated. 8S-
4P and 8S-8P HEFSM are chosen for better performance. The 
maximum torque achieved for 8S-4P is 90.61Nm which is 
81.6% of the target performance; whereas the maximum 
power has achieved 23.8kW which 58.1% of the target value. 
Meanwhile, the maximum torque achieves for 8S-8P is 
205.23Nm which is already achieves the target performance 
while maximum power is 24.58Kw which is 60% from the 
target performance. Although both motor are only the initial 
design, the torque achieved is considered acceptable and 
suitable for the single-phase applications. However, design 
optimization on both HEFSM will be conducted in future. 

 

 
Fig. 9. Torque versus JE at Maximum JA 

 

 
Fig. 10. Power versus JE at Maximum JA 
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Abstract—This paper presents a new structure of field 

excitation flux switching motor (FEFSM) as an alternative 

candidate of non-permanent magnet (PM) machine for hybrid 

electric vehicles (HEVs) drives. The effect and performances of 

rotor pole number with similar armature coil slot configurations 

on the stator of the proposed FEFSM is analyzed for HEV 

applications. The stator of projected machine consists of iron 

core made of electromagnetic steels, armature coils and field 

excitation coils as the only field mmf source. The rotor is 

consisted of only stack of iron and hence, it is reliable and 

appropriate for high speed operation. Under some design 

restrictions and specifications, design principles and initial 

performances of the proposed motor at various rotor pole 

numbers with 8 stator slots are demonstrated. Initially, the coil 

arrangement tests are examined to validate the operating 

principle of the motor and to identify the zero rotor position. 

Furthermore, the profile of flux linkage, induced voltage, cogging 

torque and torque characteristics are observed based on 2D finite 

element analysis (FEA). The results obtained show that the 

appropriate combination of stator slot-rotor pole configurations 

are 8S-12P and 8S-4P with lowest cogging torque as well as 

sinusoidal flux waveforms and 8S-8P with highest average torque 

and power, respectively. Thus, by further design modification 

and optimization, it is expected that the motor will successfully 

achieved the target performances for HEV application. 

Keywords—Field Excitation Flux Switching Motor, Hybrid 

Electric Vehicle and Field Excitation Coil (DC FEC) 

I. INTRODUCTION 

In the mid 1950s, the initial concept of flux switching 
motor (FSM) has been published. In general, permanent 
magnet flux switching motor (PMFSM), field excitation flux 
switching motor (FEFSM), and hybrid excitation flux 
switching motor (HEFSM) are three types of FSM as illustrate 
in Fig. 1. Both FEFSM and PMFSM has only permanent 
magnet and field excitation coil (FEC), correspondingly as the 
main source of flux, whilst HEFSM combines both FEC and 
permanent magnet as their main flux sources. 

Permanent magnet (PM) machines have some drawbacks 
because of the rare earth magnet material is expensive and the 
working environmental temperature may limit its application. 
In fact, the flux-weakening operation at high speed is 

relatively difficult for PM machines due to fixed PM 
excitation.  

In the advanced research, the only machine that already 
installed for HEVs is interior permanent magnet synchronous 
motor (IPMSM) as depicted in Fig. 2 where it has developed 
to enhance power density of the machine [1]. Despite of fine 
operated and superior performances, this machine do not miss 
approached by deficiency for instance IPMSM now have 
complex form and configuration that give difficulty to 
undertake the process of optimizing the design of this motor. 
Moreover, the use of PM will result in a constant state of flux 
and cannot be controlled as well a burden because of 
expensive rare earth magnet prices and also high copper loss 
due to distributed armature windings. 

Thus, FEFSM with a new form has been created as a new 
candidate that can address these problems in which the uses of 
permanent magnet is totally excluded while the FEC is located 
on the stator [2]-[4]. The proposed motor has a simple and 
easy structure and it is expected to provide much higher power 
density and torque [5]-[7]. The impact of rotor pole number of 
the proposed motor with 8 stator slots is analyzed in this paper 
in effort to establish the optimal performances. The impact of 
rotor pole number on the electromagnetic performances such 
as induced voltage, cogging torque, flux linkage, output power 
and torque are analyzed based on 2-D finite element analysis 
(FEA). In the proposed FEFSM, the probable number of rotor 
pole and stator slot is defined as in (1), 

                         

]
2

1[
q

k
NN sr   (1) 

where Nr is the number of rotor poles, Ns is the number of 
stator slots, k is the natural number, and q is the number of 
phases. For the proposed motor, q = 1, Ns =8 and Nr is even 
numbers that varies from 4, 8 and 12. The motor is operated 
based on the principle of switching flux and to describe 
machines in which the stator tooth flux switches polarity 
following the motion of a salient pole rotor [8]. The principle 
operation of FEFSM is demonstrated in Fig. 3. Fig. 3 (a) and 
(b) show the movement of the FEC flux into the rotor while 
(c) and (d) visualize the movement of FEC flux into the stator 
which creates one complete cycle movement of fluxes. The 
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stator fluxes switches between the alternate stator teeth 
because of the each reversal of armature current shown by the 
transition involving Fig. 3 (a) and (b) [9]. 

II. DESIGN RESTRICTIONS, SPECIFICATIONS  

AND PARAMETERS OF FEFSM 

The motor parameters, restrictions and target specifications 
of the projected FEFSM for HEV applications are scheduled in 
Table I. The inverter is set at the maximum of 375V DC bus 
voltage as well as inverter current at 360V.  Assuming water 
jacket system is in use as the cooling system for the machine 
the limit of the current density is set to the maximum 
30Arms/mm

2
 for armature winding and 30A/mm

2 
for FEC, 

respectively. The motor stack length, the outer diameter, the air 
gap and the shaft radius of the major parts of the machine 
design being 70mm, 264mm, 0.8mm and 30mm, respectively, 
alike with existing IPMSMs. The electrical steel 35H210 is 
used for stator and rotor body.  

The numbers of turns of FEC and armature coil are defined 
from (2) and (3), respectively. The motor’s filling factor is put 
at 0.5, whilst the slot area of armature slot and FEC slot is 
calculated, correspondingly. To ensure flux moves from stator 
to rotor equally without any flux leakage, the design of the 
proposed machine is defined as in (4). The rotor is consisted of 
only stacked soft iron sheets and can be expected to rotate at 
high-speed because the rotor structure is mechanically robust. 
Furthermore, the maximum expected torque of 70Nm and 
power is set to be higher than 41kW, respectively. The 
commercial finite element analysis (FEA) package, JMAG-
Designer ver.13.1, released by Japan Research Institute is used 
as 2D-FEA solver in this design. 

a

aa
a

I

SJ
N


    (2) 

e

ee
e

I

SJ
N


    (3) 

           WW RS 
             

(4) 

Where N, J, α, S and I are number of turns, current density, 
filling factor, slot area and input current, respectively. For the 
subscript a and e represent armature coil and FEC, 
respectively. The machine configurations and windings of 8 
stator slots with 4, 8 and 12 pole numbers are illustrated as in 
Fig. 4 and Fig. 5, respectively. The FEC directions for all rotor 
pole numbers are in alternate direction, counter-clockwise 
polarity and clockwise polarity. 

Primarily, the selection of the proposed FEFSM is designed 
with the following assumptions; (i) The inner radius is set to 30 
mm for the motor’s shaft while rotor radius is 97.2 mm which 
is 73% of 132 mm motor radius and within the range of general 
machine split ratio, (ii) The stator outer core thickness is set to 
be half of the stator inner length with the assumptions that the 
fluxes are divided into two parts, (iii) The depth of the rotor 
pole is set to be 1/3 of rotor radius to give much depth for the 
flux to flow, (iv) The FEC and armature coil slot opening angle 
are set to 5.625°, which is half of the stator slot opening angle 

 

 Fig. 1. Classifications of Flux Switching Machine 

 
Fig. 2. Cross sections of IPMSM 

 

 
  (a)                                                  (b) 

 
     (c)                                (d) 

Fig. 3. Operating principle of FEFSM (a) θe=0° and 

(b) θe=180° fluxes move from stator to rotor 
(c) θe=0° and (d) θe=180° fluxes move from rotor to stator 

TABLE I. FEFSM PROPOSE SPECIFICATIONS AND LIMITATIONS 

Items IPMSM FEFSM 

Max. inverter DC-bus voltage (V) 650 375 

Max. current of inverter (Arms) Confidential 360 

Armature winding Ja, maximum current 

density (Arms/mm2) 

Confidential  30 

Excitation winding Je, maximum current 

density (A/mm2) 

NA 30 

Stack length of motor (mm) 70 70 

Outer diameter of stator (mm) 264 264 

Length of air gap (mm) 0.8 0.8 

Radius of shaft (mm) 30 30 

Weight of PM (kg) 1.1 (est.) 0 

Maximum torque (Nm) 333 > 70 

Maximum power (kW) 123 > 41 

Power density (kW/kg) 3.5 > 1.17 
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of 11.25°, (v) The total coil slot area of both FEC and armature 
coil is less than the stator teeth area. Therefore, it is expected 

that all fluxes from both coils to have sufficient space to flow 
in the stator yoke, without magnetic saturation. 

 

 

III. DESIGN PERFORMANCE AND RESULTS BASED ON  

2D FINITE ELEMENT ANALYSIS 

To ensure the performances of the machine is at 
maximum, the rotor pole number Nr is normally designed as 
close to stator slot number Ns based on case of inner-rotor flux 
switching machines (FSMs) that have been studied [10]. An 
appropriate number of pole for the motors must be determined 
to find the optimal performances since there is very little study 
has been carried out. As studied in [11, 12, and 13], it have 
been analyzed for Nr varies starting 14 until 26 and Ns is 
constant at 12. Entire of them concluded their investigation by 
choosing 12S-22P as the most appropriate for the proposed 
three-phase outer rotor PMFSMs because Nr equal 22 exhibits 
the lowest cogging torque and highest back-emf. Nevertheless, 
the study presented is only focus on the principle of cogging 
torque and induced voltage characteristic.  

In order to find the optimal performances and suitable to be 
further optimized, other parameters such as generated magnetic 
flux, output power and torque also may need to inspect. As the 
proposed motor to be applied for HEV applications, the high 
power density and torque capability is one of predominantly 
significance constraint besides of cogging torque and back-
emf. This is due to the existence of the adverse effects. 2-D 
FEA investigation is implemented in this study to examined the 
effects of various rotor pole numbers on the characteristic of 
FEFSM also Nr range is set from 4, 8 and 12 while Ns  is fixed 
at 8. 

A.   Coil Arrangement Test 

Coil arrangements are examined in each armature coil slots 
singly in order to verify the principle operation of the FEFSM 
and to set the arrangement of each armature coil phase, where 
all armature coils are wounded in counter-clockwise direction 
while FEC are wounded in clockwise and counter-clockwise 
direction. The flux linkages at each coil are observed and the 
armature coil phases are defined according to the conservative 
single-phase as demonstrated in Fig. 6. The armature coil flux 
can start the rotor at the maximum as the U flux satisfies the 
zero rotor position indicated by red dotted line.  

B.    FEC Flux Linkage at various FEC current density, JE 

Fig. 7 demonstrates the profile of flux linkages of U Flux 
for the proposed motor at a range of rotor pole numbers. It is 
visibly shows that the flux linkage of 12S-10P FEFSM has the 
uppermost amplitude compared with the rest of rotor pole 
numbers configuration. The reason behind this is that the flux 
is easily flow from the stator to the rotor. The amplitude of 
flux linkage is reduced as the rotor pole number increased. 

C.    Induced Voltage at Open Circuit Condition 

The fundamental of induced voltage or back-emf generated 
from conventional 3-phase fluxes for various rotor pole 
numbers is illustrated in Fig. 8. As seen from the graph, 12S-

 
                        (a) 8S-4P FEFSM 

 
                     (b) 8S-8P FEFSM 

 
                        (c) 8S-12P FEFSM 

        Fig. 4. Preliminary design of the FEFSM configuration 

 

 
                Fig. 5. The windings model of FEFSM 
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14P has the higher induced voltage follow by 12S-10P. From 
12S-16P to 12S-22P as the higher the Nr, less generated 
induced voltage. From the studied, the projected machine with 
highest back-emf is selected. 

 

 

D.    Cogging Torque 

The torque ripple feature for a range of rotor pole numbers 
is shown in Fig. 9. From the graph, is evidence that 8S-8P 
configuration has highest peak to peak torque ripple chased by 
8S-4P with 530Nm and 100Nm, correspondingly. This is due 
to the effect of high FEC flux linkage flow to the rotor. While 
for 12 rotor pole numbers, the peak to peak torque ripple is 
0.14Nm. High torque ripple will give high noise and vibration 
that is unnecessary for the performance of the motor.  

E.  Torque and Power Characteristics at various JE 

At last, by situate the armature coil current density, JA at 
maximum conditions, the torque profile and power at a various 
FEC current densities, JE is validated in Fig. 10 and Fig. 11, 
correspondingly. From the figure, it is revealed that the highest 
torque and power appear at 8S-8P about 236.6Nm and 28.6kW, 
respectively. For 8S-12P, the torque profile and power produce 
is small. It is necessary to do further investigation to identify 
the problem on these rotor pole configurations. 

The maximum torque and power obtained is still distant 
from the target requirements. In order to suit the goal, the 
deterministic optimization method [14]-[15] will be conducted 
in the future as the design parameters are separated into three 
portions. Portion 1 related with rotor core shape while portion 
2 is FEC slot shape and portion 3 is armature coil slot shape 
since the designs technique clarify above are treated 
repetitively by varying D1 to D7 parameters  in Fig. 11 until 
the intention power and torque are attained. 

 

 
Fig. 5. Conventional single-phase flux 

 

 
Fig. 6.  Flux Linkage at various rotor pole numbers 
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IV. CONCLUSION 

In this paper, design studies and performance analysis of 
various slot-poles of FEFSM for traction drive in HEV 
applications have been presented. The profile of flux linkage, 
induced voltage, cogging torque, torque characteristics and 
power are observed based on 2D- finite element analysis 
(FEA). The appropriate combinations of stator slot-rotor pole 
configurations are 8S-12P and 8S-4P with lowest cogging 
torque as well as sinusoidal flux waveforms and 8S-8P with 
highest average torque and power, respectively. There is no 
usage of permanent magnet and thus, it can be expected as 
very low cost machine. The shape of the proposed motor is 
very simple which expose better way of design optimization. 
Thus, by further design modification and optimization it is 
expected that the motor will successfully achieved the target 
performances. 
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Abstract—K-harmonic means (KHM), has been introduced as 

one of the vital solutions to the classical K-means, which 

alleviates the sensitive dependence on the initial clusters 

conditions for the latter. However, it does retain the same 

deficiency as K-means: execution of KHM has a propensity to 

converge to local optima easily. In response to circumventing this 

problem, a new variant of KHM based on a recent nature 

inspired firefly search approach – specifically, the Firefly K-

harmonic means (FAKHM) algorithm – is resorted to. 

Assessment analysis on several artificial and real life datasets 

demonstrates the superiority of the proposed FAKHM algorithm.      

Keywords—clustering; firefly algorithm; K-harmonic means; 

K-means; unsupervised learning 

I.  INTRODUCTION  

Attempting to gain insight from a large scale of dataset in a 
succinct and human-comprehendible manner can be posed as 
data mining problem, where data clustering is one of the facets 
of this interesting field which has roots in variety of domains; 
including bioinformatics, pattern recognition and artificial 
intelligence [1, 2]. Clustering aims to discover and describe 
the natural groupings of observations being located in the 
input space. Observations are partitioned into several clusters, 
depending to a predefined similarity criterion, in which those 
observations belong to the same cluster, will have higher 
similarity than the observations in other clusters. Generally 
speaking, the goal of a clustering is to assign a set N of n 
observations in d input space to a set K of k points, denoted as 
cluster centers (centroids), based on optimizing a performance 
criterion. A typical used performance criterion is the total 
within-cluster variance [3].       

The fascinating features of simplicity, easy interpretation 
and computationally easy-to-use of the K-means (KM) 
algorithm, has vulgarized its widespread implementation in 
data clustering [4]. Nonetheless, this cluster-seeking approach 
was reported to be dependent substantially on the initial 
designation of centroids and trapped in local optima easily [5]. 
In this regard, efforts to resolve this limitation fruit in an 
improved variant of KM, specifically, the K-harmonic means 
(KHM) algorithm [6]. KHM remedies the sensitive 
dependence of the initial clusters representation as in KM, 
which attributed to the fact that KHM minimizes the objective 
function based on the weighted harmonic average from all 

observations in the input space to all centroids [7]. Although 
such significant improvement based on KHM is certainly 
noteworthy, it is still exposed to the problem of converging to 
local optima easily [4]. As such, a wide range of attempts are 
directed to solve this concern, especially by integrating the 
metaheuristic approaches [3-5, 7-10].  

Simulated annealing was proposed by Güngör and Ünler 
as a means to solve local optima constraint in KHM [3]. Apart 
from that, Güngör and Ünler have extended their work by 
merging the Tabu search algorithm which possesses the 
neighborhood search capability with KHM [8]. Both of the 
resulted approaches with metaheuristic algorithms were shown 
to be just as effective or even outperformed the KM and KHM 
algorithms. Alguwaizani et al. enhanced the local search of 
KHM by embedding a variable neighborhood search algorithm 
[9]. Comparison with the results obtained by Güngör and 
Ünler [3, 8] indicated the superiority of their proposed 
method. A more recent hybrid KHM with gravitational search 
algorithm (GSA) approach was developed by Yin et al. [4]. By 
borrowing the strength from GSA, in addition to overcoming 
the local optima limitation in KHM, the hybrid GSAKHM 
showed relatively high speed of convergence than the GSA as 
well. Particle swarm optimization (PSO) was integrated by 
Yang et al. in KHM in order to escape from local minima [5]. 
The efficiency of the proposed PSOKHM was corroborated 
through empirical approaches, with simulated as well as real-
world datasets. Jiang et al. used the ant clustering algorithm 
(ACA) to solve the local optimal problem in KHM [7]. The 
proposed ACAKHM algorithm gave encouraging results in 
terms of clustering effectiveness, as compared with the ACA 
and KHM. Another bio-inspired swarm computing – cat 
swarm optimization (CSO) algorithm, was coupled with KHM 
by Liu and Shen [10]. Improvement in clustering performance 
was observed, when combination of CSO and KHM was 
adopted. The newly developed cuckoo search was combined 
with KHM by Song et al. [11] .      

A recent swarm intelligence-based technique, specifically, 
the firefly algorithm (FA), which investigates and exploits the 
foraging behavior of fireflies based on their flashing 
characteristic, was constructed by Yang to solve the 
multiobjective optimization problem [12]. In his preliminary 
studies, the beneficial potential of FA in finding the global 
optima for various classical benchmark functions was 
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validated, and it was superior to both PSO and genetic 
algorithm [12, 13]. For clustering purposes, it has been 
presented that in most cases, the global search ability of FA 
surpassed the other techniques; including artificial bee colony, 
PSO, Bayes net, multilayer perceptrons, radial basis function 
neural networks, and Naïve Bayes Tree [14]. On the other 
hand, the implementation of FA in various domains shows 
promising results [15-17]. 

In this present study, the applicability of FA with global 
search ability for solving the local optima problem in KHM is 
explored. A hybrid clustering algorithm, namely, the firefly K-
harmonic means (FAKHM) algorithm, which takes merits 
from both FA and KHM into account, is proposed. The 
validity and superiority of the FAKHM are assessed in 
clustering several simulated and real life datasets. The 
remainder of this paper is organized as follows. An 
introduction of KHM is given in Section 2, followed by a brief 
discussion on FA in Section 3. Section 4 presents the proposed 
FAKHM algorithm in detail. In Section 5, the experimental 
simulations of the proposed FAKHM, as compared with the 
FA and KHM algorithms are provided, and finally, 
conclusions are drawn in Section 6.    

II. K-HARMONIC MEANS CLUSTERING 

On account of its simplicity and computationally efficient, 
KM is one of the early invented data clustering methods, 
which has been studied for decades. By applying the KM, a set 
of n observations xj, j = 1,…,n are partitioned into k groups Ci, 
i = 1,…,k, where the observations are assigned to the cluster 
the center of which is the nearest. In other words, the cluster-
seeking of KM is based on minimization of the sum of squares 
of the distance between each observation, xj, to its nearest 
cluster center, ci. The progressive computation of KM begins 
with random initialization a set of k cluster centers. However, 
if the initial cluster centers are created in a densely packed 
manner, a centroid might have difficulty moving out from the 
locally dense area, which eventually affects the clustering 
solutions drastically [3, 5]. In place of allocating the 
observation to the cluster whose center has the shortest 
distance to the observation, the KHM assigns the observations 
to the clusters by minimizing the weighted harmonic means of 
the distance from each observation to all cluster centers. As 
such, if multiple centroids are seeded within the same dense 
area, the KHM will shift one or more centroids to the region of 
observations with no close centroids reside in [8].  

Before presenting the KHM algorithm in details, the 
nomenclature for the formulation of KHM is defined as 
follows:  

X = {x1, … , xn}: A set of n observations to be clustered. 

C = {c1, … , ck}: A set of k cluster centers. 

KHM(X,C): The objective function of the KHM algorithm 
to be minimized. 

m(ci|xj): The membership function which defines the 
degree of belongingness of each observation xj to the cluster 
center ci. 

w(xj): The weight function which defines the weighting 
influence of observation xj in calculating the new position for 
cluster center ci in the next iteration. 

Hence, presenting a set of observations xj, KHM clustering 
algorithm determines the cluster centers ci iteratively using the 
following steps: 

1. Initialize the cluster centers ci, i = 1,…, k, by selecting k 
observations randomly from all the available observations. 

2. Determine the objective function, according to: 
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 where parameter p is associated with distance calculation 
and typically p is chosen as equal to or greater than 2.  

3. Calculate the membership function for each observation xj 
with respect to each cluster center ci, according to: 
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where ( | ) [0,1]i jm c x  . This allows an inherent built-in 

 fuzziness in KHM. 

4. Calculate the weight function for each observation xj, 
according to: 
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5. Update the new position for each cluster center ci 
according to the membership and weight functions from all 
observations obtained in Step 3 and 4 by using: 
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6. If the improvement of the objective function over previous 
iteration falls below a certain threshold or the iterations 
reach a predefined maximum value, then stop. Otherwise, 
go to Step 2.                      

7. Assign the observation xj to the k-th cluster with the 
highest value of m(ci|xj). 

It is worth mentioning that the weighting influence for 
each observation is updated dynamically based on a harmonic 
means. As observed from Equation (3), due to the reciprocal 
of the summation of the reciprocals of the distance between 
observation xj and cluster center ci, the observation which is 
far away from any cluster center will possess large weight. 
Meanwhile, the observation that is near to the cluster centers 
will be assigned with a small weight value. This is essentially 
important as by putting a larger weight on the observations 
that are not near to any of the cluster center, this action will 
attract those cluster centers away from the region with high 
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local density of multiple cluster centers and thus, KHM is 
insensitive to the initialization of cluster centers than KM [8].  

III. FIREFLY ALGORITHM 

Fireflies, also recognized as glow worms, emit short and 
rhythmic flashes. By flashing the light off and on, through a 
process known as bioluminescence, the glow can be used as a 
decoy to lure its prey, to attract mates, and also to ward off its 
predators. FA, a nature-inspired metaheuristic optimization 
technique which finds the global optima of objective function 
based on this foraging behavior, was formulated by Yang [12]. 
In essence, the proposed FA is idealized with respect to the 
following assumptions: (i) All fireflies are gender-blindness. It 
means that one firefly can mate with other fireflies, regardless 
of their sex; (ii) Attractiveness in the eyes of the other is 
proportional to their brightness, in such a way that the firefly 
will be attracted and move toward its adjacent firefly which 
flashes brighter than the rest. If no such member from the 
swarm exists, it will move randomly; and (iii) The brightness 
of a firefly is considered as equivalent to the value of the 
objective function for a maximization/minimization problem 
[18]. In the implementation of FA, there are two important 
issues to be concerned with. 

i. Determination of the light intensity: Biologically, each 
firefly lights up proportionally to the amount of light-
emitting compound, called luciferin, found in its abdomen. 
In FA, in order to quantify this value relatively, the 
produced light intensity is associated with the encoded 
objective value [12]. Hence, if xi is the solution for a firefly 
i and f(xi) represents its fitness value, the brightness I for 
the firefly i is denoted as: 

                                 ( ),i iI f x                                  (5) 

where 1 i n   and n is number of fireflies. 

ii. Movement of the firefly: As mentioned earlier, a firefly i at 
location xi with lower light intensity will move toward an 
adjacent firefly j at location xj, if the latter glows brighter 
than it. In FA, this movement is characterized as [12]: 

2

0( 1) ( ) exp( )( ) ( 1/ 2)i i j ix t x t r x x rand          (6) 

where r is the Euclidean distance between fireflies i and j. 

 The second term in Equation (6) characterizes the 
movement of firefly. As the light is absorbed in the 
medium, the light absorption coefficient γ is imposed (γ = 
1 usually).  β0 represents the initial attractiveness at r = 0, 
and it is chosen as 1 typically. The last term randomizes 
the movement direction of firefly i, with [0,1]  denotes 

the randomization parameter, and rand generates random 
number uniformly in the interval of [0,1]  .  

IV. THE HYBRID FIREFLY K-HARMONIC MEANS CLUSTERING 

ALGORITHM 

KHM is favored, in the sense that fewer function 
evaluations are needed for convergence and thus, its short 
runtime is an added benefit in addition to its insensitiveness to 
the initialization of the cluster centers. Nonetheless, the issue 

of getting stuck easily in infeasible local optima has remained 
unresolved for KHM. On the other hand, the strong global 
searching ability of FA has been investigated and corroborated 
by Yang [18]; moreover, its computation time may be 
comparable to that of KHM, if the number of maximum 
iteration are not assigned to a large value.  

In this present study, a hybrid clustering algorithm, 
specifically, the FAKHM algorithm is formed by combining 
the merits of both KHM and FA. By borrowing the strength of 
FA, this hybrid approach can overcome the local optima 
problem and reach the global optima in limited iterations. 
Meanwhile, a more appropriate position of the initial cluster 
centers can be determined from FA for KHM, from which it 
generates a better input to FA in return, so as to accelerate its 
convergence to the global optima.  

The algorithm for the implementation of FAKHM is given 
as follows [12, 14]:  

Step 1: Set the initial parameters; including the maximum 
iteration count Itercount, number of fireflies n, light 
absorption coefficient γ, and initial attractiveness 
β0. 

Step 2: Generate the initial population of n fireflies within 
d-dimensional search place randomly xi, i = 1,…,n 
to carry out their forage activity. 

Step 3: Set iterative countGen_1 = 0. 

Step 4: Set iterative countGen_2 = 0 and countGen_3 = 0. 

Step 5: FA Approach 

 Step 5.1: Determine light intensity Ii at xi which 
is directly proportional to f(xi). 

 Step 5.2: Compare the light intensity for each 
firefly. If the light intensity for firefly 
i is greater than firefly j, move firefly 
i to firefly j in d-dimension, by using 
Equation (6).  

 Step 5.3: Evaluate the new solutions and update 
the light intensity Ii at new position xi. 

 Step 5.4: Update countGen_2 = countGen_2 + 
1.  

If countGen_2 < 8, go to Step 5.2. 
Otherwise, go to Step 6. 

Step 6: KHM Approach 

For each observation i, 

 Step 6.1: Take the result from FA as the initial 
cluster centers for KHM algorithm. 

 Step 6.2: Calculate the objective function, 
membership and weight function, by 
using Equations (1) - (3). 

 Step 6.3: Update the cluster center ci according 
to Equation (4). 
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 Step 6.4: Update countGen_3 = countGen_3 + 
1.  

If countGen_3 < 4, go to Step 6.2. 
Otherwise, go to Step 7. 

Step 7: Update countGen_1 = countGen_1 + 1.  

If countGen_1 < Itercount, go to Step 4. Otherwise, 
assign the observation to the cluster i with the 
largest m(ci|xj) 

It is of interest to note that for each loop of FAKHM, four 
iterations of KHM are applied to the fireflies obtained after 
every eight cycles, in order to improve its fitness value. These 
values are chosen based on the previous studies [4, 5]. The 
value of p in Equations (1)-(3) is chosen empirically as 2.     

V. EXPERIMENTAL SIMULATIONS 

 To validate the feasibility and validity of the proposed 
hybrid FAKHM algorithm as compared to the FA and KHM 
algorithms, the experimental studies of these algorithms in two 
artificial datasets are presented. In addition to the simulated 
datasets, the publicly available real life datasets (breast cancer, 
iris and wine datasets) from the UCI machine learning 
repository (http://archive.ics.uci.edu/ml/datasets.html) are 
taken into consideration as well. 

A. Datasets 

The description of the datasets used in this present study is 
given as follows: 

i. Artset1: As illustrated in Figure 1, Artset1 is a two-
dimensional artificial dataset with three non-
overlapping clusters, where there are 100 
observations in each cluster. The observations are 
independently derived from bivariate normal 
distribution with means  (-2,-2), (2,2), (6,6) and 

covariance matrix 
0.4 0.04

0.04 0.4

 
  
 

  . 

ii. Artset2: As portrayed in Figure 2, Artset2 is a three-
dimensional simulated dataset with a total of 300 
observations. The observations are generated from 
the uniform distribution on the set of (10,25), (25,40), 
and (40,55) for each cluster, respectively, with 100 
observations in each cluster.  

 

 

 

 

 

 

 

 

 

Fig. 1. Data distribution of dataset Artset1, which consists of three clusters 

and 100 observations in each. 

 

 

TABLE I.  CHARACTERISTICS OF THE DATASETS 

Dataset 

No. of 

Classes 

No. of 

Atrributes 

Size of dataset (no. of instances 

in each class is given in 
parentheses) 

Artset1 3 2 300 (100,100,100) 

Artset2 3 3 300 (100,100,100) 

Breast 

Cancer 
2 9 683 (239, 444) 

Iris 3 4 150 (50, 50, 50) 

Wine 3 13 178 (59, 71, 48) 

 

iii. Breast Cancer: The Wisconsin breast cancer dataset 
has 683 instances with 9 attributes corresponding to 
the clump thickness, uniformity of cell size, 
uniformity of cell shape, marginal adhesion, single 
epithelial cell size, bare nuclei, bland chromatin, 
normal nucleoli and mitoses, and involves a binary 
classification problem. Partitioning aims to predict 
whether the given instance is benign (239 instances) 
or malignant (444 instances), which are linearly 
separable. 

iv. Iris: There are three classes exist in the Iris dataset, 
where each of them represents a type of Iris plant: 
Iris Setosa, Iris Versicolour and Iris Virginica. Each 
class contains 50 instances with 4 attributes refer to 
the  sepal length, sepal width, petal length and petal 
width.  

v. Wine: The chemical analysis results for wines from 
three different cultivars are summarized in this 
dataset. The 13 attributes are referring to the amount 
of different constituents (Alcohol, Malic acid, ash, 
alkalinity of ash, Magnesium, total phenols, 
flavanoids, non-flavanoid phenols, Proanthocyanins, 
colour intensity, hue, OD280/OD315 of diluted 
wines, Proline) found in the 178 instances (59, 71 and 
48 instances for each cultivar, respectively). 

The characteristics of the datasets under investigation are 
summarized in Table 1.  
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Fig. 2. Data distribution of dataset Artset2, which consists of three clusters 

and 100 observations in each. 

 

 

TABLE II.  SIMULATION RESULTS OF KHM, FA AND FAKHM IN 

CLUSTERING THE ARTIFICIAL AND REAL LIFE DATASETS 

Dataset Performance 

Measure 

Clustering Algorithm 

  FA KHM FAKHM 

Artset1 SumKHM 598.492 

(0.000) 

600.265 

(0.000) 
598.492 

(0.000) 

 F-Measure 1.000 

(0.000) 

1.000 

(0.000) 

1.000 

(0.000) 

 Runtime 0.213 

(0.029) 

8.187 

(0.155) 

1.827 

(0.028) 

Artset2 SumKHM 4.826E

+4 

(0.000) 

3.611E+5 

(1.756E+3) 
4.826E+4 

(0.000) 

 F-Measure 1.000 

(0.000) 

0.684 

(0.005) 
1.000 

(0.000) 

 Runtime 0.455 

(0.035) 

0.638 
(0.018) 

4.004 
(0.310) 

Breast 

Cancer 

SumKHM 2.983E

+4 
(0.000) 

1.188E+5 

(8.483E+3) 
4.654E+3 

(656.422) 

 F-Measure 0.951 

(0.000) 

0.902 

(0.015) 
0.962 

(0.001) 

 Runtime 0.675 

(0.051) 

6.225 

(0.304) 

19.645 

(0.878) 

Iris SumKHM 181.728 

(0.000) 

1375.842 

(1.798) 

185.667 

(0.000) 

 F-Measure 0.892 

(0.000) 

0.864 

(0.031) 

0.933 

(0.000) 

 Runtime 0.262 

(0.052) 

0.346 
(0.010) 

4.607 
(0.030) 

Wine SumKHM 5.388E

+6 
(0.000) 

1.658E+7 

(6.831E+6) 
1.085E+5 

(1.061E+5) 

 F-Measure 0.686 

(0.000) 

0.613 

(0.045) 
0.718 

(0.004) 

 Runtime 0.870 

(0.107) 

1.010 
(0.197) 

5.610 
(1.880) 

a. The results shown in this table are the means and standard deviation (in parenthesis) for 10 
independent runs. Bold values are the best performances achieved by the algorithms. 

 

B. Performance Evaluation 

For quantitative evaluation purpose, two performance 
criteria are utilized in order to quantify the superiority of a 
clustering solution, which are: 

i. SumKHM: It represents the summation from all observations 
for the harmonic average of the Euclidean distance 
between an observation and all the cluster centers. The 
value for SumKHM can be calculated by using Equation (1) 
wherein, a better clustering solution will be indicated by a 
lower SumKHM score.  

ii. F-measure: The F-measure is defined as [4, 5, 7]: 

                max { ( , )},i
ji

n
F F i j

n
                      (7) 

where  
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p(i,j) and r(i,j) are precision and recall for each class i 
(from  reference solution) and cluster j (from clustering 
solution)  which are given by: 

                                   ( , ) ,
ij

j
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n
                                (9) 

and                                ( , ) ,
ij

i

n
r i j

n
                              (10) 

where nj, ni and nij is the number of observations assigned 
 to cluster j, number of observations in class i, and number 
 of observations of class i within cluster j. The value of b is 
 chosen as 1 so that an equal weighting for both precision 
 and recall are obtained. A better clustering solution will be 
 indicated by a higher F-measure, where the score 1 means 
 that the perfect clustering is attained.   

For each dataset, the experimental simulation of KHM, FA 
and FAKHM algorithms is computed for 10 times. The 
obtained results are averaged, where the means and standard 
deviation for each algorithm in addition to its total runtime are 
summarized in Table 2.   

C. Results and Discussion 

As evident in Table 2, the KHM, FA and FAKHM 
algorithms provide appropriate partitioning results for dataset 
Artset1, which is clearly indicated by the attained F-measure = 
1 for all cases. This is not surprising since Artset1 is a low-
dimensional simple dataset which possesses non-overlapping 
data distribution, as illustrated in Figure 1. In fact, these three 
algorithms are able to converge to the optimal cluster centers 
successfully, where the solutions of {(-2.0463, -1.9499), 
(2.1003, 2.0136), (6.0481, 6.0313)}, {(-2.1119, -1.9886), 
(2.0716, 2.0096), (6.0509, 6.0189)} and {(-2.0443, -1.9482), 
(2.1057, 2.0204), (6.0470, 6.0304)} are generated by KHM,  

FA and FAKHM, respectively, and hence, their obtained 
average SumKHM values are almost identical. It thus suggested 
that the three algorithms may perform equally when the 
dataset under investigation is well-separated; however, the 
KHM allows the fastest computation.  For the Artset2, both of 
the KHM and FAKHM algorithms are comparable in terms of 
SumKHM and F-measure, but the former gives faster 
convergence to the global optima.  

For the real life datasets, Table 2 shows that the utilization 
of FA with KHM could lead to a better partitioning result, as 
indicated by the highest F-measure obtained by the FAKHM 
for the concerned datasets. At the same time, the average 
values of SumKHM for FAKHM are practically perfectly or 
even superior to those achieved by KHM, while the 
performance of algorithm is presumable preferable for 
clustering a high-dimensional complex dataset, especially 
when the underlying interaction between the attributes is 
indistinct.  
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Performance assessment of the proposed FAKHM 

algorithm and other methods reported in literature applied to 
the same datasets are made in terms of F-measure, which is 
presented in Table 3. It can be deduced from this table that the 
FAKHM offers more promising solutions, as it surpassed the 
other metaheuristic algorithms, specifically, the ACA, 
ACAKHM, GSAKHM, PSO, and PSOKHM, by achieving the 
highest F-measure for all the datasets, from which the 
superiority and feasibility of the FAKHM can be validated.  

TABLE III.  PERFORMANCE COMPARISON OF FAKHM ALGORITHM WITH 

OTHER RESULTS IN LITERATURE 

Dataset Method F-Measure Reference 

Artset1 ACA 0.35(0.2) [7] 

 ACAKHM 1.000(0.000) [7] 

 GSAKHM 1.000(0.000) [4] 

 PSO 1.000(0.000) [5] 

 PSOKHM 1.000(0.000) [5] 

 FAKHM 1.000(0.000)  

Artset2 ACA 0.39(0.37) [7] 

 ACAKHM 1.000(0.000) [7] 

 GSAKHM 1.000(0.000) [4] 

 PSO 0.681(0.093) [5] 

 PSOKHM 1.000(0.000) [5] 

 FAKHM 1.000(0.000)  

Breast 

Cancer 

GSAKHM 0.862(0.000) [4] 

 PSO 0.820(0.046) [5] 

 PSOKHM 0.835(0.003) [5] 

 FAKHM 0.962(0.001)  

Iris ACA 0.31(0.16) [7] 

 ACAKHM 0.80(0.07) [7] 

 GSAKHM 0.766(0.000) [4] 

 PSO 0.740(0.025) [5] 

 PSOKHM 0.765(0.004) [5] 

 FAKHM 0.933(0.000)  

Wine ACA 0.21(0.2) [7] 

 ACAKHM 0.53(0.02) [7] 

 GSAKHM 0.553(0.000) [4] 

 PSO 0.530(0.039) [5] 

 PSOKHM 0.553(0.000) [5] 

 FAKHM 0.718(0.004)  

a. The results shown in this table are the means and standard deviation (in parenthesis). Bold values are 
the best performances achieved by other methods in literature and the FAKHM in each dataset. 

 

VI. CONCLUSION 

In this paper, a hybrid clustering algorithm based on KHM 
and a recent developed swarm intelligence technique, 
specifically, the firefly algorithm is proposed. The validity of 
the resulted FAKHM algorithm is assessed empirically, 
through simulation on artificial and real life datasets. The 
obtained results demonstrate the beneficial potential of 
FAKHM, as it provides adequate clustering results for the 
concerned datasets which possess different structures. Its 
superiority is especially noteworthy when dealing with the 
high-dimensional complex datasets wherein, it outperforms 
the other nature inspired approaches in most cases. Although 
the proposed FAKHM alleviates the local optima problem in 
KHM, the computation of FAKHM is onerous and thus, 
increasing the search efficiency of FAKHM will be an 
interesting issue to pursue in the future work.   
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Abstract—Research and developments on hybrid electric 

vehicle (HEV)which combined battery based electric motor and 

conventional internal combustion engine (ICE) have been 

intensively increased since the last decade due to their promising 

solution that can reduce green house effect and global warming. 

Several electric motors under serious consideration for HEV 

propulsion system at present are dc motor, induction motor (IM), 

interior permanent magnet synchronous motor (IPMSM) and 

switched reluctance motor (SRM). Although IPMSMs 

areconsidered to be one of the successful electric motor used in 

HEVs, several limitations such as distributed armature windings, 

un-control permanent magnet (PM) flux and higher rotor 

mechanical stress should be resolved. In this paper, design 

investigations of E-Core hybrid excitation flux switching motor 

(HEFSM) with various slot-pole combinations for hybrid electric 

vehicles (HEVs) applications are presented. With concentrated 

armature and field excitation coil (FEC) windings, variable flux 

capability and robust rotor structure, performances of 6S-4P, 6S-

5P, 6S-7P and 6S-8P E-Core HEFSMssuch as flux lines, back-

emf, cogging torque, flux distribution, instantaneous torque 

profile and torque versus speed characteristics are analyzed 

based on 2D Finite Element Analysis (2D-FEA). The initial 

design E-core HEFSM with 6S-8P topology has achieved the 

highest torque and power of 106.7Nm and 35.4kW, 

respectively.Further design improvements and optimizations will 

be conducted in future to increase their performances. 

Keywords—Hybrid Excitation Flux Switching 

Machine(HEFSM); Permanent Magnet (PM); Field-Excitation 

(FE)Coil; Hybrid Electric-Vehicle (HEV) 

I.  INTRODUCTION (HEADING 1) 

An emphasis on green technology is greatly demanded of 
modern cities. The significant growth of today's cities has led 
to an increased use of transportation, resulting in increased 
urban pollution and other serious environmental problems that 
cause the greenhouse effect, which in turn leads to global 
warming. Gases produced by vehicle should be controlled and 
proactive measures should be taken to minimize these 
emissions [1-2]. In response to concern the environmental 
problem, Japan becomes the first country that commercialized 
hybrid electric vehicle in this world [3]. The automotive private 
industry such as Toyota and Honda has introduced hybrid cars, 
such as Toyota Prius and Honda Insight that minimize the use 
of combustion engines by integrating them with electric motors 

[4]. Such technology has a positive effect on the environment 
by reducing gas emission. The greatest challenge in research 
activities today is developing near zero-emission powered 
vehicles with optimum driving comfort. Electric vehicles 
powered by renewable energies offer a possible solution 
because they only emit natural byproducts and not exhaust 
fumes, which improve the air quality in cities and, thus the 
health of their populations [5]. In electrical machines, electric 
motors are used to transform one form of energy into another 
(electrical energy to mechanical energy). The main types of 
electric motors under serious consideration for HEVs and EVs 
at present are dc motor, induction motor (IM), permanent 
magnet synchronous motor (PMSM) and switched reluctance 
motor (SRM) [6-7]. Based on extensive review on up to date 
electric-propulsion systems, it is observed that investigations 
on cage IMs and PMSMs are highly dominant, whereas those 
on dc motors are decreasing but SRMs are gaining much 
interest [8-10]. 

Currently, an example of successfully developed electric 
motors for HEVs is interior permanent magnet synchronous 
motor (IPMSM) using rare-earth PM which has been employed 
mainly to increase the power density of the machines [11-13]. 
In spite of their good performances and well operated, 
IPMSMs installed in HEV, have some drawbacks such as (i) 
three-phase armature windings are wounded in the form of 
distributed windings which results in much copper loss and 
high coil end length (ii) mechanical stress of rotor depends on 
high number of PM bridges causes much flux leakage between 
PMs (iii) complex shape and structure which is are relatively 
difficult to perform design optimization (iv) constant flux from 
PM is difficult to control especially at light load high speed 
operating points [13-14]. In order to avoid such weakness, a 
new hybrid excitation flux switching motor (HEFSM) with 
concentrated armature windings, robust rotor structure suitable 
for high speed applications, much simpler shape, and 
controllability of PM flux by DC field excitation coil (FEC) is 
identified and selected as alternative candidate for HEV drive 
system [15-16]. In this paper, initial performances of 6S-4P, 
6S-5P, 6S-7P and 6S-8P E-Core HEFSM in term of armature 
coil test, flux enhancing, flux distribution, flux linkage, torque 
profiles and power characteristics are analyzed and discussed. 
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II. E-CORE HEFSMS TOPOLOGIES 

HEFSMs are those which utilize primary excitation by PM 
as well as DC-FEC as secondary source. The goal behind using 
two excitation field sources is to combine advantages of PM 
excited machines and DC-FEC synchronous machines. DC-
FEC is used to control excitation flux in the air-gap, which 
improves flux weakening capability. Hybrid excitation allows, 
by controlling excitation flux, the design of machines with a 
relatively low armature magnetic reaction and, at the same 
time, the extension of the speed operation range. Furthermore, 
it improves efficiency in the most frequently used operating 
zones of the traction motor. Machines with a relatively low 
armature magnetic reaction have better power factor, which 
implies a lower power rating for the power converters 
connected to them. Besides, hybrid excitation offers an 
additional degree of freedom and improves energy efficiency 
of the traction motors which have been researched extensively 
over many years [17].  

The development of E-Core HEFSM starts with evolution of 
conventional 12S-10P permanent magnet flux switching 
machine (PMFSM) as shown in Fig. 1. In Fig. 1(a) the salient 
pole stator core consists of modular “U-shaped” laminated 
segments which are placed circumferentially between alternate 
polarities of magnetized PMs. The stator winding comprises 
concentrated armature coils wounded on a stator pole formed by 
two adjacent laminated segments and a magnet. As compared 
with conventional PM brushless machines [18], the slot area is 
reduced when the magnets are moved from the rotor to the 
stator, but when liquid cooling is employed, temperature rise of 
the magnets may be more easily managed since it is very 
difficult to dissipate the heat from rotor of conventional 
machine. PMFSM may have all poles wound or alternate poles 
wound as depicted in Fig. 1(a) and (b), respectively. It is 
obvious that in an alternate pole wound, the torque reduces 
considerably when PM in stator poles without coils are 
eliminated. In order to reduce the PM usage and, consequently, 
the cost, the stator poles without coils are replaced by 
corresponding stator teeth. However since the PM in the stator 
poles which carry coils are magnetized in the same direction, 
their magnetic field is “short circuited” via the stator back-yoke. 
Consequently, the circumferentially magnetized magnets of 
alternate polarity are employed as illustrates in Fig. 1(c), which 
is designated as E-core PMFSM due to laminated “E-shape” 
segments employed in the stator. In contrast with conventional 

all pole wound PMFSM, the E-core PMFSM has the same rotor 
structure, less number of stator poles and half volume of PM. 
The magnet and its two adjacent stator teeth are defined as one 
stator pole [18-19]. 

A new structure of 6S-10P E-Core HEFSM is designed by 
employing additional DC-FEC on the middle stator teeth of the 
E-Core PMFSM with no magnet as shown in Fig. 2[10]. It 
sustains equivalent outer diameter as the corresponding E-Core 
PMFSM and exhibits a simpler 2D structure when compared 
with hybrid-excited PM machine developed from the 
conventional PMFSM. Since it also employs non overlap 
between DC-FEC and armature windings, the number of turns 
per phase of the E-Core HEFSM is maintained similar as that of 
the E-Core PMFSM. Moreover, the slot area in this machine is 
divided into two partitions, each for armature coil and DC-FEC 
windings, respectively. The total number of armature winding 
turns is equal to that of DC-FEC winding turns to ease the 
comparison of armature and field currents, because the slot 
areas for these two kinds of windings are equivalent. It is worth 
mentioning that, unlike the HEFSM developed from 
conventional PMFSM [20], the magnet field excited in the 
designed E-Core HEFSM remains similar as that in the 
conventional E-Core PMFSM. With additional DC-FEC 
employs in the designed motor, variable flux control capability 
can easily be applied to the E-Core HEFSM for various 
performances when compared with constant flux of PM in 
PMFSM. 

III. OPERATING PRINCIPLE OF E-CORE HEFSM 

The operating principle of E-Core HEFSM is similar with 
conventional flux switching machine (FSM) in which the flux 

                       
       (a)                           (b)                (c) 

Fig. 1: Conventional and E-Core PMFSM (a) Conventional PMFSM with all pole wound. (b) Conventional PMFSM with 

alternative pole wound (c) E-Core PMFSM with alternate PM direction. 

 
Fig. 2: E-Core HEFSM 
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flows from the stator to the rotor switches its polarity following 
the rotation of rotor. At one instant, half of rotor poles receive 
the flux from the stator while another half of rotor poles bring 
the flux to the stator to make a complete flux cycle. The 
operating principle and definition of flux switching can be 
described either by changing flux in the stator or changing flux 
in the rotor. Fig. 3 illustrates the operating principle of E-Core 
HEFSM in three different conditions. In Fig. 3(a), both fluxes of 
PM and DC-FEC flow from stator to rotor pole P2 and return 
back to the stator by rotor pole P1. At this stage, it is obvious 
that rotor pole P2 received the flux from stator.  Meanwhile, in 
Fig. 3(b), when the rotor moves to the left side approximately 
half electric cycles, both fluxes from stator flow to rotor pole P3 
in between DC-FEC winding of right side. It is clear that the 
stator flux switches its polarity through rotor pole P3 as 
receiving flux while rotor pole P2 brings the flux back to the 
stator to form a complete flux cycle. Finally, Fig. 3(c) depicts 
the condition where rotor pole P3 is in similar condition of rotor 
pole P2 in Fig. 3(a) to form one electric cycle. The flux from 
stator flows through stator teeth between PM and armature coil 
to rotor pole P3 while rotor pole P2 brings the flux to the stator, 
simultaneously. Since the direction of both PM and FEC fluxes 
are in the same polarity, both fluxes are combined and move 
together into the rotor, hence producing more fluxes with a so 

called hybrid excitation flux [21-23]. 

IV. DESIGN RESTRICTION AND SPECIFICATION 

In this paper, design study and flux interaction analysis 
between DC-FEC and armature coil of 6S-4P, 6S-5P, 6S-7P and 
6S-8P E-Core HEFSM are investigated. The main geometrical 
dimensions of the designed E-Core HEFSM are identical with 
IPMSM used in conventional HEV in which the stator outer 
diameter and stack length are set to 132mm and 70mm, 
respectively. Fig. 4 shows the motor with initial dimension of 
main machine parts including air gap, stator outer and inner 
diameter, rotor outer and inner diameter and shaft diameter. 
The design restrictions and target specifications of the E-Core 
HEFSM are listed in Table 1 including the available and 
estimated specifications of the E-Core HEFSM for the same 
characteristic with IPMSM used HEV [9]. The electrical 
restrictions related with the inverter such as maximum 650V 
DC bus voltage and maximum 360V inverter current are set to 
be much severe. Assuming that only a water-jacket system is 
employed as the cooling system of the machine, the limit of the 
current density is set to 30Arms/mm

2
and 30A/mm

2
for both 

armature winding and DC-FEC respectively. In addition, the 
weight of PM is limited to maximum of 1kg where 
Neomax35AH having coercive force at 20°C and residual flux 
density of 932kA/m and 1.2T, respectively is used as PM 
material while the electrical steel 35H210 is used for the stator 
and rotor body. The rotor structure is mechanically robust to 
rotate at high speed because it consists of only stacked 
electromagnetic sheets and hence, it is highly possible to 
elevate the target maximum operating speed up to 12,400r/min 
while keeping enough rotor mechanical strength. The target 
maximum torque and power are 333Nm and 123KW 
respectively, determined from a realization of comparable with 
the present IPMSM. 

The relationship between the number of rotor pole and stator 
slot for the three phase structure are used to find the attainable 
numbers of slot and pole that can be express as: 











q

k
nn sr

2
1

 

(1) 

where nr is the rotor poles number, ns is the stator slot number, q 
is the number of phases and k is the natural entity. In this study, 

 
(a) 

 
(b) 

 
(c) 

Fig. 3: Principle operation of E-Core HEFSM (a) flux from 

stator via P2 and P1 (b) flux from stator via P3 and P2 (c) flux 

from stator via P3 and P2 for one electric cycle 

TABLE 1. E-CORE HEFSM DESIGN SPECIFICATIONS AND LIMITATIONS 

Items IPMSM HESFM 

Maximum DC voltage (V) 650 650 

Maximum current (Arms) 360 360 

Maximum Ja (Arms/mm2)a 31 30 

Maximum Je (A/mm2)b NA 30 

Stator diameter (mm) 264 264 

Machine length (mm) 70 70 

Diameter of shaft (mm) 60 60 

Air-gap (mm) 0.8 0.8 

PMvolume (kg) 1.1 <1.0 

Max. speed (r/min) 12,400 12,400 

Max. torque (Nm) 333 >333 

Max. power (kW) 123 > 123 

Power density (kW/kg) 3.5 > 3.5 

Ja is current density in armature coil 

Je is current density in FE Coil 
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the selected number of stator and rotor slot is 6 and 4, 5, 7 and 8 
correspondingly. In this proposed motor, the motor rotation 

through 1/nr of a revolution, the flux linkage of armature has 
one periodic cycle and thus, the frequency of back-emf induced 
in the armature coil is nr times of the mechanical rotational 
frequency. 

In general, the mechanical rotation frequency, fm and the 
electrical frequency, fe for the designed motor can be expressed 
as:  

mre fnf 

 

(2) 

where fe, nr and fm is the is the electrical frequency, number of 
rotor poles and mechanical rotation frequency, respectively. The 
number of turns of armature coil and DC-FEC are defined from 
Equation 3 and 4, respectively while the filling factor of the 
motor, α is set at 0.5. 
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where N, J, α, S and I are number of turns, current density, 

filling factor, slot area and input current, respectively while the 

subscript “a” and “e” represent armature coil and DC-FEC, 

correspondingly. To ensure flux flow from stator to rotor 

equally without any flux leakage, the rotor teeth width of all 

designed E-Core HEFSMs is defined as: 

 

  Stator Tooth Width =  Rotor Tooth Width     (5) 

 
Basically, the design parameters of E-Core HEFSM are 

separated into two groups such as those related to rotor and 
stator structure. There are three groups that consist on the stator 
core design, such as the DC-FEC slot shape, armature slot 
shape, and PM. The rotor parameters consist of outer rotor 
radius (D1), rotor pole depth (D2) and rotor pole width angle 
(D3). PM width (D4) and the PM height (D5) are included in 
PM slot shape parameters while for the armature slot parameters 
consist of armature height and width, (D6) and (D7) 
correspondingly. Lastly, the DC-FEC parameters are DC-FEC 
height (D8) and DC-FEC width (D9).  

V. PERFORMANCES PREDICTION OF INITIAL E-CORE HEFSM 

BASED ON 2D-FEA 

The performance predictions of the designed E-Core 
HEFSMs are conducted using commercial 2D-FEA package, 
JMAG-Studio ver.13.0, released by Japanese Research 
Institute. Primarily, the rotor, stator, armature coil, DC-FEC and 
PM of the proposed 6S-4P, 6S-5P, 6S-7P and 6S-8P E-Core 
HEFSMs are sketched in Geometry-Editor. Then, the area of 
armature coil, Sa and the area of DC-FEC, Se are used to 

   
(a)      (b) 

 

    
(c)      (d) 

 
Fig. 4. Main machine dimension of proposed E-Core HEFSM (a) 6S-4P (b) 6S-5P (c) 6S-7P (d) 6S-8P 
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calculate optimum natural number of turns of armature coil, Na 
and DC-FEC, Ne, respectively. Besides, the materials, 
conditions, circuits and properties of the machine are set in 
JMAG-Designer. Moreover, performance characteristics in 
open circuit and load conditions such as coil arrangement test, 
hybrid excited flux characteristics, induced voltage generated by 
PM, flux linkage, flux distribution, torque and power at various 
speed are analyzed in this design 

A. Flux Path and Flux Linkage of PM at Open Circuit 

Condition, Back-emf and Cogging Torque 

Under open circuit condition, the flux paths and flux 
distributions of PM only for 6S-4P, 6S-5P, 6S-7P and 6S-8P 
E-Core HEFSMs at zero degree rotor positionare compared as 
illustrated in Fig. 5 and Fig. 6, respectively. From Fig. 5, all 
flux lines flow from stator to rotor and return through adjacent 
rotor teeth to make a complete six flux cycles of PM in each 
design. In addition, most of the generated fluxes are 
distributed uniformly around the stator and rotor poles with 
average flux density of 2.8T. However, the fluxes generated 
are slightly saturated at rotor air gap and stator outer yoke with 
maximum magnetic flux density of approximately 3Tesla. 

Thus, from design point of view, the rotor air gap can be 
reduced to decrease the flux leakage, while the stator outer 
yoke width can be increased to reduce the flux saturation.  

The generated PM flux linkages under coil test analysis are 
also compared as depicted in Fig. 6 for all designs. It is 
noticeable that 6S-4P design has the highest magnetic flux 
amplitude of 0.056Wb, while 6S-5P and 6S-7P designs have 
similar flux characteristics with flux amplitude of 
approximately 0.049Wb, and 6S-8P design has the lowest 
magnetic flux with approximately half of 6S-4P design. It is 
observed that increasing the rotor pole number results in low 
flux generation due to separation of flux in all rotor teeth. In 
addition, the flux characteristics of 6S-4P and 6S-8P designs 
are much distorted when compared with 6S-5P and 6S-7P 
designs due to fairly significant difference between slot-pole 

combinations. 

Fig. 7 and Fig.8 illustrate the comparisons of no-load 
induced voltage and cogging torque of all E-Core HEFSMs 
design, respectively where the induced voltage with Je of 
0A/mm

2
represents the voltage generated due to PM flux only. 

At the speed of 1200r/min, the highest induced voltage 
amplitude of 91.58V is achieved for 6S-8P design, while the 
lowest induced voltage amplitude of 52.87V is achieved for 
6S-4P design. It is noticeable that most of the induced voltage 
waveforms are distorted with large amount of cogging torque 
pulsation due to the fifth harmonic order that occurs in the 
initial flux itself. From Fig. 8, less amount of cogging torque 
with approximately 4Nm peak-to-peak for 6S-7P is produced 
due to slightly sinusoidal back-emf compared to other number 
of rotors. Since the peak-peak torque generated should 

 
  (a)    (b) 

 

 
(c)   (d) 

Fig. 5. Flux lines of various slot-pole combinations (a) 6S-4P (b) 6S-5P 

(c) 6S-7P (d) 6S-8P 

 

 
Fig. 6. Flux linkage of PM for each slot-pole combination 
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Fig. 7. Back-emf at various rotor pole configurations 

 

 
Fig. 8. Cogging torque of the initial design 
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generally not exceed 10% from the average torque to avoid 
high vibration and noise, further design refinement should be 
conducted to get the best performance of the machine. 

B. DC-FEC and PM with DC-FEC Flux Linkages at various 

Je 

The DC-FEC flux characteristics at various DC-FEC 
current densities, Je for 6S-4P, 6S-5P, 6S-7P and 6S-8P E-
Core HEFSMs are also investigated as illustrated in Fig. 9. 
From the plot, it is clear that initially the flux patterns for 6S-
4P, 6S-5P and 6S-8P designs are increased with the increase in 
current density until Je of 10A/mm

2
. However, the flux 

generated starts to reduce when higher Je is injected to the 
system. For all design configuration, flux linkage become 
constant at Je of 25A/mm

2
 due to saturation effect as clearly 

demonstrated in the plot. Furthermore, the flux linkage 

combinations of both PM and DC-FEC at various DC-FEC 
current densities are also investigated as shown in Fig. 10. 
From the plot, 6S-4P and 6S-5P designs give similar flux 
characteristics in which the fluxes keep increasing until Je of 
15A/mm

2
 and start to reduce when higher Je is injected. In 

addition, at Je of 0A/mm
2
, although the flux generated from 

6S-7P and 6S-8P designs are higher than 6S-4P and 6S-5P 
designs, it is evident that flux from DC-FEC cancelled all the 
PM flux and become saturated at Je of 20A/mm

2
. 

C. Torque vs Je Characteristics at max. Ja 

The torques characteristic at different Je values is plotted in 
Fig. 11. From the graph, it is clear that higher Je values at 
maximum Ja will enhance the torque for 6S-4P and 6S-5P 
designed. The graphs obviously illustrate that 6S-7P and 6S-8P 
give similar torque characteristic. The maximum torque of 

106.65Nmfrom 6S-8P is achieved when Ja is set to 30A/mm
2 

followed by 6S-7P with torque value of 100Nm. For both 
designs, when DC-FEC current density employed to the 
system, torque are automatically reduced. Based on 
examination of magnetic flux density distribution, it is found 
that, flux from Je cancels the armature flux thus reducing the 
torque generation. From the plot, for design of 6S-4P and 6S-5P 
at Ja of 5Arms/mm

2
 until 30 Arms/mm

2
 it is noticeable that the 

average torque is increased with increasing Je. The investigation 
of short circuit field distribution based on 2D-FEA for PM with 
maximum DC-FEC at maximum Ja of the initial design 6S-4P, 
6S-5P, 6S-7P and 6S-8P E-Core HEFSMs are illustrated in Fig. 
12 in which most the flux leak to the surrounding area in case 
of 6S-4P.  

D. Torque vs Speed Characteristics 

The torque versus speed curves of each E-Core HEFSM 
topology is plotted in Fig.13. It is clear that 6S-8P design has 
the highest maximum torque of 106.65Nm at based speed of 
3171r/min, while the lowest torque characteristic of 52.22Nm 
at based speed 8103r/min is achieved for 6S-4P design. Since 

 
Fig. 9. DC-FEC flux linkage at various Je 

 

 
Fig. 10. PM and DC-FEC flux linkage at various Je 
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Fig. 11. Torque versus Je at Max Ja 
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Fig. 12. Flux distribution of various slot-pole combination (a) 6S-

4P (b) 6S-5P (c) 6S-7P (d) 6S-8P 
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the initial torque in this initial design are far from the target 
performances of HEV, design optimization based on 
deterministic optimization method will be conducted in future. 
The performance comparisons of all design E-Core HEFSM are 
listed in Table 2. 

 

VI. CONCLUSION 

Design viability studies and performance investigation of 
6S-4P, 6S-5P, 6S-7P and 6S-8P E-Core HEFSMs topologies 
are presented in this paper. The operating principle of DC-
FEC, PM and armature windings placed on the stator has been 
analyzed for HEV applications. The performances of the E-
Core HEFSM such as flux capability, torque and power versus 
speed curve have been examined. To prove the operating 
principle and to validate each coil phase, the coil arrangement 
test for this design has been examined. The machine has the 
advantages of easy manufacturing, low cost and copper loss 
due to less volume of PM and less FEC respectively. Finally, 
the proposed E-Core HEFSM is suitable for various 
applications with various performances. 
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Fig. 13: Torque versus speed characteristics 

TABLE II.  PERFORMANCE COMPARISONS OF E-CORE HEFSMS 

Items 6S-4P 6S-5P 6S-7P 6S-8P 

Max. Speed (r/min) 12000 12000 12000 12000 

Max. Torque (Nm) 52.22 87 64.27 106.65 

Machine weight (kg) 27.7 27.66 27.63 27.62 

Power (kW) 62.1 47 47.72 56.55 

Torque density (Nm/kg) 1.885 3.145 2.326 3.861 

Power density (kW/kg) 2.242 1.7 1.727 2.047 
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Abstract— This paper presents a material characterization 

method by using microwave signals at the frequency of 2.4 GHz 

and 5.2 GHz. Two types of circular loop FSS are used to filter the 

transmission waves at both selected frequency bands. The chosen 

materials for characterization are distilled water, bicarbonate 

water, rock and black soil. The measurement is conducted in an 

indoor environment with the distance of 30 mm. The materials 

are characterized based on reflection and transmission signals 

extracted from measured S-parameters. The results showed that 

black soil has the highest reflection loss at the frequency of 2.4 

GHz while distilled water has the highest reflection at the 

frequency of 5.2 GHz. Meanwhile, rock showed minimum 

transmission losses of -18 dB and -26 dB at 2.4 GHz and 5.2 GHz 

respectively. This characterization method can be used to identify 

different materials such as liquid or solid structure. 

Keywords—frequency selective surface (FSS); reflection (S11); 

transmission (S21); ism band 

I.  INTRODUCTION  

In 1968, metamaterial had been proposed by V.G 

Veselago. These metamaterials possess characteristics of 

subwavelength with particles smaller than the wavelength of 

light and it also has properties that may not be available in 

nature. Normally these metamaterials gain their properties 

from their design structures instead of composition. Therefore, 

antennas, filters, FSS and etc., are some of the potential 

applications of metamaterials in the design of radio-frequency 

components [1-5]. 

FSS is a type of periodic structure that functions as a filter 

in space [6]. This Frequency Selective Surface (FSS) usually 

consists of two surfaces which are metallic patch element and 

aperture elements (slot) [6-7]. Each element in the design has 

its own specific purpose and function. For example, the patch 

element produces band stop signal while the aperture element 

will produce band-pass signal. These surfaces periodically 

exhibit nearly total reflection (patches) or nearly total 

transmission (apertures) at the resonance frequency [6]. An 

FSS can be etched on FR4 in order to provide transmission 

improvements for WLAN applications at 2.4 GHz and 5.2 

GHz. This paper proposed the characteristics of the FSS that 

were based on different materials to observe the performance 

of the FSS. 

II. FSS DESIGN PROCESS 

The proposed physical design structure of the FSS is as 

shown in Figure 1. This structure has been designed using FR4 

material where the thickness of substrate is 1.6mm, the 

dielectric constant is 4.4 and loss tangent is 0.019. Meanwhile, 

the surface of FSS has been designed using copper material. 

This design was analyzed using Computer Simulation 

Technology (CST) Microwave Studio (MWS) software. 

 

 
Fig. 1. Design structure of FSS 

  

In this paper, two types of circular loop with different sizes 

will be investigated. The first design is Design A that can 

produce 2.4 GHz while the second design is Design B that can 

produce 5.2 GHz as shown in Figure 2 (a) and 3 (a). The 

design parameter that has been set for  Design A is length of 

(a) 13.8mm, radius of circle FSS (b) 13.6mm and radius of 

circle loop (c) 4.2mm. Meanwhile, the physical parameters 

that have been set for Design B are the length of (a), radius of 

circle FSS (b) and radius circle loop (c) are 13.8mm, 11mm, 

6mm respectively. 
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                    a. Design in CST software                   b. Prototype 

Fig. 2. Design A 

    
            a. Design in CST software                      b. Prototype  

Fig. 3. Design B 

 

Figure 2 (b) and 3 (b) shows the designed FSS after 

completing fabrication. This design has been fabricated using 

chemical etching to remove unwanted copper. The 

measurement process for those designs will be described in the 

measurement setup. 

III. MEASUREMENT SETUP 

Figure 4 shows the measurement setup to test the FSS 

design by using a pair of horn antenna (for transmitter and 

receiver) and network analyzer. Both of the horn antennas are 

connected to the network analyzer. Port 1 of the Network 

Analyzer is connected to the transmitter horn antenna while 

the receiver horn antenna is connected to port 2. The distance 

between transmitter horn antenna and receiver is fixed at 

60mm. The measurement results of reflection and 

transmission was measured to observe the performance of 

FSS. 

 

 
Fig. 4. Equipment setup 

 

Figure 5 shows the materials that have been tested by using 

an aquarium filled with rock, black soil, distilled water and 

bicarbonate water. The measurement and analysis process of 

the FSS performance has been done for each target material. 

The result and analysis for the measurement process will be 

described in the next section. 
 

    
                               a. Rock                                  b. Black soil 

 

    
                      c. Distilled water               d. Bicarbonate water 

Fig. 5. Materials for testing application. 

IV. RESULTS AND DISCUSSION 

Figure 6 and Figure 7 show the measurement result 

without FSS for the reflection and transmission respectively. 

From Table 1, it can  be illustrated that at  frequency 2.4 GHz 

and 5.2 GHz, the reflection and transmission for distilled 

water are -24.89 dB and -27.5 dB. Distilled water shows 

minimum reflection compared with other materials. However, 

the transmission result for distilled water is -38.42 dB and -

28.44 dB. Distilled water did not produce a minimum  

performance when compared with bicarbonate water, black 

soil and rock at frequencies of 2.4 GHz and 5.2 GHz.  

 

 
Fig. 6. Measurement Reflection, S11 

 

 
Fig. 7. Measurement Transmission, S21 

 

TABLE 1: MEASUREMENT WITHOUT FSS 

 

Material Reflection, S11 (dB) Transmission, S21 (dB) 

2.4GHz 5.2GHz 2.4GHz 5.2GHz 

Aquarium -11.07 -18.54 -33.04 -16.13 
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Bicarbonate water -20.68 -23.58 -36.04 -27.91 

Black soil -12.84 -18.47 -20.47 -27.94 

Distilled water -24.89 -27.59 -38.42 -28.44 

Rock -15.24 -18.62 -18.39 -26.67 

 

Figure 8 and Figure 9 show the measurement results of 

reflection with FSS. In Table 1 and Table 2, it can be observed 

that the reflection and transmission effect are not similar when 

FSS is used in the measurement setup.  The range of reflection 

at both frequencies is from -15 dB to -19 dB.  In this case, the 

minimum reflection is -19.81 dB as found at the frequency of 

5.2 GHz. Meanwhile, rock produces the minimum reflection 

of -18.53 dB at the frequency of 2.4 GHz. 

 

 
Fig. 8. Measurement S11 for configuration 1 with other material. 

 

 
Fig. 9. Measurement S11 for configuration 2 with other material 

 

The transmission wave result with FSS is shown in Figure 

10 and Figure 11. The result showed that the materials with 

FSS and without FSS were not much affected by the 

transmission of microwave signal. Reflection is measured 

from -16.13 dB to -16.22 dB when the FSS was used. 

However, bicarbonate water, black soil, distilled water and 

rock show an increment in the transmission signal from -

27.91dB to -25.47dB, -27.94 dB to -26.41 dB, -28.44 dB to -

26.41 dB and -26.67 dB to -25.07dB respectively.  

 

 
Fig. 10. Measurement S21 for configuration 1 with other material 

 

 
Fig. 11. Measurement S21 for configuration 2 with other material 

 

TABLE 2: MEASUREMENT RESULT WITH FSS 

Material Reflection, S11 (dB) Transmission, S21 (dB) 

2.4GHz 5.2GHz 2.4GHz 5.2GHz 

Aquarium -17.12 -19.81 -25.77 -16.22 

Bicarbonate water -15.57 -17.22 -36.29 -25.47 

Black soil -17.13 -17.23 -21.18 -26.41 

Distilled water -17.42 -19.26 -40.17 -26.26 

Rock -18.53 -16.68 -26.92 -25.07 

 

V. CONCLUSION 

In this paper, the method to characterize different materials 

using a microwave signal is presented. Two types of circular 

loop FSS were used as the microwave filter to filter the 

radiated signals which propagated through the materials. The 

proposed measurement technique showed that different 

materials can be characterized by using microwave signal 

reflection and transmission properties. 
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Abstract— Reinforced concrete (RC) deep beams are useful in 

high rise building to support high loading in a structure. In RC 
deep beam construction, openings are usually provided in beam 
for accessibility purpose and to accommodate essential services 
such as power supply, ventilation system and network system 
access. However, the presence of openings in deep beams may 
lead to many problems in the beam behaviour such as reduction 
in the beam capacity, cause excessive cracking and deflection. 
Hence, this study was conducted in order to study the behaviour 
of RC deep beams openings. Two openings, one in each shear 
span, were placed symmetrically at the top of shear span near 
support about the mid-point of the beam. Test parameters 
included the opening size and shape. The openings were circular 
and square in shape. The sizes of the openings considered in this 

study include 150 mm, 200 mm and 250 mm for circular 
whereas the size of square shape includes 150x150 mm, 200x200 
mm and 250x250 mm. All the beam specimens had a cross-
section of 100 mm x 500 mm and a total length of 1200 mm. The 
beams were tested under four-point bending until failure. The 
results in terms of load deflection behaviour and crack patterns 
were discussed. From the results obtained, the provision of 
circular opening with the diameter considered could reduce the 
beam capacity to a range of 30 – 35% of the original beam 
capacity. Meanwhile, the inclusion of square openings with 
openings of the considered dimension causes a significant loss of 
beam strength, about 40 – 80% as compared to the beam 
capacity of the solid beam. This shows that the greater the 
opening size, the more significant is the reduction of beam 
capacity with more severe and excessive diagonal shear cracks.  
Comparing in terms of shape, circular opening is the most 
suitable option to be provided in RC beams as square openings 
consists of sharp corners which is subjected to high stress 
concentration that leads to initial cracking in beam. 

 

Keywords—behaviour; deep beams; openings; reinforced 

concrete; shear. 

I.  INTRODUCTION  

Reinforced concrete (RC) deep beams are widely used as 
transfer girders in offshore structures and foundations, walls of 
the bunkers and load bearing walls in buildings. In fact, deep 
beams are very useful in tall buildings or also known as high 
rise buildings. In the offshore gravity type structures, deep 
beams also act as a transferring and supporting elements. The 
presence of web openings in such beams is frequently required 
to provide accessibility such as doors and windows or to 
accommodate essential services such as ventilating and air 

conditioning ducts. Enlargement of such openings due to 
architectural or mechanical requirements and a change in the 
building’s function would reduce the element’s shear capacity, 
thus rendering a severe safety hazard [1].  

Utility pipes and service ducts are usually placed below the 
beam soffit and covered by suspended ceiling due to aesthetic 
purpose which will create a dead space. However, by passing 
the pipes and ducts trough the transverse openings in the floor 
beams will lead to a reduction in the dead space which may 
result into a more compact and economic design. Openings 
may be of different shapes and sizes depending on the 
requirement of architect/mechanical engineer. The existence 
of web openings causes geometric discontinuity within the 
beam and non-linear stress distribution over the depth of the 
beam. In addition, current code of practices do not cover the 
design of deep beams with web openings [2]. Various shapes 
can be provided depends on the purpose of use, however the 
most common type of openings is rectangular and circular in 
shape [3].  

The behaviour of RC deep beams with openings is unlike 
the behaviour of RC solid beams. Mansur et al. [4] and 
Mansur [3] reported that due to the reduction of the cross 
sectional area of the beam, the behaviour of the beam will 
change from a simple behaviour to a more complex behaviour. 
Hence, the provision of openings in RC beams will leads to 
reduction in beam stiffness and strength and cause excessive 
cracking and deflection. The behaviour of RC deep beams 
with openings is greatly affected by the size, shape and 
location of openings. 

In the past decades, various investigations were carried out 
to study the behaviour of RC deep beams with openings. Chin 
et al. [5], Hu and Tan [6], reported that the web opening 
reduced the ultimate strength of a large deep beam 
significantly, if the web opening intersects the force path 
between the load point and the support as shown in Fig. 1. 
Results of the crack patterns illustrate a strut-and-tie system in 
large pierced deep beams. Fig. 2 shows the typical cracks 
appeared in deep beams. On the other hand, an early 
investigation conducted by Kubik [7] studied the strength of 
RC deep beams with web openings reported that photoelastic 
models could be of useful to identify the locations of stress 
concentrations. The high stress concentrations clearly occur at 
the corners of the cut and under the loading points, similar to 
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the results obtained by Hu and Tan in Fig. 2. Results showed 
that apart from the high stress concentration occurred; regions 
of high intensity of tensile stress are also formed, which 
caused severe internal cracking. 

Fig. 1. Load paths of deep beams with web openings [5], [6] 

            

Fig. 2. Typical cracks in deep beam [5], [6] 

On the other hand, Yang and Ashour [8] investigated the 
structural behaviour of RC continuous deep beams with web 
openings. The principal variables of the study include the 
shear span-to-overall depth ratio, and the size and location of 
openings. The study revealed that the continuous deep beams 
having web openings in the region of interior shear spans 
suffered a higher reduction in the load capacity with the 
increase in opening size. Similarly, simply-supported deep 
beams with web openings followed the same pattern. Also, 
two types of failure modes observed due to influence of the 
size and location of web openings regardless of the shear 
span-to-overall depth ratio. The two types of failure modes 
include a failure plane formed at the interior shear span only 
and at both interior and exterior shear spans. The transition of 
the failure modes for beams having web openings in the 
exterior region of shear span was dominated by the ratio of 
opening area to shear span area. 

El Maaddawy and Sherif [1] studied the potential use of 
carbon fiber reinforced polymer (CFRP) composite sheets as a 
strengthening material solution to upgrade RC deep beams 
with openings. A total of thirteen (13) deep beams with 
openings were cast and tested under four-point bending. The 
test specimen had a cross-section of 80 x 500 mm and a total 
length of 1200 mm. Two square openings, one in each shear 
span, were placed symmetrically about the mid-point of the 

beam. Test parameter included the opening size, location and 
the presence of CFRP sheets. It is reported that the failure 
mode of the un-strengthened deep beams with openings was 
dependent primarily on the opening size. The specimens failed 
suddenly by a formation of two independent diagonal shear 
cracks in the chords above and below the opening.  

Most of the past investigations focused more on small 
openings with the common shape of openings used in the 
construction industry such as circular and rectangular. The 
study of deep beams with large openings is rather limited. 
Hence, in this paper, the behaviour of RC deep beams with 
openings located at the top of the shear span near support was 
studied. The openings considered in this study were circular 
and square in shape. The results were discussed in terms of 
load deflection behaviour and crack pattern. 

II. EXPERIMENTAL PROGRAM 

A total of seven (7) RC deep beams were considered in this 
study. The beams including a solid beam as reference beam 
while the remaining beams were with openings located at the 
top of shear span near support. A schematic diagram of the test 
specimen illustrating the reinforcement layout is shown in Fig. 
3. All the beams had a cross-section of 100 mm x 500 mm and 
a total length of 1200 mm. As for the steel reinforcement, four 
16 mm diameter bar were used as the tension reinforcement, 
whereas two 10 mm diameter bar as the compression 
reinforcement. Shear reinforcement of 6 mm diameter was 
spaced at 150 mm center to center in both vertical and 
horizontal directions.  

Fig. 3. Schematic diagram of reinforced concrete deep beam.  

All the specimens had two openings, one in each shear 
span, placed symmetrically about the mid-point of the beam. 
The openings were created using polystyrene for circular 
openings and wooden planks for square openings. The sizes of 
circular openings considered were ø150mm, ø200 mm and 
ø250 mm, while the sizes of square openings including 150 
x150 mm, 200 x 200 mm and 250 x 250 mm which 
corresponded to opening height-to-depth (a/h) ratios of 0.3, 0.4 
and 0.5, respectively. The beams with openings were cast to 
resemble the case of the inclusion of an opening in an existing 
beam. Nine 150x150x150 mm concrete cubes were cast with 
the beams to determine the compressive strength. The beams 
were cast in wooden formworks using ready mixed concrete of 
grade 35 MPa. After 24 hours, the beams were removed from 
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the formworks and cured for 28 days using wetted gunny bags. 
All the beams were tested to failure under four-point bending. 
TABLE I summarizes the beam specimens considered in this 
study. 

TABLE I.  SUMMARY OF RC DEEP BEAMS WITH AND WITHOUT 

OPENINGS 

Beam 

No 

Opening  
Location 

Shape Size (mm) 

CB1 - - - 

BCO1 Circular Ø150 

At the top of 

shear span near 

support 

BCO2 Circular Ø200 

BCO3 Circular Ø250 

BSO1 Square 150 x 150 

BSO2 Square 200 x 200 

BSO3 Square 250 x 250 

III. RESULTS AND DISCUSSION 

The results are presented in terms of load deflection 
behaviour and crack pattern.  

A. Load Deflection Behaviour 

The load deflection curve comparison of deep beam with 
circular opening and control beam is compared as shown in 
Fig. 4.  The experimental results obtained for CB1 show that 
the maximum load that the beam was able to sustain was 
42.97 kN with a deflection of 4.70 mm. On the other hand, it 
was found that BCO1 achieved the highest ultimate load with 
greater stiffness as compared to CB1 with the maximum load 
of 46.59 kN. However, as observed in beam BCO2 and BCO3, 
the ultimate load attained was 30.55 kN and 27.99 kN 
respectively. It was found that with an increase in the opening 
diameter, the ultimate load of the beam reduces with an 
increase in deflection. Reduction of  a portion of concrete area 
in the beam reduces the strength of the beam thus causing 
beam failure.  

In order to study the effects of circular openings in the 
beam behaviour, the results of reference beam, CB1 obtained 
from the load-deflection curves were compared to the results 
of deep beams with circular openings. TABLE II lists the 
results obtained in terms of yield load, ultimate load, 
deflection and losses in the beam capacity. It was found that 
providing openings of diameter 200 mm reduces the strength 
by 28.9% while providing openings of diameter 250 mm 
reduces the strength by 34.9%.  However, the beam capacity 
of BCO1 increases as compared to the control beam, CB1, 
about 8.42%. 

 

 

 

 

 

 
Fig. 4. Comparison of load-deflection curves between reference beam, CB1 

and deep beams with circular opening BCO1, BCO2, BCO3. 

TABLE II.  EXPERIMENTAL RESULTS OF BEAMS WITH AND WITHOUT 

OPENINGS 

Beam 

No 

Yield 

Load 

(kN) 

Deflection 

(mm) 

Ultimate 

Load (kN) 

Deflection 

(mm) 

Losses 

of 

Strength 

(%) 

CB1 8.03 0.98 42.97 4.70 - 

BCO1 30.32 1.50 46.59 6.21 (+) 8.42 

BCO2 27.46 1.30 30.55 6.51 (-) 28.9 

BCO3 13.99 2.80 27.99 7.33 (-) 34.9 

BSO1 8.51 1.11 24.47 1.71 (-) 43.1 

BSO2 3.24 5.22 20.85 10.08 (-) 51.5 

BSO3 3.51 1.89 7.55 2.31 (-) 82.4 

 

Fig. 5 shows the load deflection curve comparison of 
control beam, CB1 and deep beams with square openings at 
the top of the shear span near support. As shown in the figure, 
BSO1 demonstrated the highest ultimate load among beams 
with openings, 24.47 kN. The second highest ultimate load 
was achieved by beam BSO2, 20.85 kN. Beam BSO3 with the 
largest size of square opening, 250 x 250 mm exhibited he 
lowest ultimate load obtained, which was about 7.55 kN. This 
signifies that the greater the size of the openings, the greater 
the losses in beam strength. TABLE II lists the experimental 
results and comparison was made. From the TABLE, it shows 
that beam BSO1 and BSO2 had reduced the beam strength to 
about 40 – 50% due to the square opening of size 150 mm and 
200 mm, respectively.  Meanwhile, beam BSO3 had the 
largest reduction of beam capacity due to the presence of the 
largest opening size of 250 mm, about 82.4%. Similar to that 
of deep beams with circular openings, the greater the size of 
the opening, the greater the reduction of the beam capacity. In 
terms of the shape of the opening, beams with square openings 
showed significant reduction as compared to circular 
openings. This is due to the shape of square openings which 
consists of four sharp corners/edges which is subjected to high 
stress concentration that leads to cracking and failure of the 
beam. 
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Fig. 5. Comparison of load-deflection curves between reference beam, CB1 

and deep beams with square opening BSO1, BSO2, BSO3. 

B. Crack Pattern 

Fig. 6 shows the crack pattern of the reference beam, CB1. 
From the crack pattern obtained, diagonal shear cracks were 
formed at the edge of the beam near to the support and 
propagated towards the loading points. On the other hand, no 
flexural cracks were traced from the beam during the 
experimental testing up to beam failure.  

Fig. 6. Crack pattern of reference beam, CB1. 

Crack patterns of RC deep beams with circular openings are 
depicted in Fig. 7. Fig. 7(a) shows the crack pattern of beam 
BCO1. It was observed that diagonal cracks were initially 
formed around the openings which then propagated towards 
the support and loading points, respectively. With a further 
increment of load, the cracks below the right opening 
propagated more towards the support which resulted in 
concrete cracking and spalling. Meanwhile, crack pattern in 
beam BCO2 showed two independent diagonal cracks at the 
top chord of both openings. Similarly, cracks were found 
propagated diagonally at the bottom of opening towards the 
support. With an increase in the load applied, new additional 
shear cracks were formed below the openings towards the 
support, as shown in Fig. 7(b). As illustrated in Fig. 7(c), the 
crack patterns of beam BCO3 were found almost similar as 
obtained in beam BCO2. However, the diagonal cracks at the 
bottom of the openings propagated towards the support were 
more severe than beam BCO2 which leads to crushing of 
concrete at the edge of the beam. 

 

 

 

 
 

 

 

Fig. 7. Crack pattern of RC deep beams with circular openings (a) BCO1 (b) 

BCO2 (c) BCO3 

Fig. 8 illustrates the crack pattern of RC deep beams with 
square openings. Crack pattern of beam with square opening 
of size 150 x 150 mm is shown in Fig. 8(a).  From the figure, 
it shows that diagonal cracks were initiated and formed at the 
corner of the openings; at the top near to the loading point and 
at the bottom near to the support, respectively. As the size of 
the opening increased to 200 x 200 mm, similarly, the cracks 
were formed at the corner near to the loading point and at the 
bottom corner near to the support in beam BSO2, as depicted 
in Fig. 8(b). Diagonal shear cracks were clearly seen at both 
corners at the bottom of the openings. With the increase of 
load, wide crack width was observed at the point of failure; at 
the top corner of the opening towards the loading point and at 
the bottom corner of the opening propagated towards the 
support. Similar as observed in beam BSO1 and BSO2, the 
crack pattern of BSO3 is rather severe with the opening size of 
250 x 250 mm as shown in Fig. 8(c). Diagonal shear cracks 
were observed at the four corners of the opening; which 
penetrated from the top corner of the opening towards the 
loading points and from the bottom corners of the opening 
towards the support, respectively. The diagonal crack lines 
were apparent due to the increase in crack width at the top and 
bottom of the opening. The crack pattern is very much severe 
in beam BCO3 which due to a higher reduction of the concrete 
area. 

 

 

 

a) BCO1 

           

b) BCO2 

 

c) BC03 
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a) BSO1 

 

b) BSO2 

 

c) BSO3 

 

 

 

 

 

 

 

 

 

Fig. 8. Crack pattern of RC deep beams with square openings (a) BSO1 (b) 

BSO2, (c) BSO3 

IV. CONCLUSION 

Based on the results obtained, the following conclusions 
can be made: 

1. The provision of circular opening with diameters of 

150 mm, 200 mm, and 250 mm reduced the beam 

capacity to a range of 30 – 35% of the original beam 

capacity of the reference beam. Meanwhile, the 

inclusion of square openings with the dimension of 

150x150 mm, 200x200 mm and 250x250 mm causes 

a significant loss of beam capacity, about 40 – 80% 

as compared to the beam capacity of the control 

beam. 

 
2. The crack pattern behaviour of RC deep beams with 

both circular and square openings varied with the 
crack pattern behaviour of the solid control beam due 
to the high stress concentration around the openings. 
The presence of openings cause disturbances in the 
natural flow path of stress which leads to high stress 
concentration and early cracking around the 
openings. An increase in the opening size causes the 

cracks to be more severe. In this study, BSO3 
exhibited the most severe cracks.  

3. Comparing in terms of shape, circular opening is the 
most suitable option to be provided in RC beams as 
square openings consists of sharp corners/edges 
which is subjected to high stress concentration that 
leads to initial cracking of the beam. 

4. In terms of size, a significant reduction of beam 
capacity was obtained when the size of the square 
opening was increased from 150x150 mm to 250x250 
mm, about two times the reduction of beam capacity 
in beam BSO1. Meanwhile, the increase in diameter 
of the circular opening from 150 mm to 250 mm 
exhibited a small reduction of strength, about 1.2 
times of the losses in beam BCO1. 
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Abstract—Nowadays, a few systems that provide a 

continuous health monitoring service for people or patient have 

been developed. However, the device is large and not mobile. A 

portable wireless technology heart rate monitor is a personal 

monitoring device which allows to measure and record heart rate 

for analysis at any time and any place wirelessly. This project 

objective is to implement an Electrocardiogram (ECG) and 

Digital Heart Rate counter using ZigBee wireless protocol and 

portable unit. The device is most useful if it is portable and it can 

be monitored from distant location. Generally, the project 

software application together with its Graphical User Interface 

(GUI) was developed using Microsoft Visual Studio in VB 

language for the computer platform. The microcontroller, 

PIC16F877A located on the main circuit board was programmed 

in C language using MPLAB IDE software and debugged 

together with the circuit design using Proteus 7 ISIS. The final 

prototype of the system was built to demonstrate the proposed 

functionality of the system. The limitation of this project is this 

device is able to detects the value of normal and abnormal 

condition only. It cannot detect the diseases and the category of 

diseases. 

Keywords-Electrocardiogram; heart rate monitor; ZigBee; 

portable, wireless 

I.  INTRODUCTION  

 

The electrocardiogram (ECG) is a device used for recording 
of the electrical activity of the heart. Each heartbeat is initiated 
by the excitation (depolarization) and recovery (polarization) 
phase of this electrical activity. An ECG recording, or trace, 
shows the various phases of the electrical activity above or 
below a baseline. The heart contract as the electrical impulse 
travels through the heart’s conduction system. Each contraction 
is one heartbeat, and the atria contract before the ventricles. 
The process of blood flow is such that the blood empties into 
the ventricle before the ventricles contract. The heart rate is the 
number of heart per minute. A heart beat monitor is a device 
used to measure the heart rate. This device helps to detect heart 
malfunctions such as a tachycardia, bradycardia, or other 
diseases. By detecting the voltage created by the beating of the 
heart, its rate can be easily observed and used for a number 
health purpose. In general, the monitoring occurs by studying 
chart data or computing beats per minute [1].  

ECG indicates the overall rhythm of the heard and 
weaknesses in different parts of the heart muscle. It is the best 
way to measure and diagnose abnormal rhythms of the heart, 

particularly abnormal rhythms caused by damage to the 
conductive tissue that carries electrical signals, or abnormal 
rhythms caused by levels of dissolved salts such as potassium 
that are too high or low. ECG is easily recorded at the bedside 
using portable machines. Electrodes are placed in specified 
positions on the patient’s bare skin, and a simultaneous 
recording from all the leads is processed via a computer and the 
result ECG printed out on standard paper. 

 

 

Figure 1.  Typical heart rate signal  

In above figure, there are 5 identifiable features in an ECG 
trace corresponds to different polarization stages that makes up 
a heartbeat. These deflections are denoted by the letters P, Q, 
R, S and T. By detecting the R peaks and measuring the time 
between them the heart rate can be calculated and then 
displayed. Measuring the heart rate using an electrical circuit 
can be done much quicker and more accurately [1]. 

 

 

Figure 2.  Example of Lead ECG 

In real world applications, there are few systems that 
provide a continuous health monitoring service for people or 
patient. However, the device is a large and cannot suitable to 
bring at anywhere. The device is most useful if it is portable. 
The wireless device of heart rate monitor is a new way to 
solve this problem by implements an ECG and Digital Heart 
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Rate counter using ZigBee wireless protocol and portable. The 
challenge of this project is how far the data will transfer using 
ZigBee. It is because the ZigBee is wireless protocol device 
and accurate. If have any interruption such as blockage and 
noise, the transfer data might be lost. Another major challenge 
using ZigBee is, if the data transfer simultaneously from 
various heart rate monitor it might have congested and effect 
the real time measurement of the heart rate of patient. 

The main objective of this project is to monitor the 
heartbeat wirelessly. Besides that, there have other objectives 
which are related each other such as implementation of 
portable heart rate monitoring system. This project also 
proposed to design and build the device that can measure the 
human heart rate and also to assist the people for monitor their 
healthy by referring their normal heart rate. This project 
focuses on into two parts, which are hardware and software 
development. In this project, it involves 2 parts in order to 
accomplish one complete system in monitoring system. For 
hardware development, it has two boards collectively from a 
ZigBee module network, one of which is transmitter and 
receiver circuit. After that, selecting of suitable heart rate 
sensor and types of PIC that want to be used and also study the 
literature of ZigBee wireless networking. Besides that, for 
software development and interfacing identify the suitable 
programming and its implementation into PIC microcontroller 
and ZigBee module. It also includes designing the system, 
built the hardware for the system connection between ZigBee 
modules using proper software to program the microcontroller 
PIC 16F877A and LCD interfaces for user purposes.  

       The main project’s objective is to monitor the human 
heart beat. By monitor the heartbeat, the health’s level can be 
easy identify or determine. It can be done by measure the 
normal heart rate and make it as reference. The heart rate will 
be measured consistently in order to check the health’s level. 
Therefore, the benefits or contributions for this project are the 
heart in the important system in the human body. If the heart is 
failure, the person will dead. Therefore, by monitoring the 
heart rate, any change in the heart can be detected and the 
precaution step can be taken in order to make sure the heart 
beat is back to normal. Then, the device’s operation is simple 
and easy to handle. Therefore, the people can measure their 
heart rate and monitor their health by themselves without 
guidance from the skilled people. Other benefits of this project 
are the designed device is portable and cost is not too 
expensive. Therefore, the people can buy it and can do the 
monitor process at home. Besides that, the people also can 
make the monitor process at any time that they want. It is very 
useful and suitable to the people whose are busy with their 
routine.  

II. LITERATURE REVIEW 

 

In order to monitor the heart rate, the device must be 
design and created. In this project, the device has 3 main pats 
which are sensor, signal processing and display. For sensor 
part is used for detect heartbeat from the body. For signal 
processing part, the Peripheral Interface Controller (PIC) 
microcontroller is used to process the input from the sensor 
and send to the display. After that, to make sure the input 

signal is processing, the programming will be coded by using 
suitable computer language. For display part, the Liquid 
Crystal Display or LCD is used to display the output which is 
the heartbeat.  

 

A. Wireless Network 

 

Figure 3.  Wireless Network Architecture  

Wireless network refers to any type of computer network 
that is not connected by cables of any kind. Wireless 
connectivity has been one of the prominent technological 
innovations of recent years, allowing freedom and ease of 
access to information. Telemedicine, which puts emphasis on 
the absence of direct contact between the patient and the 
physician, wireless devices are the basis for the development 
of efficient remote monitoring system, able to provide 
continuous, real time, and accurate information on the health 
condition of the patient. Besides that, wireless connection as a 
medium, a number of issues must be considered, ease of 
network creation, network robustness, data throughput, data 
loss, and in particular power consumption [2]. 

The communication between the nodes are performed by 
establishing the routing topology in the system before the data 
can be transmit from the certain sensor node to the collection 
point or host. There are many application of wireless network 
in the real time. For example, in military, the wireless network 
can use for intelligence secure, surveillance and 
reconnaissance. In health, wireless network is used to monitor 
patients besides it can also assist disable patients [3]. Wireless 
sensor nodes are small, low-cost, low-power, multifunctional 
sensor nodes with the capability of sensing certain physical 
properties, local data processing, and wireless communication. 
A large amount of such sensor nodes organize themselves in a 
dynamic manner to carry out a coordinated sensing task which 
potentially covers a large area such as an agricultural field. 
Unlike traditional networks, establishing wireless sensor 
networks has specific challenges owing to the fact that the 
nodes are resource constrained and, by and large, unattended 
during their operation [4].  

B. ZigBee Protocol 

 

ZigBee is a wireless network protocol specifically 
designed for low data rate sensors and control networks. The 
operational range for it is 10 to 75 meters compared to 10 
meters for Bluetooth without a power amplifier. The data rate 
of ZigBee is 250 kbps at 2.4 GHz. ZigBee is a protocol that 
uses the 802.15.4 standard as a baseline and adds additional 
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routing and networking functionality. The ZigBee protocol 
was developed by the ZigBee Alliance. The ZigBee protocols 
define a type of sensor network for residential and commercial 
application. Generally used for home care, digital home 
control, industrial and security control. It combines IEEE 
802.15.4, which defines the physical and MAC protocol 
layers, with network, security and application software layers 
as specified by the ZigBee Alliance, a consortium of 
technology companies [5].  

 

 

Figure 4.  Zigbee Module  

The 802.15.4 standard allows for communication in a 
point-to-point or a point-to-multipoint configuration. ZigBee 
is one of the most prominent wireless protocols and that 
transmitting real time ECG data can be good stress test in 
order to evaluate its capabilities. ZigBee can support a wide 
variety of network topologies such as tree topology, mesh 
topology and mesh topology. ZigBee is proving to be an 
interesting platform for the development of medical devices. 
The low power consumption, good transmission range and 
signal strength make it a viable solution for wireless 
monitoring, where low or medium data throughput is required 
[2].  

The Xbee series 1 was used because it is cheaper than 
Xbee-PRO. When considering a wireless application, most 
users will compare the 2.4 GHz Xbee module with the slightly 
lower cost 433 MHz RF modules. The 433 MHz modules are 
low power because it used low frequency compared to Xbee 
and it only suitable for some very simple applications. The 
Xbee modules offer considerable advantages. ZigBee was 
designed for low power applications so it fits well into 
embedded systems and those markets where reliability and 
versatility are important but a high bandwidth is not. The 
lower data rate of the ZigBee devices allows for better 
sensitivity and range, but of course offers fewer throughputs. 
The primary advantage of ZigBee lies in its ability to offer low 
power and extended battery life [6] 

 

C. Voltage Regulator 

 

In this project, some of the components used +5 volts (V) 
direct current. Therefore in order to supply this voltage to the 
components need a regulator circuit to step down the voltage 
source like +9V alkaline battery to +5V. Since the regulator 

Integrated Circuit (IC) is cheap and easily available, the 
regulator IC LM7805 is used in this project.  

 

 

Figure 5.  Common Power Supply  

A voltage regulator can maintain a voltage level because is 
an electrical regulator. It can be used to regulate in AC or DC 
voltage. If the output voltage is too low, the regulation 
element is commanded, to produce a higher output voltage by 
dropping less of the input voltage for linear series regulators 
and buck switching regulators, or to draw input current for 
longer periods, if the output voltage is too high, the regulation 
element will normally be commanded to produce a lower 
voltage [7]  

 

D. Light Dependent Resistor (LDR) 

 

Light Dependent Resistor (LDR) is very useful especially 
in light or dark sensor circuits. Normally, the resistance of an 
LDR is very high, but when it’s illuminated with light 
resistance drops dramatically. When the torch is turn on, the 
resistance of the LDR falls, allowing current to pass through 
it. This figure below show how LDR and LED work together. 
To measure the heart beat we need to put our finger between 
LDR and LED and it will detect our blood pressure that flow 
from our finger. 

 

Figure 6.  The LDR and LED work together  

 

E. Software Development 

 

The software development of this project consist the 
development of the project using the computer software such 
as Proteus Professional, Visual Basic and MPLAB IDE for the 
microcontroller. The MPLAB IDE software is provided by 
Microchip Technology to develop applications for Microchip 
microcontrollers such as PIC. In this project, the PIC acts as 
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an embedded controller which serves to perform a specific set 
of tasks which is to interpret received data from the ZigBee 
module and display at the LCD or computer. The PIC will also 
inherit feedback properties as to provide improved 
communication protocols in the system. This complier 
compiles the final hex file for codes writes in C language 
which can be programmed into the PIC microcontroller via 
PIC burning tools. Also, the hex file created can be ported into 
circuit simulation software for hardware debugging purposes 
[8].  

Graphical User Interface is allows user to interact with 
electronic device with images rather than text command. The 
Visual Basic language not only allows programmers to create 
simple GUI applications, but can also develop complex 
applications. Programming in VB is a combination of visually 
arranging components or control, specifying attributes and 
actions of those components, and writing additional lines of 
code for more functionality [9]. 

III. METHODOOLOGY 

 

In this part describes how this project will be carried out to 
achieve the objective of the project. The elements in 
methodology include the planning of study, flowchart of the 
research and analysis technique. Project planning is very 
important when to make a project. This included the 
understanding the designing of graphical user interface, 
learning new programming language such as Visual Basic and 
some basic knowledge about ZigBee as a wireless network 
connections. 

 

A. Flowchart of Project 

 

 

 

Figure 7.  Flow Chart of Wireless Heart Rate Monitor  

In this project, heartbeat sensor can be used on a fingertip 
on the skin between thumbs. It also can monitor the flow of 
blood. The heartbeat sensor used to receive the heartbeat 
signal from the patient or human and the output is digit from 
sent to computer. After the heartbeat sensor detects the value 
from human, it will be display at LCD or computer. For 
transmission medium the ZigBee protocol are used in this 
system to send the data at PC.  

 

B. Flowchart of Project 

 

The heart rate monitor is the project which needs to 
monitor the heart rate by using ZigBee. Therefore, the device 
must be design and create. In this project, there have three 
parts which are hardware part, programming part and 
monitoring part. Hardware refers to the development of the 
device itself including the circuit constructing and design. As 
for the software, it is focused on the program development 
specifically during the simulation, compilation and PIC 
16F877A microcontroller burning process. Two of 
microcontrollers are used in this project. The first 
microcontroller is connected to the sensor circuit and ZigBee 
modules. This microcontroller is used to receive data from the 
sensor circuit and transmit it using the wireless modules. The 
other microcontroller is connected to LCD and the ZigBee 
modules. It will process the data from sensor circuit and 
display it to the LCD. Both microcontrollers communicate 
with each other wirelessly using ZigBee modules.  

 

 

Figure 8.  Basic Block Diagram 

 

Figure 9.  Transmitter Block Diagram 

Figure 9 represent the block diagram of transmitter circuit 
which consist of voltage regulator, microcontroller PIC 
16F877A, LCD display and ZigBee module. 
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Figure 10.  Receiver Block Diagram 

Figure 10 represent the block diagram of receiver circuit 
which consists of ZigBee module, microcontroller and display 
output at computer.   

In this parts also normally involved many parts of the 
process. The overall process includes layout printing, UV 
exposure, developing the image, spray washing, etching, 
resists stripping, scrub cleaning, cutting, drilling and last 
soldering process.  

IV. RESULT AND DISCUSSION 

 

In this part, all result of the project will be shown. The 
transmitter and receiver circuit are combine to build one 
complete prototype. Both ZigBee modules communicate with 
each other to transfer the signal within in range. 

 

 

Figure 11.  View of transmitter prototype  

Figure 11 illustrate view of the transmitter prototype. It 
consists of 9V battery, ZigBee module, heart beat sensor, 
voltage regulator and PIC 16F877A microcontroller. The 
yellow LED indicates there is a signal that being transfer. 

From the design, development and implement of heart rate 
monitor using ZigBee, it is clearly observed that when the 
heart beat displayed is normal range that have been setting in 
this project between 60 bpm to 120 bpm the green signal at 
interface will ON. If the sensed heart beat display abnormal 
range the red signal at interface will ON. The heart beat signal 
data are saved in text file and stored at VB interface.  

 

 

Figure 12.  Output display at interface 

  

 

Figure 13.  The result of normal and abnormal condition 

 

Figure 14.  Green button will ON when reading in normal range  
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Integration of wireless capability into an observation 
system greatly increases the portability and effectiveness of 
the system. In this project, both hardware and software 
interface, it gives ease of accessibility to different types of 
people. Hardware user interface capability had been realize 
and fully functional in this project. With use of alphabetical 
LCD, users can easily communicate with the hardware 
effectively. As for the system in standby mode, it displays the 
current no input without connecting both ZigBee modules. 
Apart of being observation system, this hardware interface can 
also be used to configure the wireless module parameters. The 
range of wireless capability of the XBee module is up to 100 
meters for line in sight and 30 meters for indoor or urban 
range. With such features, this system can be implemented for 
telemedicine especially at hospital or clinic. Heart rate 
measured either by the ECG waveform or by the blood flow 
into the finger. The pulse method is simple and convenient. 
When blood flows during the systolic stroke of the heart into 
the body parts, the finger gets its blood via the radial artery on 
the arm. The blood flow into the finger can be sensed photo 
electrically. To count the heart beats, a small light intensity on 
the other side are used. The blood flow causes variation in 
light intensity reaching the light dependent resistor (LDR), 
which results in change in signal strength due to change in 
resistance of the LDR.   

 

V. CONCLUSION AND RECOMMENDATION 

A. Conclusion   

  

At the end of this project, this project was actually 
significantly interesting since it gave the opportunity to 
improve knowledge and skills especially in electronic field. 
During the project development, many other soft skills were 
also obtained such as a critical thinking, problem solving and 
experience in decision making process. The focus of ZigBee 
development was on maintaining simplicity by concentrating 
on the essential requirements that will leverage a successful 
standard. This system is cost effective, time efficient and 
works as high speed in its operation. The development of this 
wireless solution within the standards organization has the 
advantage of bringing several views together to define a better 
solution.  Generally the main objective of this project is to 
monitor the human heart beat through wireless. Before design 
and build the device, the device’s specification must be 
identified. The device’s operation also needs to be clarified. 
As a conclusion for this report, this device is the new 
improvement to reduce the human use and cover the problem 
from the amplify signal from heart that always has a noise.  
Accordingly to the explanation above from introduction until 
the budget cost for this project, it will successful if the 

progress in the time to time achieve from hardware making 
until the software programming to run and make sure this 
device is working at the end of this project.  

 

 

B. Recommendation  

 

Heart rate monitoring using ZigBee has a few of 
limitation. Firstly, this project only detects the value of normal 
and abnormal condition. It cannot detect the disease and what 
category of disease. This project can be improved by using the 
XBee-PRO ZigBee. It because the range of this module is 300 
ft (90m) for the indoor range while, for the outdoor range is 
1.6 km. The data can transfer more effective compare using 
the XBee module. With the development of modern society, 
the health care becomes more community-oriented. For future 
development, the designed a portable wireless must be more 
efficiency to detect real time signals, send arrhythmia alarms 
and the condition the patients.  

ACKNOWLEDGMENT 

The author would like to thank to lab assistance in Fakulti 
Kejuruteraan Elektronik dan Kejuruteraan Komputer (FKEKK) 
UTeM for their guidance and technical support and Centre for 
Telecommunication Research and Innovation (CeTRi) for 
supporting this project and also Universiti Teknikal Malaysia 
Melaka (UTeM) for financing this conference. 

 

REFERENCES 

 
[1] S. Chatterjee and A. Miller, “Biomedical Instrumentation System,” 

Nelson Education, Ltd., Canada, pp. 205-206, 2012. 

[2] V. Auteri, L. Roffia, C. Lamberti and T. S. Cinoti, “ZigBee Based 

Wireless ECG Monitor,”  University of Bologna, Italy. 

[3] E. H. Callaway, “Wireless Sensor Network Archicture and Protocol,” 
Auerabach Publication, United State of America, 2003. 

[4] http://wwwpub.zih.tu-dresden.de.wsn.html, retrieved on 10 Oct. 2012; 

9.00 p.m. 

[5] J. Wexlex. “Bluetooth and ZigBee; Their similarities and diffences,” 
Network World, 2005. 

[6] T. Cutler, “Implementing ZigBee Wireless Mesh Networking.” 2005. 

[7] X. Zhou, B. Yang, L. Lee and P. L. Wong, “Components, Circuits, 

Devices & System, Power Energy, & Industry Applications” pp. 275-283 
vol1, 1999. 

[8] “Microchip MPLAB IDE user’s Guide Manual,” 2005 Microchip 
Technology Inc. 

[9] “VB Tutorial user’s Guide Manual,” V1. 4 Apr. 2013. 

 

 

8th MUCET 2014, Date:10-11 November 2014, Melaka, Malaysia

118

http://wwwpub.zih.tu-dresden.de.wsn.html/


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 

Analysis on the Performance of Textile Circular 

Antenna under Bending Conditions 
 

M.S.M.Isa, A.N.L.Azmi, A.A.M.Isa, M.S.I.M.Zin, M.Abu, 

Z.Zakaria, M.S.M.Saat
 

Faculty of Electronic and Computer Engineering  

Universiti Teknikal Malaysia Melaka,  

Melaka, Malaysia  

saari@utem.edu.my 

A. Ahmad 

Faculty of Information and Communication Technology 

Universiti Teknikal Malaysia Melaka,  

Melaka, Malaysia  

 

 

 
Abstract—Wearable antenna is becoming a popular study in 

antenna technology. This paper presents a dual band wearable 

antenna for on body application. Since a wearable antenna is 

designed to be incorporated on human torso, this paper has been 

focusing on the performance of a dual band wearable textile 

antenna under bending conditions at both E-plane and H-plane. 

The reflection coefficient and radiation pattern of the antenna 

are investigated at dual WLAN band; 2.4 GHz and 5.2 GHz. In 

this paper, the bending effect on the microstrip patch antenna 

design is simulated in CST Microwave Software at the conditions 

of flat and bended with radius of 50 mm, 150 mm and 300 mm. 

The bending effect is most likely to be seen at smaller bending 

radius of E-plane propagation where the resonant frequency of 

the antenna shifted downwards. The radiation pattern of the 

antenna shows almost similar performance with the flat patch 

antenna condition especially at large bending radius. Therefore, 

this wearable textile antenna is suitable to be placed on body 

under bending condition and most effective at 300 mm bending 

radii.  

Keywords—Microstrip patch antenna; dual band; antenna 

bending; WLAN 

I.  INTRODUCTION 

     Designing a wearable antenna which can be integrated into 

clothing has been a new trend reported in the literature [1].  

This technology can be applied in some applications 

especially in medical and military communications. In 

military, the system introduced by the wearable antenna is 

important for communication between soldiers and other units 

of the battlefield. This purpose can be achieved by enhancing 

the situation awareness through some personal equipment such 

as GPS, digital radio, video recorder and wireless 

communication [2-5]. 

 

One possible application is to design an antenna using 

flexible substrate or fabric materials such as jeans, felt, and 

leather so that it may be placed on clothing [6]. However, it is 

impossible to keep the antenna flat all the time as human make 

movements every moment. Therefore, it is crucial to study the 

effect of bending the antenna on the antenna performance. The 

antenna should function properly even if under bent 

conditions. Previously, researchers have reported on the 

antenna performances on flat condition [6-8]. In this paper, the 

design of a conventional circular ring patch is presented to 

perform dual band frequencies for Wireless Local Area 

Network (WLAN) application. Finally, the effect of bending 

the antenna is discussed for simulation on both E- and H-plane 

of the antenna propagation. The bending is simulated on a 

cylinder surface with radius of 50mm, 150 mm, and 300mm. 

The cylinder represents the human torso [9] and the antenna is 

bent around the cylinder along two principal planes, E-plane 

and H-plane which will be evaluated in the next section. Later, 

the radiation pattern will be discussed to present the effect of 

bending to the radiation of the antenna. 

II.  DUAL BAND WEARABLE ANTENNA 

Due to several advantages of microstrip patch antenna, the 

telecommunication sector has been using this type of antenna 

widely for different applications. Microstrip patch antennas 

have various advantages that are important for antenna design, 

which they are easy to be fabricated, require low cost, low 

profile and light weight. Hence, this type of antenna has a 

structure which can be comfortably worn on body.   

  

In this paper, a circular ring patch antenna is designed on a 

jeans as the substrate. The conductive part of the antenna is 

designed with a radius of a using a copper sheet with a 

thickness of 0.02mm. The radius of the patch is calculated 

using (1)[10].  

 

𝑓0 =
𝑐

2𝜋𝑎√𝜀𝑟
𝑥′𝑚𝑛   (1) 

 

where  𝜀𝑟 and 𝑥′𝑚𝑛 are the relative permittivity of the 

substrate and the root of Bessel function respectively. The 

dominant Bessel function mode for a circular patch is 𝑥′𝑚𝑛 

which is equivalent to 1.842. 

 

For wearable antenna, various textiles are suitable to be 

used as antenna substrate. Different substrates have different 

relative permittivity. Fabric substrates are electrically 

conductive and needs to satisfy some requirements such as a 

low and stable electrical conductance in order to minimize 

losses. The material must be homogeneous over the antenna 

area, and the fabric should be flexible so that it can be 

deformed when worn [11]. In this design, a jeans fabric with 

thickness and permittivity of 1.2 mm and 1.7 respectively has 
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been used as the dielectric for the antenna. The conducting 

material jeans have a high quality material with low and stable 

electrical resistance of 0.05 Ohm/Sq. 

 

The microstrip patch antenna in this paper is designed to 

operate at dual band frequencies; 2.4 GHz and 5.2 GHz. A 

partial ground plane is attached at the back of the substrate to 

prevent interference of the radiation around the patch. The 

circular patch antenna is matched with 50Ω impedance using 

microstrip feed line. Table 1 and Fig. 1 illustrated the 

proposed antenna optimized geometry for both operating 

frequencies.  

 

The circular ring in Fig. 1 is introduced to perform dual 

band frequencies where the outer ring influences the low 

frequency while the inner ring acts as the radiator at high 

frequency. Results of return loss for flat condition in Fig. 3 

and Fig. 4 show that the antenna covers a wider bandwidth 

range from 1.95 GHz to 5.79 GHz which is approximately 

3.84GHz. Hence, the antenna is operating perfectly at both 

resonance frequencies of 2.4 GHz and 5.2 GHz as desired.  

 
TABLE 1. DIMENSION OF PROPOSED CIRCULAR PATCH ANTENNA 

Parameters Optimized 

dimensions (mm) 

Width of Substrate (𝑊𝑠) 70 

Width of Ground (𝑊𝑔) 70 

Width of Microstrip Feed I (𝑊𝑓1) 4.3 

Width of Microstrip Feed II (𝑊𝑓2) 2 

Width of Inset Feed (𝑊𝑖𝑛𝑠𝑒𝑡) 1 

Length of Substrate (𝐿𝑠) 90 

Length of Ground (𝐿𝑔) 30 

Length of Microstrip Feed I (𝐿𝑓1) 8 

Length of Microstrip Feed II (𝐿𝑓2) 23 

Length of Inset Feed (𝐿𝑖𝑛𝑠𝑒𝑡) 5 

Radius of Slotted Circular 𝑅1 = 8 

Radius of Circular Disc  𝑅2 = 22 

Gap between slot (g) 1 

   

 

 

  
 

 
(a) 

 

 
(b) 

Fig. 1. Geometry of circular patch antenna (a) Front view (b) Back view 

 

  
(a) (b) 

 

Fig. 2. Simulated bending antenna (a) E-plane bending (b) H-plane bending 
 

III. ANTENNA PERFORMANCE UNDER BENDING CONDITION 

In this section, the effect of antenna under bending 

condition to the antenna performance will be analysed. The 

antenna is bent along two principle planes, E- plane and H-

plane which are illustrated as in Fig. 2(a) and Fig. 2(b) 

respectively. The bending of the antenna are studied for four 

conditions; at flat condition, bent on 50 mm radius surface, 

bent on 150 mm radius surface, and bent on 300 mm radius 

surface. The radius of the bending are chosen to approximate 

human arm, human adult’s leg, and the back of human body 

respectively. The surface for this analysis is considered as 

vacuum with permittivity of 1.  

  

A. Reflection Coefficient 

 

Fig. 3 and Fig. 4 represent the effect of bending to the 

reflection coefficient of the antenna. In Fig. 3, the simulated 

result of the E-plane bending is illustrated. From the figure, it 

is shown that the resonant frequency shifted downwards with 

decrement of bending radius. This can be seen clearly at low 

band frequency. At low band, the resonant frequency shifts 

from 2.45 GHz to 2.26 GHz with bending radius of 50 mm 

while bending with radius 300 mm resulted in an upward 

shifting to 2.44 GHz. When analyzing the effect at high band, 

the resonant frequency shifted upwards as the bending radius 

increases. At 300 mm radii bending, the resonant frequency 

shifted from 5.21 GHz to 5.36 GHz. The reflection coefficient 

of the antenna increased by approximately 10 dB at low band 

and decreased by almost 15 dB at high band with bending 

radius 300 mm.     

 

The results in Fig. 4 illustrated the H-plane bending effect 

at four different conditions. When the textile is bent along H-

plane, the resonant frequency of the antenna is nearly 

unchanged at different bending radius. At all bending radius, 

the resonant frequency shifted upwards from 2.44 GHz to 2.46 

GHz at low band and from 5.21 GHz to 5.2 GHz at high band. 

The reflection coefficient of the antenna increased by 3 dB at 

low band while there is a return loss reduction by 8 dB at high 

band. 

𝐿𝑠 
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Fig. 3. Simulated reflection coefficient of E-plane bending 
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Fig. 4. Simulated reflection coefficient of H-plane bending 
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Fig. 5 (a). Simulated elevation radiation pattern gain of antenna in E-plane 

bending condition at 2.4 GHz 
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(b) 

Fig. 5 (b). Simulated elevation radiation pattern gain of antenna in E-plane 

bending condition at 5.2 GHz 

 

 

From the results, it is shown that bending along E-plane 

gives vulnerable effect compared to the bending along the H-

plane. Therefore, in this paper, the analysis of radiation pattern 

effect from bending will only focus on the E-plane 

performance since the H-plane performance shifts are barely 

noticeable. 

 

B. Radiation Pattern 

 

Fig. 5(a) and Fig. 5(b) illustrates the effect of antenna 

bending to the radiation pattern at both frequencies 

respectively.  

From Fig. 5(a), no significant changes is seen when the 

antenna is bent on a larger bending radius. This is due to the 

propagation during bending at large radius is most likely as 

the flat condition. Bending the antenna has a slight effect for 

most extreme 50 mm radius case. An increment of 20 dB gain 

has been found at 90ᵒ and 270ᵒ when the bending is 50 mm in 

radius. This might due to the propagation along the feed line 

which is more directive when the antenna is critically bent.   

Fig. 5(b) shows significant changes on the radiation pattern 

especially on smaller bending radius due to the interference at 

the inner ring of the patch during bending. This shows that the 

radiation pattern is more affected at the middle area of the 

patch when the antenna is bent along E-plane. The gain of the 

antenna at bending condition is approximately similar for all 

cases. For worst bending case of 50mm, the back lobe gain of 

the antenna is higher. For other cases, the radiation pattern 

with slightly increment in gain for approximately 5 dB 

compared to the flat patch antenna has been observed.  
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IV. CONCLUSION 

The paper has demonstrated the effect of bending to the 

reflection coefficient and radiating performance of the textile 

antenna. The study has shown good performance of antenna 

under bending condition. The effect of bending is severe along 

the E-plane with compared to the bending along the H-plane 

for both frequencies. For the bending along E-plane, the 

resonant frequency of the antenna reduced with small bending 

radius at both respective bands where as for H-plane, there are 

no severe effect on the performance of the antenna. The 

radiation pattern has also been studied for E-plane bending. 

The radiation pattern at high bending radius shows 

approximately similar performance as the flat patch antenna 

for both frequencies; 2.4 GHz and 5.2 GHz. From the analysis, 

the best performance can be achieved at large bending radius 

of 300 mm radius. This bending is made to represent human 

body. Hence, the performance of the antenna is highest when 

placed around the human body especially at the back of the 

body.  
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Abstract—An investigation of eggshell powder as potential 

additive to concrete. In this investigation, five different 

percentages of eggshell powder with respect to cement were 

added into the concrete mix of Grade 25. The materials used 

were mainly Portland cement, crushed sandstone, river sand, 

plasticing accelerator and eggshell powder. From the 

investigation, all the slump results of eggshell concrete were at 

medium degree of worakability ranging from 65-75 mm. Eggshell 

concrete of 10%  achieved the highest compressive strength at 

42.82 N/mm2 which is 57% higher than the control specimen. 

There is an increasing trend of flexural strength from 2.36 to 3.50 

N/mm2 with the increase of eggshell powder from 0 to 20%. 

Besides that, the eggshell concrete has shown significant 

reduction in water absorption and water penetration. 

Keywords—eggshell; concrete; compressive strength; water 

absorption; additive.  

I.  INTRODUCTION 

Malaysian is one of the largest eggs eater in the world 
consumed 20 millions egg daily [1]. Most of the eggshell waste 
is commonly disposed in the landfills without pretreatment 
because it was traditionally useless [2]. Although eggshell is 
known as natural solid waste which is non hazardous, it may 
attract rats and worms due to the organic protein matrix that 
may pose health problem to the public [3]. Waste disposal and 
landfilling has been one of the major issue in Malaysia. The 
number of landfilling in Malaysia has increased from 49 in 
1988 to 161 in 2002, and the number is still increasing 
alarmingly [4]. The scarcity of land has increase the cost of 
landfill tremendously causing waste disposal to be expensive. 
High disposal of waste may pose treat environmentally as such 
as contamination to the surface water, soil and ground water. 
On top of that, it may affect the health of exposed populations 
and ecosystems. Not much research has been conducted for 
eggshell. Eggshell powder which is rich in CaCO3. Amu et al. 
(2005) used eggshell powder as stabilizer of lime in clay 
expansive soil [5]. Besides that, eggshell is also used as 
stabilizing material to increase the liquid limit and plasticity 
index of lateritic soil [6]. Since there is not much research has 
been conducted on eggshell powder, further investigation can 
be conducted to identify the use of eggshell powder as 
construction material. 

II. EXPERIMENTAL 

A. Materials 

The material used in this investigation are Portland 
Composite cement, granite, river sand, eggshell powder, water 
and plasticizing accelerator. Portland Composite cement 
manufactured by YTL, which can produce high early strength, 
complied by NS EN 197-1:2000 CEM II/B-M is used as the 
binder. Eggshell powder which have high calcium content up 
to 95% is used as filler in the concrete mix. The eggshells were 
obtained from Eggtech Manufacturing Sdn Bhd located at 
Puncak Alam, Selangor. The eggshells dried under the sun and 
grinded into powder. The eggshell powder then was sieve using 
2.36 mm sieve. Particles passing through 2.36 mm sieve will 
be used as filler in concrete. 

B. Slump Test 

Slump test was conducted to determine the workability of 
concrete. The slump test was conducted according to BS 1881: 
Part 102 [7].   

C. Compressive Strength Test 

Concrete cubes (100 mm x 100 mm x 100 mm) were used 

for compressive strength test. All concrete cubes were cured in 

the water tank. The compressive strength test were conducted 

accoding to BS 1881: Part 116 [8]. The cubes were tested 

using Shimadzu Universal Testing Machine of capacity 1,000 

KN at a loading rate of 0.25N/mm
2
/sec. A total of nine cubes 

were case for each mix design. The compressive strength test 

was carried out at concrete age of 3, 7 and 28 days. 

 

D. Flexural Strength Test 

 Beam (100 mm x 100 mm x 500 mm) were used for 
flexural strength test. The flexural strength of beam were tested 
using T-Machine Universal Testing Machine according to BS 
1881: Part 118 [9]. A constant loading rate of 0.03 N/ mm2/sec 
was maintained for this test. 

E. WaterPenetration Test 

Water Penetration test is to define the rate movement 

of water through the porous material under capillary action. It 
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is a rapid and simple test and it does not require any special 

equipment. To ensure uniform moisture throughout the 

specimens, the specimens were dried at 50°C for three days in 

the oven. After that, the specimens were removed from the 

oven and allowed to cool in a desiccator for 2 hours. The sides 

were then sealed with vinyl electrician's tape to ensure a 

unidirectional flow of water. At this time, the initial mass of 

the specimen was measured. The test was conducted according 

to BS EN-12390-8 [10].The bottom surface was then 

immersed in distilled water to a depth of about 2-4 mm. The 

concrete cubes were taken out from the water after 24 hours. 

The cubes were then cut using concrete cutter. The colored 

water mark on the cut cubes is measured as water penetration. 

 

F. Water Absorption Test 

Water absorption test is conducted to identify the ability of 

concrete to absorp water. The full size of concrete cubes (100 

mm x 100 mm x 100 mm were used in this investigation. To 

ensure uniform moisture throughout the specimens, the 

specimens were dried at 50°C for three days in the oven. After 

that, the specimens were removed from the oven and allowed 

to cool in a desiccator for 2 hours. The initial weight of 

concrete cubes were weighted. The test was conducted 

according to BS 1881: Part 122 [11]. The cubes were 

immersed in the water and is wipe with dry cloth to ensure 

that the cubes were surface dried. The cubes were repeatedly 

measured at 1, 5, 10, 20, 30, 60, 120. 180, 1440, 2880 and 

4320 minutes. 

 

III. RESULT AND DISCUSSION 

A. Slump Test 

Slump test is to determine the workability of concrete prior 
to casting. In this investigation, slump test are carried for 
concrete with different percentage of eggshell filler namely 0%, 
5%, 10%, 15% and 20%. The results of slump tests of different 
percentages of eggshell powder as concrete filler is tabulated in 
Table 1. From Fig. 1, it is observed that the slump for all 
proportion can be categorized as true slump ranging between 
70-75 mm. Concrete A5 (20%) shows the highest slump of 75 
mm while A1 (0%) shows the lowest slump of 70 mm. The 
slump for all the proportion of eggshell powder fall into the 
acceptable range of slump which is 75±25 mm. Thus eggshell 
powder is suitable to be used as filler in the concrete mix as it 
do not absorption water excessively. 

TABLE I.  RESULT OF SLUMP TEST 

Sample 

Mark 
Filler 

Water/ Cement 

Ratio 

Slump 

(mm) 

A1 0% 0.4 70 

A2 5% 0.4 71 

A3 10% 0.4 72 

A4 15% 0.4 75 

Sample 

Mark 
Filler 

Water/ Cement 

Ratio 

Slump 

(mm) 

A5 20% 0.4 75 

 

 

Fig. 1. The effect of eggshell powder as filler to concrete mix 

B. Compressive Strength Test 

Compressive strength test is one of the most important 

properties for hardened concrete. In this investigation, 

concrete of different proportion of eggshell powder of filler 

are tested at 3, 7, and 28 days. The result of the compressive 

strength test is tabulated in Table II. result of compressive 

strength test. 

TABLE II.  RESULT OF COMPRESSIVE STRENGTH 

Sample 

Mark 
Filler 

Water/ Cement 

Ratio 

Compressive Strength Test 

3 days 7 days 28 days 

A1 0% 0.4 16.15 21.22 27.20 

A2 5% 0.4 10.14 17.48 29.63 

A3 10% 0.4 14.89 18.38 42.82 

A4 15% 0.4 14.48 15.14 38.67 

A5 20% 0.4 16.86 17.20 37.60 

 

 Fig. 2. The effect of filler to compressive strength 
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Fig. 3. The effect of concrete age to compressive strength of concrete 

Fig. 2 and Fig. 3 shows the compressive strength of 

different proportion of eggshell filler and the effect of concrete 

age of different proportion of eggshell filler. From Fig. 2, it is 

observed that A2 (10%) shows the highest compressive 

strength of 42.82 N/mm
2 

while A1 (0%) the lowest of 29.63 

N/mm
2
. It is observed that the addition of eggshell powder as 

filler up to 20% in concrete increase the compressive strength 

of concrete. From Fig. 3, it is observed that concrete with 

eggshell powder as filler has generally lower initial strength as 

compared to control concrete. However, it shows high 

compressive strength at 28 days. 

 

C. Flexural Strength Test 

Flexural strength test is to determinen the ability of 

unreinforced concrete to resist failure of beding moment. 

Flexural strength test is only conducted on concrete of 28 days. 

The result of flexural strength for concrete with different 

percentage of eggshell powder as filler is tabulated in Table III. 

Fig. 4 shows the effect of eggshell powder as filler to the 

flexural strength of concrete. From Fig. 4, it is shown that the 

flexural strength of concrete increases as the percentage of 

eggshell powder as filler increase in the concrete mix. All the 

concrete mix with eggshell powder shows higher flexural 

strength compared to the control concrete. It is suggested that 

eggshell powder is a suitable filler that could improve the 

flexural strength of concrete. 

TABLE III.  RESULT OF FLEXURAL STRENGTH TEST 

Sample 

Mark 
Filler 

Water/ Cement 

Ratio 

Flexural Strength, 

N/mm2 

A1 0% 0.4 2.75 

A2 5% 0.4 2.76 

A3 10% 0.4 3.18 

A4 15% 0.4 3.27 

A5 20% 0.4 3.38 

 

 

Fig. 4. The effect of filler to flexural strength of concrete 

D. Water Penetration Test 

Water penetration test is to determine the permeability and 

durability of concrete  which is specified by BS EN-11390. 

The concrete specimen with age 28 days were used in this 

investigation. The depth of is indicated as the water 

penetration. The result of water penetration is tabulated in 

Table V while the effect of different percentages of eggshell 

powder as filler in shown in Fig. 6. Fig. 6 shows a reducing 

trend of water penetration with the increase of eggshell 

powder as filler in the concrete. All the concrete mix with 

different percentages of eggshell powder as filler shows 

improvement of water penetration compared to the control 

concrete. Thus, the used of eggshell is effective in reducing 

the water penetration into concrete thus reducing the risk of 

corrosion of steel in reinforced structure (Slag Cement 

Association, 2002). 

TABLE IV.  RESULT OF WATER PENETRATION 

Sample 

Mark 
Filler 

Water/ Cement 

Ratio 

Depth of 

Water 

Penetration 

(mm) 

A1 0% 0.4 8.5 

A2 5% 0.4 7.5 

A3 10% 0.4 4.0 

A4 15% 0.4 3.0 

A5 20% 0.4 1.5 
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Fig. 6. The effect of filler to water penetration of concrete 

E. Water Absorption Test 

Water absorption test is used to determine the absorption 

rate and the absorption capacity of concrete. This test is only 

conducted on concrete of 28 days. The result of concrete mix 

with different percentages of eggshell powder as filler in 

tabulated in Table IV. From Table IV, it is observed that 

higher percentage of eggshell powder as filler shows lower 

initial water absorption up to 60 minutes. Fig. 5 shows the 

effect of different percentage of filler to water absorption of 

concrete. In general, the addition of eggshell powder as filler 

reduces the ability of specimen to absorp water. The presence 

of eggshell sealed the existing void occurred in the control 

concrete.   

TABLE V.  RESULT OF WATER ABSORPTION 

Time, 

minutes 

 

Water Absorption (g) 

A1 A2 A3 A4 A5 

1 0 0 0 0 0 

5 14.5 11.5 11 8.5 7.5 

10 25.5 20.5 18.5 18 14.5 

20 33 28.5 25.5 26 22.5 

30 36.5 32.5 29.5 30 28.5 

60 37 34 31 34 31 

120 39 35.5 36 39.5 36.5 

180 42 41.5 37.5 41.5 39.5 

1440 49 47.5 44.5 46 44 

2880 49.5 49 46.5 46.5 47 

4320 50 50.5 46.5 49 47.5 

 

 

Fig. 5. The effect of time to water absorption of concrete 

IV. CONCLUSIONS 

Form the investigation, the following conclusions can be 
obtained. 

a. The water cement ratio of 0.4 produces medium degree 
of workability which is suitable for most of the 
concrete casting on site. 

b. The inclusion of eggshell powder as filler in concrete 
has improved the compressive strength of concrete. 
Concrete with addition of 10% eggshell powder as 
filler showed the highest compressive strength of 42.82 
N/mm

2
.  

c. The inclusion of eggshell powder as filler into concrete 
has also improve the flexural behavior of concrete up 
to 22.9% compared to the control concrete. The  
addition of eggshell powder as filler in concrete 
improves the resistance of failure in bending. 

d. The eggshell powder as filler shows significant 
reduction intial water absorption. Besides that, it also 
reduces the ability of specimen to absorp water 
compared to control concrete. 

e. The inclusion of eggshell powder as filler in concrete 
shows significant reduction of water penetration up to 
82.3% as compared with the control concrete. 
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Abstract—The photocatalytic activities of CuFe2O4 

photocatalyst for removing organic dye from wastewater under 

visible light irradiation have been investigated. Cupper ferrite 

(CuFe2O4) nanoparticles have been successfully synthesized via a 

nitric acid assisted sol–gel method. The photocatalytic evolution 

of CuFe2O4 has been achieved over the organic dye (Methylene 

Blue, MB) degradation and the activity is dependent on the 

synthesis method. The results show that the photocatalytic 

activity and visible light response to CuFe2O4 is higher than some 

other photocatalysts used for dye reduction. In addition, it is 

evident from the literature survey that various low-cost 

adsorbents are highly potential for the removal of various 

aquatic pollutants still suffers from drawbacks for commercial 

application.  The present work has been proposed to circumvent 

these limitations by exploring the organic dye removal from 

wastewater over CuFe2O4 photocatalyst under visible light 

irradiation.     

Keywords—synthesis; CuFe2O4; characterization; activity 

evaluation 

I.  INTRODUCTION  

The contamination of water resources by industrial effluents 
is posing a great problem to the human society. Various 
methods of treating wastewater such as biotechnology, 
chemical oxidations and adsorption have been studied for the 
treatment of organic pollutants in water [1-3]. Adsorption is 
efficient but once toxic compounds adsorb on the adsorbents, 
they became hazardous waste that need to be disposed 
properly [2, 4, 5]. The production of potable water has become 
a worldwide concern; for many communities, projected 
population growth and demand exceed conventional available 
water resources. Over 1 billion people are without clean 
drinking water and approximately 2.3 billion people (41% of 
the world population) live in regions with water shortages [6-
8]. For most, solutions such as water conservation and water 
transfer or dam construction are not sufficient methods to cope 
with increasing demand and, in many cases, decreasing 
supply. Traditional fresh water resources such as lakes, rivers, 
and groundwater are overused or misused; as a result, these 
resources are either diminishing or becoming saline. As 
countries continue to develop and cities expand, few new 
water resources are available to support daily fresh water 
needs. As a result, solutions such as water reuse and salt water 

desalination have emerged as the keys to sustaining future 
generations across the globe [6, 9-11]. 

Recently, water shortages are becoming an increasing 
problem due to scientific advances following rapid industrial 
growth, environmental pollution, depleted water resources, 
global warming causing abnormal climate changes, and 
uncontrolled ground-water development [3, 7, 12]. The rapid 
development of manufacturing technology after the industrial 
revolution has improved the standards of living significantly 
but it is becoming a factor that is threatening human health 
and the environment. Pollutants are changing both 
quantitatively and qualitatively, and the number of chemicals 
currently in circulation is 38,000 with more than 300 new 
materials being synthesized every year due to the 
diversification of industrial structures and high-tech industry 
[5, 9, 12]. Some contaminants such as aromatic halides and 
dyes have adequate resistance to oxidation by bio-degradation 
and conventional chemical oxidation [13]. Therefore, removal 
of organic pollutants remains a great challenge [14]. It was 
reported that about 20% of the total world production of dye is 
lost during dyeing process and released as textile effluents. 
Organic dyes produce toxic substance through oxidation and 
hydrolysis in the wastewater phase [5, 15, 16]. The high 
concentration of organics and higher stability of modern 
synthetic dyes makes conventional method ineffective for 
complete removal and degradation of dyes  [3, 17]. Hence, 
wastewater containing toxic organic dyes have serious 
problem to the environment [9].   

TiO2, metal ferrite, and other semiconductors are very 
promising photocatalysts for water purification and removal of 
different organic elements from industrial waste water. These 
semiconductors should be stable, inexpensive, non-toxic, and 
especially capable of harvesting light to get photo-generated 
carriers for dye or organic compounds removal. With good 
electronic conductivity, high thermal stability, and excellent 
catalytic activity, spinel-type compounds have been explored 
as catalysts, especially photocatalysts. MFe2O4 is typical 
spinel-type compounds, and exhibit promising photocatalytic 
activity. So it’s of great significance to investigate their 
photocatalytic activity for dye removal [4, 18-23]. TiO2 is a 
promising photocatalyst for water treatment, having a strong 
resistance to chemical and photocorrosion, low operational 
temperature, low cost, significantly low energy consumption, 
led to the relevant applications of the photocatalytic dye 
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reduction. However, TiO2 exhibits a relatively high energy 
band-gap (3.2 eV) and can only be excited by high energy UV 
irradiation with a wavelength shorter than 387.5 nm. The wide 
band gap only allows TiO2 remains active under UV 
irradiation. This is not efficient as only 5% of solar energy 
reaches Earth as UV irradiation while 46% were visible light 
[3, 24-30].    

In this study, CuFe2O4 was used as a photocatalyst for 
photocatalytic dye (Methylene Blue, MB) reduction under 
visible light irradiation. The CuFe2O4 photocatalyst was 
characterized by X-ray diffraction (XRD), scanning electron 
microscopy (SEM), ultraviolet visible spectroscopy (UV-Vis), 
and energy dispersive X-Ray spectroscopy (EDX) 
instruments. The photocatalytic activities of the CuFe2O4 

photocatalysts for reducing organic dye present in wastewater 
have been investigated under visible light irradiation in detail.    

II. MATERIALS AND METHODS 

A. Materials 

The copper nitrate, Cu(NO3)2.3H2O (99%), iron nitrate, 
Fe(NO3)3.9H2O (99%), Nitric acid, HNO3 (65%), and Agar 
were obtained from R&M Chemicals. Methylene Blue (MB) 
dye was obtained from Fisher Scientific for calibration and 
analysis. All chemicals used in this work were analytical grade 
and used as received.       

B. Catalyst Synthesis 

CuFe2O4 has been prepared through sol-gel method. For 
the photocatalyst (CuFe2O4) preparation,  Cu(NO3)2.3H2O and 
Fe(NO3)3.9H2O were dissolved in HNO3 in which 4 g of agar 
and 400 mL of water were added and retained for 3 h under 
continuous stirring at room temperature. The solution was then 
heated under stirring at 90

o
C for 3 h. The gelatin formation 

was gradually proceeded until a green gel was obtained, and 
then dried at 130

o
C under vacuum for 24 h. Finally, the 

powder is fired at 900
o
C with a heating rate of 10

o
C/min for 

16 h [18].  

C. Characterization  

The XRD patterns were obtained at room temperature 
using Rigaku MiniFlex II. The morphologies of the spray/dip-
coated photocatalysts were observed by scanning electron 
microscope (SEM) of the model JEOL JSM-5410LV (JEOL, 
Japan). Energy dispersive X-ray spectrometer (EDX) (5.0 kV) 
in connection with SEM was used to identify and analyze the 
elemental composition of surface composite photocatalysts. 
The UV-Vis diffuse reflectance spectrum (DRS) in the range 
of 200−800 nm was measured with a Daojin UV-2550PC 
diffuse reflectance spectroscope.       

D. Photocatalytic activity  

Photocatalytic is process in which light photons are 
absorbed with energies greater than its bang-gap energy (Eg) 
to create electron-hole pairs. The photogenerated electrons (e-) 
and holes (h+) participate in various oxidation and reduction 
processes to produce final products [31]. However, if the 

electrons fail to find any trapped species (e.g. CO2) on the 
semiconductor surface or their energy band gap is too small, 
then they recombine immediately and release unproductive 
energy as heat[18, 32]. Photocatalytic absorption of light 
photons creates photoelectrons in the conduction band (CB) 
and holes in the valence band (VB) of the semiconductor, as 
schematically depicted in Fig. 1a. In the Fig. 1b, the 
photogenerated electron-hole pairs must separate and migrate 
to the surface (paths a and b in Fig. 1b) competing effectively 
with the electron-hole recombination process (path c in Fig. 
1b) that consumes the photo charges generating heat. The 
photoinduced electrons and holes reduce and oxidize adsorbed 
organic dye (MB) for water purification [31, 33-35].  

III. RESULTS AND DISCUSSION 

A. XRD Analysis 

The XRD pattern of CuFe2O4 is showed in Fig. 2. Fig. 2 
depicts the XRD pattern of the CuFe2O4 photocatalyst 
fabricated via sol–gel approach. It was observed from Fig. 2 
that there were three sharp peaks in the patterns of CuFe2O4 at 
18.56

o
, 37.31

o
 and 62.25

o
, respectively. The diffraction lines 

of these samples can be readily indexed to tetragonal-type 
CuFe2O4 (JCPDS 34-0425) [18, 20]. Fig. 2 depicts the XRD 
patterns of the as-obtained photocatalysts calcined at 900 

o
C. 

The diffraction lines of the as-obtained CuFe2O4 can be 
readily indexed to spinel-type CuFe2O4 (JCPDS 
101,112,200,202,211,220,303, 224, 400, 422). The diffraction 
peaks of these samples are narrow and strong, indicating good 
crystallinity. No impurity phase was detected in the as-
obtained CuFe2O4 sample, except existing a small amount of 
CuO (JCPDS 110, 200) and Fe2O3 (JCPDS 104,102,110) 
impurity phase in the as-obtained CuFe2O4 samples (Fig. 2).  

 

Fig. 1. Principle of photocatalytic water splitting: (a) photoelectron 

excitation in the photocatalyst-generating electron hole pairs and (b) processes 

occurring on photocatalyst particle following photoelectronic excitation  
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Fig. 2. XRD patterns of the CuFe2O4 photocatalyst fabricated via sol–gel 

approach at 900 oC 

B. UV-Vis Spectroscopy Analysis 

The UV–Vis DRS of the as-prepared photocatalyst 
(CuFe2O4) has been presented in Fig. 3. A band gap of 1.71 
eV was obtained from UV-Vis DRS analysis (Fig. 3). The 
required wavelength to make the photocatalyst active can be 
calculated according to the following equation [36]:   

Wavelength, λ (nm) ≤ 1240/ Band gap of semiconductor (eV)                                                      
(1) 

This means that CuFe2O4 photocatalyst is active under 
visible light irradiation up to 725 nm. Therefore CuFe2O4 
covered a broad range of solar spectrum of visible light which 
consists of light with wavelength of 390 to 780 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. The UV–Vis DRS of the prepared photocatalyst (CuFe2O4) 

C. SEM and EDX Analysis 

The morphologies of the photocatalysts were observed by 
SEM as shown in Fig. 4. The micrograph of CuFe2O4 prepared 
by sol gel method was formed from fine spherical particles 
with a uniform distribution and well defined natural crystalline 
faces (Fig. 4). The CuFe2O4 particles were almost spherical, 
and the size was much less than 10 μm, even to several 
hundred nanometers. EDX analysis confirms the presence of 
Cu, Fe and O elements in the prepared CuFe2O4 catalyst (Fig. 
5). The experiments confirm all the elements present in the as-
prepared samples including some unwanted phases, e.g., Pt 
and C (Fig. 5). Pt may contaminated from coating and carbon 
from the carbon paper during the analysis. Table I shows the 
elemental compositions of Cu, Fe and O in the prepared 
CuFe2O4.        

TABLE I.  ELEMENTAL COMPOSITIONS OF PREPARED CUPPER 

FERRITE 

Elements Weight (%) Atomic (%) 

C K 5.23 16.63 

O K 17.29 41.27 

Fe K 44.20 30.22 

Cu L 13.23 7.95 

Pt M 20.05 3.92 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. SEM micrograph of CuFe2O4 prepared by sol–gel at 900 oC 
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Fig. 5. Elemental analysis of CuFe2O4 by EDX   

D. Photocatalytic Degradation of Organic Dye (MB) 

I. Effects of photocatalyst loading: Fig. 6, summarizes 
the influence of photocatalyst loading in the range of 0.3 to 1.0 
g/L after 5 h adsorption study to ensure equilibrium have been 
attained. By using CuFe2O4, a considerable amount of MB 
degraded, indicating that CuFe2O4 is an effective photocatalyst 
toward MB degradation under visible light irradiation. With 
increasing of CuFe2O4 loading, the degradation of MB 
increases. The active sites on the CuFe2O4 particles surface 
and the light penetration of photoactivating light into the 
reactor are crucial to photocatalytic degradation of MB [37]. 
When the photocatalyst loading is below its optimum value, 
the available active sites on the CuFe2O4 particles surface 
increases with the increasing of photocatalyst loading, leading 
to more and more absorption of photons for degradation of 
MB. However, an excess of photocatalyst may impede the 
further penetration of incident light into the reactor, and the 
inner photocatalyst cannot be photoexcited to generate 
electron/hole pairs (EHP). As a result, less ∙OH will be 
generated and causes photocatalytic degradation of MB to be 
decreased. According to Yang et al.  [19], photocatalytic 
activity decreases at extreme high concentration of 
photocatalyst loading because activated CuFe2O4 can be 
deactivated by the collision with the ground state CuFe2O4:  

CuFe2O4
#
 + CuFe2O4 → CuFe2O4* + CuFe2O4                  (2) 

Where CuFe2O4
#
 is the photoexcited CuFe2O4 and CuFe2O4* 

is the deactivated form of CuFe2O4. Under this situation, the 
photocatalytic degradation of MB reduces.    

II.  Effects of initial MB concentration:  Fig. 7, 
illustrates the photocatalytic degradation of MB as a function 
of initial MB concentration (Co) after 5 h adsorption study to 
ensure equilibrium have been attained. The degradation rate is 
lower for higher initial concentrations as the order decreases. 
This is because CuFe2O4 had reached its maximum efficiency. 
At constant CuFe2O4 catalyst loading, there will be no 
additional active sites on the CuFe2O4 particle surface when 
the dye concentrations are increased. Therefore, degradation 
of dye decreases as the initial dye concentration increases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Normalized MB concentration (C/Co) plot at various catalysts loading 

with similar initial MB concentration of 20 ppm  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Normalized MB concentration (C/Co) plot at different initial MB 

concentration with similar catalyst loading of 0.6 g/L 

IV. CONCLUTIONS 

The CuFe2O4 photocatalyst was prepared by direct 
reactions between Cu(NO3)2, Fe(NO3)3, by dissolving in 
HNO3 following sol-gel method. The spinel CuFe2O4 is non 
toxic, low cost, chemically stable and possesses an optical 
gap, close to the ideal value required for terrestrial 
applications. The prepared CuFe2O4 is an effective 
photocatalyst that is able to utilize visible light to perform 
oxidation processes. Photocatalytic degradation of MB can 
take place efficiently on the prepared CuFe2O4. The CuFe2O4 
photocatalyst was characterized by XRD, UV-Vis 
spectroscopy, SEM and EDX. It is found out that the 
photocatalytic activity and visible light response of CuFe2O4 is 
higher at low MB concentration. Moreover, the modification 
of CuFe2O4 can enhance its photocatalytic activity and visible 
light response. The modified CuFe2O4 will be used for CO2 
conversion into hydrocarbons in future detail investigation.        
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Abstract- The study presented in this paper aims to provide some 

insight about the feasibility of reading assessment as a screening 

method for potentially young adults with Dyslexia in Malaysia.  

The motivation of this study arises based on the fact that there is 

lack of awareness about the impacts of Dyslexia among young 

adults in Malay.  The current screening method for young adults 

is mainly using online or offline questionnaire in investigating the 

young adults learning difficulties history and Dyslexia symptoms.  

However, the assessment conclusion derived based solely on the 

questionnaire input might be inaccurate as learning difficulties 

history may also associated with other factors which are not 

dyslexia symptoms such as emotional disturbance, physical 

handicaps, environmental and economic disadvantages.  

Therefore, through this study an online dyslexia-screening 

application comprises localized questionnaire and reading 

assessment in Bahasa Malaysia was developed targeting young 

adults in Malaysia. Preliminary results from this work-in-

progress indicate that reading assessment method presented in 

this study is feasible to be used as a Dyslexia-screening tools for 

young adult in Malaysia.  Future work from this study also aims 

to assist young adults with dyslexia in Malaysia to overcome their 

difficulties in life by providing them with relevant programs and 

supports. 

 

Keywords – dyslexia, reading assessment, online dyslexia 
screening test, young adults 

 

I. INTRODUCTION 

Awareness about learning difficulties among children has 

gained more attention recently all over the world particularly in 

is Asia region.  This has significantly increased the number of 

intervention programs and supports for children with learning 

in difficulties.  However, this is not the case for the young 

adults despite the fact that they play important roles in 

developing the nation for the near future [1].   

Dyslexia is not a disease thus it is not curable. It is 

neurological origin and it is characterized by difficulties with 

accurate and / or fluent word recognition and poor spelling and 

decoding abilities. Secondary sequences may include problems 

in reading comprehension and reduced reading experience that 

can impede growth of vocabulary and background knowledge 

[2].  Therefore, people with Dyslexia are struggling with their 

learning difficulties for lifetime. Many young adults in 

Malaysian who have not been tested during childhood can be 

potentially diagnosed with Dyslexia.  

Students with Dyslexia face difficulties in writing; 

spelling and reading are often seen as problematic due to their 

low academic performance. Famous people with Dyslexia 

such as Albeit Einstein and Walt Disney had proved that their 

learning difficulties were not barriers but instead helped them 

to achieve their highest potentials.  Learning difficulties 

associated with Dyslexia can be described as below [5]:   

 Difficulties in recognizing direction eg: left 

and right 

 Difficulties in remembering written or oral 

instruction 

 Problem in handwriting where would be 

slow and difficult to read 

Technology presents potential supports for people 

with special needs although a study [3] reported that the 

increase use of technology could cause unfair disadvantages to 

a certain group of students especially young adults.  Therefore 

this study is exploring the feasibility of online screening for 

Dyslexia among young adults in Malaysia.  This idea is 

supported by a study that indicates that young adults need 

different types of screening tests [4]. Some tests may suitable 

for only one age group, while others have different versions or 

different tests for different age groups. In order to diagnose 

young adults, an appropriate screening test with suitable 

criteria needs to be considered as well.   

 The main focus of this paper is to discuss about the 

online reading assessment for Malaysian young adults aged 16 

to 25 years old.  Many of the current online Dyslexia 

screening tests were developed in English speaking countries 

that may deemed as unsuitable in Malaysian context due to 

different culture and psychological factors [19].  Although 

there is an online Dyslexia- screening tool in Bahasa Melayu 

known as Smart Lexic but it is targeted for children [8]. 

User-interface design guideline was referred to in 

developing online Dyslexia-screening tool for Malaysian 

young adults presented in this paper [6].  This includes: 
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 Present the text in narrow columns, average 

sentences length is 15-20 words, format the 

paragraph as left aligned. 

 Use plain non-plain background, allow the user to 

customize their color scheme 

 Use sans-serif fonts, minimum size 12pt 

  Text boxes or bubbles are used to highlight 

important points, bullet points are used to highlight 

key items 

 Use graphic, images and picture texts to break up the 

text. 

User interface design of the online Dyslexia-screening tool 

presented in this paper is focusing on user’s experience and 

interaction.  It aims to enhance the visual, usability and 

technological qualities of an interface.   

 

II. DYSLEXIA-SCREENING FOR YOUNG 

ADULTS 

 Young adults with Dyslexia in Malaysia face more 

challenges due to the fact that they have to master more than 

one language.  Textual information are difficult to 

comprehend by young adults with Dyslexia even some of 

them may have survived secondary and tertiary education [7]. 

There is urgent need to have research evidences on the 

prevalence of Dyslexia among young adults in Malaysia.   

 Online Dyslexia-screening is deemed as potential 

instrument to identify students with Dyslexia at schools [8]. 

This is partly due to fact that many young adults were not 

screened during their childhood.  This is supported by a study 

that reported many teachers had to go through the experience 

in teaching retarded readers [9]. It is observed that the 

screening for young adults usually require a higher scale of 

guidance [10]. 

 The reading ability is dependent on the age of the 

child and their reading level.  Nowadays, it is can be 

considered important to use a test of single isolated word 

reading like Woodcock-Johnson Word Identification subtest 

or the Wide Range Achievement Test. Studies have proved 

that in both these tests, user need to read words that increase in 

difficulty level from simple to complex words.  The results 

then will be compared with result from other user of the same 

age level to see the differences [11].  Similar study also 

reported that using difficulties word level is the best way to 

identify potentially people with Dyslexia regardless of age 

groups.   

Reading comprehension tests are usually timed, 

where researcher will record the time taken for the user to read 

a comprehension passage. Although people with Dyslexia can 

read and see the words, they may have difficulty in reading 

comprehension as they may read slowly compared to others. 

 Screening tests are designed to be used on very large 

numbers of individuals, to narrow down the group of 

individuals who might need a more thorough test for possible 

dyslexia [12].  Screening test can therefore be implemented in 

the form of questionnaires pertaining to the symptoms of 

Dyslexia or computer games, which present challenges in, 

which the person with Dyslexia normally struggles [4]. 

Teens and adults, for example, may not enjoy the 

computer games type of test, while children, even without 

Dyslexia, may do poorly in written tests [4]. Moreover, 

individuals that screened through this method could be having 

problems with their learning for other factors such as 

emotional problems, confusion caused by a change of school, 

Attention Deficit Hyperactivity Disorder (ADHD), delayed 

learning, autism, dyspraxia and also possible Dyslexia [12]. 

The goal of the screening is to choose the fewest independent 

measures needed to give a great prediction of reading outcome 

where each measure conclude that a substantial and 

independent proportion of the changeability in reading 

outcome [13]. 

 In order for a screening test to be used, the efficiency 

should be well-established by means of a prospective 

validation study, which should be carried out in the absence of 

intervention.  However, all the principles that had been 

discussed before had not been applied.  Computer based 

screening test as said by Singleton, are more accurate in 

measurement, and especially in complex skills like reading 

comprehension are being assessed.  

Comprehensive tests on the other hand look at the 

whole person and examine the root cause of any learning 

difficulties in the light of research into Dyslexia and its causes.  

The word ‘comprehensive’ means ‘thorough’, and these tests 

examine which brain functions are interfering with a person’s 

acquisition of normal learning [12].  

Likewise, tests of reading, spelling, comprehension, 

and intelligence are given, as well as visual tests, laterality 

tests, visual scanning tests, sequencing, reversals and other 

tests.  The results are then assembled into a complete report on 

the person, which outlines the evidence for the conclusions 

reached.  Typically, screening by questions consists of a short 

list of questionnaires.  These questions will usually be in the 

form of a checklist of the signs of Dyslexia and ask if the 

prospective individual with Dyslexia is exhibiting any of the 

signs.  If enough of the signs are present, the particular 

individual might turn out has Dyselxia.  This type of test is 

used by Davis Dyslexia Correction Centre, Being Dyslexic 

and British Dyslexia Association.   

 Here in Malaysia, there are still no online Dyslexia 

screening, whereby communities have to attend the Dyslexia 

center to run-through the manual screening test which is done 

by the experts that can be timely and expensive. Yet, [9] 

argues that there could be some difficulties of screening in 
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conditions that are hard to put it in right way and do not much 

impairment. 

 

III.  MaDIST: MALAYSIAN DYSLEXIA 

SCREENING TOOL 

 According to The International Dyslexia Association 

(IDA, 2008), evaluation gives a meaning, a process of 

collecting all the important information to recognize the 

factors that contribute to an individual’s difficulty with 

learning to read and spell.  All the information is gathered 

from parents and teachers to understand the development and 

educational chances that have been provided. Then, the 

screening will be preceded with test that leads to a diagnosis.  

Evaluation is important for three reasons as below [14]: 

 Diagnosis 

 Intervention planning 

 Documentation 

As the dyslexia is been suspected, preventive intervention 

and assessment should be carry out shortly either in schools 

and in institutions of higher education.  The assessment 

usually included a thorough measurement of reading, spelling 

and arithmetic skills [11]. In some literatures, some of them 

require an IQ test but, some says that IQ test is not necessary 

as it takes long time for testing and quite expensive.  

According to [15], most individuals with Dyslexia put so 

much effort on decoding the written word or decode the 

meaning from what they have just read from the passage in 

comprehension. When using reading comprehension 

assessment, it is conferring on considerable efficiency of time.  

 It is not an easy to assess from reading 

comprehension if a learner has a disability or if the problem is 

caused by the something else. According to a study regarding 

the identification of individual with Dyslexia is not an easy 

matter but it involves an analysis of individual’s performance 

on three or four standardized measures [16]. 

 MaDIST is an online Dyslexia-screening tool for 

young adults’ age 16-25 years old in Malaysia. It is divided 

into two modules which are questionnaires and reading 

assessment. In this paper, the discussion will focus more on 

the reading assessment module. The purpose of the module is 

to determine the time taken for the user to complete the 

reading of article.  

A simple article which has a medium length has been 

chosen for the readability test. Before user clicks the “Mula” 

button, the article will not appear. The article will only appear 

after the user click the “Mula” button. The purpose in doing 

this is to prevent user from start reading the article before the 

time is captured. This is vital in order to have accurate 

analysis.  Below are the screenshots of MaDIST : 

 

Figure 1: Laman Utama 

Figure 1 shows medium size design of Laman Utama with 

orange colour background, black and white buttons position 

on middle top. 

 

Figure 2: Arahan 

Figure 2 shows medium size design of Arahan with separation 

of contents in order to ensure the user can read easily without 

any distraction. 

 

Figure 3: Penilaian 

Figure 3 shows a screenshot of questionnaires module that 

users need to answer before proceed to reading assessment 

module. 
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Figure 4: Pembacaan 

Figure 4 shows the reading assessment module. Once use 

clicked the “Mula” button, a short article will appear. It will 

record the time that the user took to read the article. 

 

IV. DATA COLLECTION 

Screening was conducted among Universiti Teknikal Malaysia 

Melaka (UTeM) students. Below are descriptions of the data 

collection procedures. 

A. Participants  

Fifteen students that participated in the study were 

selected randomly in (UTeM), aged between 16 and 

25 years old. 

B. Procedure 

There are two modules which are questionnaires and 

reading assessment.  Participants are allowed to 

customize the user interface with their preferred color 

scheme, font- size and font- family.  

 

The data from both modules will be analyzed to 

indicate whether the participants are potentially 

having Dyslexia.  

 

Before started, participants may choose to be 

screened either in questionnaires or reading first but 

in the end, participants needs to answers both of these 

modules.  

 

There are 16 questions in the questionnaires. 

Participants ought to answer all these 16 questions by 

answering either “Yes” or “No” before proceeding to 

the next module. Participants will be asked in terms 

of background and history of their learning 

difficulties. Participants demographic are also 

recorded. The reading assessment is used to 

determine the time taken for the participants to 

complete reading the article.  

Majority of the existing online Dyslexia-screening 

tool does not include reading assessment although it is proven 

that reading assessment plays a crucial role in Dyslexia 

screening for young adults. Therefore this study chose to 

incorporate reading assessment with learning difficulties 

questionnaires as a method for online Dyslexia-screening 

among young adults on MaDIST. 

As stated earlier, this study is also aim to capture 

preliminary data about dyslexia among Malaysian young 

adults – at present, there is no research evidence is available 

on the prevalence dyslexia among young adults in Malaysia.  

It is also aim to deliver awareness to publics especially parents 

and teachers to furnish these dyslexics by providing them 

more attention and care which may indirectly nurture their 

talents and reduce the percentage of juveniles.  

 

V. RESULTS 

 

Reading assessment 

In reading assessment, participants were asked to 

read the article that appeared when the “Mula” 

button was clicked.  The time taken for each 

participant was recorded.  Figure 5 shows the 

analysis of reading assessment among six UTeM 

students who identified as potentially having 

Dyslexia. 

 

 
Figure 5: Test analysis of readability 

assessment for 15 UTeM students 

 
Based on the analysis of six potentially 

participants having Dyslexia, Participant 8 took 

the longest time (110.37 seconds) to complete 

reading the article whereas Participant 2 took the 

shortest time (65.66 seconds) to complete 

reading the same article.  Likewise, the analysis 

shows that all of the potential participants having 

Dyslexia took more than one minute to complete 

reading the article.  This shows that students who 

are potentially having Dyslexia have difficulties 

in reading compared to their peers without 

Dyslexia who spend less than a minute to 

complete reading same article. 

 

The six potential participants with Dyslexia 

show consistent answers related to Dyslexia 

symptoms in the questionnaire. 
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VI. CONCLUSION 

 Individuals having Dyslexia is increasing in 

percentage whereby support from family and teachers is 

crucial to ensure the continuity and quality of their education 

for a better future.  With the implementation of Dyslexia- 

screening tool like MaDIST, it is hoped that young adults with 

Dyslexia could seek immediate help and support from 

corresponding society.  The remedial programs which are 

available can assist young adults with Dyslexia (depending on 

their degree or severity) to overcome many of the difficulties 

they experience in reading and writing.   

 The attempt through this study has indicated that the 

online Dyslexia-screening is feasible to be used as a screening 

tool in Bahasa Melayu to identify potential young adults with 

Dyslexia in Malaysia.  Hence, it is crucial to have localized 

screening tool that inline with Malaysian cultural and 

education systems. 
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Abstract—Airframe noise reduction becomes a main interest 

among researchers who study the performance of aircrafts. The 

airframe noise can occur between the high-lift systems and main 

body of the airfoil. The proposed shape-changing airfoil is one of 

many ideas to reduce airframe noise by eliminating the gap 

between the main body and the high-lift systems. This paper 

presents a new design of 30P30N airfoil, which converts the 

three-element airfoil into two-element airfoil by installing a 

shape-changing slat into the systems. The performances of airfoil 

are studied by comparing the conventional and the shape-

changing 30P30N airfoils where velocity and angle of attack are 

constant.   

Keywords—aerodynamic performance; CFD; coefficient of 

pressure; shape-changing airfoil 

I.  INTRODUCTION 

 High-lift systems (slats and flaps) play an important role in 
aircraft performance and they are widely used during takeoff 
and landing. Despite its important roles, conventional high-lift 
systems have some issues that affect the aircraft performance. 
Firstly, a high-lift system is a part of multi-element airfoil 
where it has three elements; one element is the main body and 
two elements are the high-lift systems. 

 Past studies have suggested that the high-lift systems and 
landing gears are the main noise producing components of 
airframe noise [1-3]. Khorrami [4] studied on the major noise 
generation mechanisms that are related to the slat. In the study, 
the focus was on the important of role of computational 
simulations in identification and understanding of noise 
sources. Previous studies stated that the gap between the high-
lift systems (slat and flap) and solid walls (main body) 
contributes the airframe noise generation [5,6].  

 Some actions can be taken to solve the issues on the high-
lift systems. One of them is the use of shape-changing 
mechanism on aircraft wing [7-9] that utilizes rigid-body 
segments that form a closed-chain connected by revolute joints 
eliminating the gap between the main components. Shamsudin 
[10] proposed and developed a shape-changing mechanisms 
focused on the slat of 30P30N airfoil.  

 In this paper, the design of airfoil is optimized by reducing 
the three-element airfoil into two-element airfoil. The slat and 

main body are combined as one body where shape-changing 
slat is applied to the main body. The analysis is performed on 
the new airfoil with the focus on slat area to compare with the 
conventional multi-element airfoil based on the static pressure 
P∞, velocity v, and coefficient of pressure Cp, along the both 
airfoils. 

 The paper is organized as follows: Section II presents the 
overview of current shape-changing slat of 30P30N airfoil. 
Section III discusses the numerical simulation and 
computational setup of slat-airfoil configuration. Section IV 
details the results obtained for shape-changing and 
conventional 30P30N airfoils. Finally, Section V proposes 
concluding remarks.  

II. OVERVIEW OF 30P30N AIRFOIL 

Developed by McDonnell Douglas, the 30P30N airfoil was 
selected in this study because it is widely documented with 
both experimental and numerical results. The selected airfoil 
can be categorized as a multi-element airfoil where it consists 
of three elements; main body, slat, and flap. Fig. 1 shows the 
30P30N airfoil profile used in the current study. Ramsey and 
Ying [11] gave a detailed review on the CFD methods applied 
to compute the high-lift multi-element airfoil. Meanwhile, Li 
Fang’s comparative study [12] provided in-depth analysis of 
aerodynamic performance on two-element airfoil when upper-
surface blowing is applied on flap configuration. 

A. Conventional Slat Mechanism 

A conventional slat mechanism is shown in Fig. 2 [10]. An 
input shaft (not shown) can rotate the two pinions (parts 10 
and 11) that have different radii. Then the slat is deployed 
forward by one drive arm attached to a rack and rotated by the 
push of another faster moving drive arm attached to a different 
rack 
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Fig. 1. Wing profile of 30P30N airfoil [11]. 

 

Fig. 2. The two rack and pinion sytems drive the slat out the wing [10]. 

B. New slat mechanism 

The new slat mechanism is proposed by converting the 
type of slat from split type to one that hinged to the main body 
of airfoil. Fig. 3a through 3d show the movement of the 
mechanisms by a single-DOF system. Fig. 3a shows the dyad 
link as the input, which can also be connected to a shorter 
crank link (not shown) that is able to complete a full 
revolution. This input dyad is selected as it is short, moves 
monotonically, and is nearest to the main actuator that is 
situated in the main wing element. 

 
(a)  

 

(b) 

 
(c) 

Fig. 3. The movement of slat mechanisms for (a) A fully stowed slat at 0º. (b) 
An interim position as it approaches the deployed position at 15º. (c) The fully 
deployed (extended) slat at 30º. 

 

Fig. 4. 3D view of slat of 30P30N airfoil at landing condition. 

III. SIMULATION SETUP 

A. Sketching airfoil design 

The shape-changing slat design first is converted into 3D 
model using the Catia V5R20 software. The full-scale model 
in CAD is developed to see the movement of mechanisms 
from a cruise state into landing state.  

The sketching is made using sketching environment in 
Catia V5R20. The overall 3D profiles of shape-changing 
30P30N are projected to the XY plane as the slat and flap are 
on the landing state. The sketched profile then converted into 
surface and saved as IGES file so it can be readable in the 
ANSYS Fluent CFD package. 

B. Numerical Strategy 

The detailed of aerodynamic performance of the airfoil is 
shown through the coefficient of pressure along the airfoil. In 
this simulation, the linearized pressure coefficient formula is 
used for M∞ < 0.5 since the simulation has M∞ = 0.2. 

First, let define the pressure coefficient Cp over the wing as 
follows: 

 Cp =
P-P¥

Q¥

=
P-P¥

1
2 r¥V¥

2
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where P∞ and P represent the static pressures in the freestream 
and pressure at any point while Q∞ represent the dynamic 
pressure. The dynamic pressure also can be expressed in term 
of M∞ as in 

 Q¥ =
1

2
r¥V¥

2 =
1

2

gP¥

gP¥

r¥V¥

2 =
g

2
P¥

r¥

gP¥

æ
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Equation (2) can be substituted with a¥

2 =gP¥ r¥
. Thus, 

(2), becomes 

 Q¥ =
g

2
P¥

V¥

2

a¥

2
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g

2
P¥M¥

2
 

Substituting (3) into (1), then the coefficient of pressure at any 
point on the airfoil’s body becomes 

 Cp =
2

gM¥

2

P

P¥

-1
æ

è
ç

ö

ø
÷ 

C. Computational Setup 

The 2D analysis was carried for a landing configuration 
with slat and flap deflections of 30º and angle of attack (AOA) 
of 10º at a Mach number of 0.21 for a Reynolds number of 4.5 
million based on mean aerodynamic chord. The mean 
aerodynamic chord is 1.01 m and model semi-span is 2.16 m.  

The simulation is conducted using pressure-based solver in 
the steady state that solves the equation of energy, momentum, 
and continuity at the initial state. The use of model of 
realizable k-epsilon with Non-equilibrium wall function in the 
simulation since the model is simple and stable for the initial 
simulation strategy.  

At the same time, the sketch of conventional 30P30N 
airfoil was prepared also using Catia V5R20 software and then 
simulated on ANSYS Fluent where all the parameters are the 
same as that of the shape-changing 30P30N airfoil. 

IV. RESULTS AND DISCUSSION 

The results of the simulations are reported in this section. 

First, the contours of static pressure and velocity around the 

airfoil will be presented. Then, the graphs of coefficient of 

pressure for both airfoils will be compared. Lastly, the SPL 

values will be shown and discussed. 

 Fig. 5a through 5d show the contours of static pressure 

along the airfoil body for both shape-changing and 

conventional 30P30N airfoils. Both airfoils have high values 

of static pressure at leading edge (stagnation point). The lower 

surface of shape-changing airfoil shows constant high pressure 

that contributes to better lift coefficient compared to 

conventional airfoil. Besides, for the conventional airfoil, the 

gap between the slat and main body affects the static pressure 

on the upper surface as a very low static pressure is computed 

there.  

 
(a) 

 

(b) 

 

(c) 

 

(d) 
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Fig.5. (a) Overall static pressure along shape-changing airfoil. (b) Static 

pressure around slat region of shape-changing airfoil. (c) Overall static 
pressure along conventional airfoil. (d) Static pressure around slat region of 
conventional airfoil. 

Meanwhile, Fig. 6a through 6d present the contours of 

velocity along the airfoil body for both types of airfoils. The 

shape-changing airfoil has high velocity at the upper surface 

of the slat (including the region where the gap between slat 

and main body is eliminated), constant velocity along other 

body surface and low velocity at the trailing edge region. On 

the other hand, a very low velocity occurs at the gap between 

slat and main body of conventional airfoil while a high 

velocity is calculated as the air is passing through the gap to 

the upper surface of main body. 

 

(a) 

 

(b) 

 

(c)  

 

(d) 

Fig. 6. (a) Overall velocity along the shape-changing airfoil. (b) Velocity 
around the slat region of shape-changing airfoil. (c) Overall velocity along the 
conventional airfoil. (d) Velocity around the slat region of conventional airfoil. 

From the simulation, the surface pressure data along the 

airfoil body can be recorded. Fig. 7a and 7b show the graph of 

coefficient of pressure along the airfoil body against the point 

coordinates at the airfoil body for shape-changing and 

conventional 30P30N airfoil. Shape-changing airfoil has the 

higher suction pressure on the upper surface of leading edge 

whilst for the conventional airfoil has the higher suction 

pressure at the end of the upper surface of main body. 

Fig. 8a and 8b present the comparison of Surface Pressure 
Level (SPL) between both conventional and shape-changing 
airfoils. From Fig.8a, the upper surface of airfoil has constantly 
high SPL values but low SPL values at the lower surface of 
airfoil. The shape-changing airfoil has minimum and maximum 
SPL values of 40.6 dB and 121.5 dB whereas 63.7 dB and 
124.3 dB for conventional airfoil. Meanwhile, the conventional 
airfoil has inconsistent SPL values around the airfoil’s body 
with the area within the slat and main body has the higher SPL 
values. From the both results, the value of SPL at the 
stagnation point of the shape-changing airfoil is lower 
compared to the conventional airfoil. 

 

 

(a) 
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(b) 

Fig. 7. (a) Graph of coefficient of pressure, along the body of shape-changing 
airfoil. (b) Graph of coefficient of pressure along the body of conventional 
airfoil. 

 

(a) 

 

(b) 

Fig. 8 (a) Value of Sound Pressure Level, SPL (dB) over the shape-changing 
airfoil. (b) Value of Sound Pressure Level, SPL (dB) over the conventional 
airfoil. 

V. CONCLUSION 

In this paper, the 2D analysis is carried out for both 
conventional and shape-changing 30P30N airfoils to study the 
aerodynamic performance. The gap between the slat and main 
body not only affects the region close to the main body but also 
the stretches further toward the rear flap undergo other effects. 
The shape-changing airfoil covering the gap between the slat 
and main body possesses many benefits including lowering 
static pressure that can affect noise generation. As the air flew 
through the slat to main body, the values of static pressure and 
velocity are constant and controllable at the specified value. 
The values of SPL at the area of slat for both airfoils show the 
shape-changing airfoil has constant high and low SPL value at 
upper surface and lower surface while the conventional airfoil 
has inconsistent SPL value at both surfaces.  
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Abstract—Previous research has proven that the reduction of 

graphene from graphene oxide successful via chemical reduction 

method with hydrazine and dextran; thermal reduction and also 

vitamin C. In this paper, the natural reduction of graphene from 

graphene oxide is presented by means of natural reduction to 

obtain higher reduction rate. The graphene was prepared via 

modified Hummer’s method due to its ability to produce 

graphene in large quantity. Graphite oxidizes to produce 

graphite oxide, then synthesizes to graphene oxide. Then, 

graphene oxide is reduced through natural reduction by using 

kaffir lime leaves extract. Optimization of the reductant (Kaffir 

Lime Extract) to produce highest reduction rate was done 

through the use of a parameter of retention time and 

concentration. The effectiveness of the reduction process was 

verified by Ultraviolet-visible spectroscopy (UV-Vis) and the 

morphology of reduced graphene oxide was identified by using 

SEM (Scanning Electron Microscope). 

Keywords—Graphene, graphene oxide,kaffir lime leaves 

natural reduction  

I.  INTRODUCTION  

Chemical reaction is the electron transferring process from 
an atom to another atom. Graphene from graphene oxide 
reduction using natural reduction method by kaffir lime leaves 
has recently been considered as a best choice to substitute 
existing reducing agents such as hydrazine.

[1]
 Reducing 

graphene oxide using hydrazine as a reducing agent showed 
that carbonyl groups binded to the graphene oxide are 
preserved.

[2]
 Besides that, it was discovered that the reduction 

of graphene from graphene oxide can be prepared by using 
dextran as a multifunctional reducing agent.

[3] 

Current reduction of graphene from graphene oxide can be 
done by micro-mechanical exfoliation which is a high ordered 
pyrolytic graphite

[4]
, chemical vapour deposition (CVD) and 

epitaxial growth
[5]

. Reference 
[6]

 was investigating the use of 
chemical reagent in the reduction process being very critical for 
graphene oxide reduction. These clearly shows that there are 
disadvantages when using chemical reagent because natural 
response of graphene to detect analyte may be buried by the 
signals caused by impurities

[7]
. For example, reduction using 

hydrazine in large-scale reduction is not desirable because it is 

highly toxic. Using kaffir lime leaves for reduction contains 
high concentration of chlorophyll as reducing agent and it can 
be removed easily during the separation process without the 
need of modification. The advantages of natural reduction 
includes the material being readily available and the high 
potential for commercial use because it is economical. 

There are several sources of chlorophyll suitable for 
reduction of graphene oxide to graphene such as leaves. The 
reducing method by ethanolic extract of M. oleifera was also 
used

[8]
. Using vegetables for natural reduction are not suitable 

because they can be consumed as food which is more important 
as compare to using food to produce secondary product. This 
opens a new opportunity of natural reduction of graphene oxide 
by using leaves from kaffir lime trees. Growers produces more 
than 800 tons of kaffir lime leaves annually and this study 
utilizes these leaves for the reduction of graphene oxide. The 
kaffir lime leaves have an aroma identified as (–)-(S)-
citronellal, which is present in the leaf oil (>80%), small 
components included citronellol (10%), nerol and lomonene. 
The small amount of citronellol can also be use as a reducing 
agent which is acidic in nature and can contribute in the 
reduction process of graphene oxide. Kaffir lime leaves are 
cheap and are an abundance in Malaysia, Thailand, Vietnam 
and Indonesia. Hence this research aims to fully utilize kaffir 
lime leaves. Due to the high presence of chlorophyll content 
and are being supported by Citronellol, it has great potential for 
use as a reducing agent in the reduction process. Industries that 
require reduction process can consider using kaffir lime leaves 
as a reducing agent as it is an economical method. Since it is 
unknown whether the industry that requires the reduction 
process will benefit positively or negatively, it is also included 
as an objective of this study. 

II. MATERIALS AND METHODOLOGY 

A. Materials 

Chemicals were mostly obtained from Sigma Aldriech 
(concentrated sulfuric acid, concentrated hydrochloric acid, 
citric acid, potassium persulfate, phophorus pentoxide, 
potassium permanganate and graphite powder. The kaffir lime 
leaves were obtained in a local supermarket. Some of the 
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common chemicals such as acetone and hydrogen peroxides 
were obtained from UMP FKKSA chemical warehouse.  

B. Graphene oxide (GO) synthesis 

The graphene oxide was prepared via modified Hummer’s 
method

[9][10]
. A solution concentrated sulphuric acid (H2SO4), 

potassium persulfate (K2S2O8) and phosphorus pentoxide 
(P2O5) were prepared and heated at a temperature up to 80°C. 
20 grams of graphite powder was then added into the solution 
and continuously stirred for about 30 minutes. A dark blue 
mixture was observed. The solution was then cooled at room 
temperature for 6 hours. This was followed by the addition of 
deionize water (DI water) to filter and wash the filtrate until it 
became neutral pH. The filtrate was then be dried overnight at 
room temperature using a vacuum desiccator. The 20 grams of 
dried graphite powder was poured into a solution of 0°C 
concentrated H2SO4 by using a 2 litre conical flask. 60 grams 
of potassium permanganate (KMnO4) was then added slowly 
into the solution through stirring and maintained at temperature 
below 20°C. Then, the mixture was heated up to 35°C for 2 
hours using an oil bath. Effervescent and brownish grey paste 
formed. Next, 920 mL of DI water was added into the mixture. 
The temperature was maintained at 98°C for 15 minutes. 
Another 2.8 litre of DI water and 30% hydrogen peroxide 
(H2O2) were added into the mixture. The colour of the mixture 
changed to bright yellow. The mixture was then filtered with 5 
litre of 1:10 concentrated HCl. The cake was dried overnight at 
room temperature using a vacuum desiccator. 

C. Verification of Graphene Oxide 

The dry Graphene Oxide synthesized by conventional 
method was verified by dispersing 0.1 grams of GO into a 50 
mL DI water. The mixture was then ultrasonicated for 30 
minute. After that, the solution was centrifuged under 10000g 
for 10 minutes to remove the unexfoliated materials. The 
supernatant, which is the top layer, is the graphene oxide. 
Then, the supernatant was measured using UV-Vis 
Spectrometer by wavelength of 232 nm which is the 
wavelength of graphene oxide to verify if the synthesis process 
was completed. 

D. Preparation of Kaffir Lime Leaves Extract 

Preparation of kaffir lime extract was done by using 250g 
kaffir lime leaves and blended with 1L of water in a 
commercial blender. After that, the blended solution was 
filtered using a vacuum pump. 100ml of the kaffir lime leaves 
extract was diluted with 900ml of water to make another 
concentration which is 10 times dilute from the original 
concentration. The kaffir lime leaves extract was then stored in 
refrigerator at temperature 3-8ºC. 

E. Reduction of GO to Graphene 

The reduction was done by dispersing 0.1 grams of GO into 
a 50 mL DI water. The mixture was then ultrasonicated for 30 
minute. After that, the solution was centrifuged under 10000g 
for 10 mins to remove the unexfoliated materials. The 
supernatant, which is the top layer, is the graphene oxide. The 
supernatant graphene oxide was poured into a round bottom 

flask and the pH of the solution is adjusted to 10 using 5M of 
potassium hydroxide (KOH).For the next step, the concentrate 
kaffir lime leaves extract was place under UV light supply and 
constantly stirred for 30 minutes. The concentration of 
graphene was measured by using UV-Vis Spectroscopy to 
measure the absorbancy. 

F. Optimization of Reduction Period and the Concentration 

In this experiment, the effects of the kaffir lime leaves 
extract concentration on reduction process were studied with 
time constant and also monitored with the kaffir lime leaves 
extract concentration constant. This is important in order to 
know the optimal amount of reducing agent required with 
minimal time for the reduction completion. Several parameters 
were set for the optimizing process as shown in table below: 

TABLE 1. OPTIMIZATION PARAMETER AND METHOD OF NATURAL 

REDUCTION 

Optimization Parameter 
Retention time for reduction 

completion (h) 

Reduction with Concentrate Kaffir 

Lime Leaves Extract (250g/L) 

0 

3 

6 

9 

15 

24 

Reduction with Dilute Kaffir Lime 

Leaves Extract (25g/L) 

0 

3 

6 

9 

15 

24 

III. RESULT AND DISCUSSION 

Synthesis of graphene oxide from graphite powder was 
successful using conventional method. Dark blue mixture was 
observed after pre-oxidation process of graphite. Graphite 
oxide was obtained after oxidation of graphite, brownish grey 
paste was obtained. Graphene oxide was obtain when the 
synthesis process was completed and light yellow color paste 
was observed. The wavelength of graphene oxide (232nm) was 
verified by UV-Vis Spectrometer and shown the synthesis 
process was completed. 

For natural reduction, the peak obtained from the UV-Vis 
spectrometry shifted from 232 nm to 273 nm after reduction 
process. The peak shift confirmed that the reduction of 
graphene oxide to graphene was complete (Choi et al., 2010). 
The result of optimization of reduction process was shown in 
table below: 

TABLE 2. UV-VIS SPECTROMETER RESULTS 

Concentration Time 
UV-Vis Reading 

(273nm) 

250g/L 

3 3.301 

6 3.697 

9 3.780 

15 3.780 

24 3.350 

25g/L 

3 3.022 

6 3.698 

9 3.750 
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15 3.750 

24 3.311 

High graphene concentration was detected after 3 hours of 
reduction time and the highest concentration of graphene 
produce was between 9 to 15 hours reduction time. The 
concentration of graphene will decrease if the reduction time is 
more the 15 hours. The concentration of the Kaffir Lime 
Leaves Extract are not affected by the performance of 
reduction when using concentrated Kaffir Lime Leaves Extract. 
Graph 1 show the relationship between Abs(%) in 273nm to 
dutation of reduction (hour) with different kaffir lime leaves 
extract concentration (g/L). 

 

 

 

 

 

 

 

 

Fig. 1. The Relationship Between Abs(%) in 273nm to Duration of 
Reduction(hr) with Different Kaffir Lime Extract Concentration(g/L) 

High graphene concentration was detected after 3 hours of 
reduction time and the highest concentration of graphene 
produce was between 9 to 15 hours reduction time. The 
concentration of graphene will decrease if reduction time more 
the 15 hour. The concentration of the Kaffir Lime Leaves 
Extract are not affected the performance of reduction when 
using concentrate Kaffir Lime Leaves Extract. 

IV. CONCLUSION 

Graphene Oxide can be synthesized by using conventional 
method from graphite powder. Natural reduction of Graphene 
Oxide to Graphene was successful by using kaffir lime leaves 
extract. The duration of reduction time to get high 
concentration of graphene is a minimum of 3 hours while the 
highest graphene concentration produced was shown between 9 
to 15 hours. The concentration of the kaffir lime leaves will 
affect the efficiency of reduction process but there is not much 
difference when using concentrated kaffir lime extract. 

The natural reduction process using kaffir lime leaves was 
recommended to use more dilute reductant factor of 0.01, 0.001 

or even more diluted to obtain the minimum concentration 
requirement for natural reduction process.. 
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Abstract—Detecting, monitoring, collecting, and wirelessly 

logging data of temperature and humidity in the hospital’s or 

pharmacy’s medication storage room are the four main purposes 

in this project aim. This project includes implementation of 

DHT11 sensor into the conventional temperature and humidity 

detection. The system will reduce the workload of the medical 

staff to monitor temperature and humidity condition in the 

medicine room. Medical staffs are no longer needed to enter the 

room to read and collect temperature and humidity manually, 

this project provided automatically detected data by a sensor call 

DHT11 sensor. These temperature and humidity are display 

digitally at the Liquid Crystal Display (LCD) and wirelessly 

display in the computer by using a pair of Xbee transmit/receive 

module. The Xbee wireless technology is used to send the data 

automatically to the Graphical User Interface (GUI) in computer 

for monitoring and data logger purpose. Data logger used to 

collect and logged data into text document (txt) and Excel file 

(xls) as data set for future analysis and studies.  

Keywords—temperature; humidity; data logger; Xbee; GUI 

I.  INTRODUCTION 

Temperature and humidity are the two main concerns in 
order to keep drugs in medication stores in good condition as 
well as preventing it from decaying. The fluctuation of 
temperature and humidity of the storage location may cause 
some changes in the medicine physically as well as losing its 
effectiveness [1] [2]. Therefore, temperature and humidity 
monitoring is a very important to keep the medicines in good 
condition [3]. This project would automatically collect the 
temperature and humidity data for monitoring regardless in 
weather change. In addition, a monitor panel was developed to 
display the collected data wirelessly on the staff’s computer. 
This panel will help staffs to monitor the condition of the 
room more easily and effectively.  

The main objective of this project is to develop a data 
logger system using Arduino MEGA module and DHT 11 
sensor to detect temperature and humidity in medical storage 
room using RF wireless Xbee  series 1 module to wirelessly 
transmit data.   

The XBee wireless RF antenna is able to transmit the data 
wirelessly from the medical storage room to the user’s 
computer within a specified distance [4]. Furthermore, data 
can be automatically collected for future reference and 
monitoring purposes.   In addition, the alarm system is 

developed as out of optimum range indicator of temperature 
and humidity levels. 

II. TOOL  

A. Hardware 

DHT11 sensor, Arduino Mega 2560, XBee  module, and 
DC fan are the main components of this project development. 
DHT11 sensor detected temperature and humidity in 
medication storage room and wirelessly transmit to the user 
computer by using a pair of XBee module. Arduino ATMega 
2560 are chosen as a microcontroller to program and supply 
power to the DHT11 sensor via USB cable.  

1) Arduino Mega 2560: Arduino is an open-source 

physical that provides multi analog and digital input/output 

board. Arduino uses C program language in open-source IDE 

and just simple upload the programming into the Arduino 

module through the USB B type cable. Arduino provide 

develop stand alone interactive object or can be connected to 

software in the computer. Fig. 1 shown the Arduino Mega 

2560  module. 

2) DHT11 Sensor: DHT 11 sensor is a two-in-one sensor 

that can detect temperature and humidity synchronously [5]. 

DHT11 element has very accurate humidity calibration. 

DHT11 sensor is a single-wire serial interface and this makes 

the system integrate more easily. This sensor is small in size 

and has 4 pins single row pin package that allows easier 

connection to the microcontroller (Arduino module). Single-

bus data is used for communication between microcontroller 

and DHT11. The DHT11 sensor showed in Fig. 2. 

 

 
Fig. 1. Arduino Mega2560 module 
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Fig. 2. DHT11sensor 

3) RF Wireless Xbee Module: XBee modules provide 

wireless end-point connectivity to devices. Xbee uses IEEE 

802.15.4 network protocol as function of point-to-multipoint 

or peer-to-peer networking [6]. They are designed for high-

throughput applications and the XBee is using the Zigbee 

standard protocol. Fig. 3 showed RF XBee module. 

B. Software 

Arduino IDE programming, X-CTU, Realterm and Java 
Programming are used to ensure the successfulness of this 
project. Java programming is used to develop the GUI and 
warning system. While, Arduino IDE programming to build 
and generate the coding for the Arduino ATMega 
(microcontroller), that also used in this project to make the 
whole system operated. Meanwhile, X-CTU software used to 
setting Xbee module address and Realterm is to collect 
receiving data. 

1) X-CTU: X-CTU software is a Windows-based 

application provided by Digi. This software provide user to 

test the functionally and operation of RF wireless Xbee 

module and setting configuration of Xbee.  

2) Realterm: This software can capture and control 

incoming data and store the data collected in text document. 

The capture run time can be setting by user through the 

capture menu in realterm Capture Tap. 

3) Java Programming: One of tool that allow user to write 

a set of instruction as well as program coding to call computer 

to do and accomplish instruction task. Java programming can 

create, compile, and execute instruction in computer system 

by using command prompt [7]. In Java programming, the code 

is written in simple text document platform and does not need 

to be recompiled in order to run it on another attached 

software regardless of computer architecture. 

III. DATA LOGGER DEVELOPMENT 

Fig. 4 describes the basic operation of wireless temperature 
and humidity sensor. While Fig. 5 shows the technical flow of 
the data logger development.  The sensor is used to detect and 
keep track on the temperature and humidity in the medical 
storage room. The digital signal from the sensor is transmitted 
to the microcontroller unit that is attached to the Xbee module. 
The wireless communication is established between the Xbee 
transmitter module and Xbee receiver module. When the Xbee 
receiver unit receives the digital signal, the signal will be sent 
to the PC for monitoring purposes and perform data collection 
for future analysis and study. GUI (graphical user interface) 
was developed to this project by using Java Programming 
software. It display the temperature and humidity in user’s 
computer and provided warning system to alert user when data 
out of acceptable range. 

 

Fig. 3. RF XBee module 
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Fig. 4. Block diagram operation 

 

Project component 

preparation

DHT11 sensor 

program coding

DHT11 sensor 

detection testing

Writing Xbee 

programming coding to 

wireless transmit data

Success perform 

wirelessly data 

transmission ?

X-CTU software data 

interface setting

Realterm software

Perform data collection 

and logger

Use Java programming to design data interface in 

computer and perform warning purpose

Project 

completion

No

Yes

No

Yes

Start

 

Fig. 5.  Flowchart Process of Project Development and 

 Implementation Procedure    

 

A. DHT11 Sensor Circuit  

The basic DHT11 sensor provides with simple connection 
to the microcontroller. This sensor operates in 5V which 
supply by microcontroller.  Besides, the second pin of DHT11 
sensor is sending the digital data to the digital pin 2 in the 
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microcontroller. The pin 3 in DHT11 sensor is null. The 
circuit connection is shown as in Fig. 6. 

B. X-CTU Operation 

The X-CTU is a software that is used in computer in order 
to communicate with Xbee module to change the 
configuration of the Xbee transmitter or Xbee receiver 
communication. The settings of COM port and baud rate are 
necessary in X-CTU in order to match with the Xbee 
configuration. Moreover, X-CTU also provides interface of 
data display in monitor screen. Normally, Xbee module can 
only connect with the Xbee module. Therefore, a pair of Xbee 
(transmitter and Receiver) is required for these devices to 
work. In this part, the transmitter ID and receiver ID have to 
be configured in order to secure a smooth connection between 
them. The configure of transmit and receive ID as in Table 1. 

C. Realterm Operation 

The realterm software enable data monitoring, capture, 

collect and store in text file. The COM port and baud rate of 

realterm are the main settings that has to match with the 

device’s COM port and baud rate in order to receive data.The 

COM port and baud rate setting in Realterm software was 

showed as in Fig. 7. 

D. Java Programming Operation 

     Java programming allows programmer to write coding 

instruction task in text document and uses command prompt to 

compile and execute the source code.  A task that used Java 

programming source code to display “Hello world” that was 

run, compile and display in command prompt screen. Fig. 8 

showed step of the program task that executed by command 

prompt. Table 2 describes the meaning of command execution 

of each line in command prompt. 

 

DHT11 sensor Arduino MEGA module

Vcc GND 

Pin

Digital 

Data

Send Null

GND Digital 

input 

(pin2)

5V 

Supply

Fig. 6. Connection of DHT11 Sensor to the  Microcontroller  

(Arduino MEGA pins) 

 
TABLE 1.   XBEE MODULE TRANSMITTER ID AND RECEIVER ID SETTING 

 

 Xbee1 Xbee2 

ATDL  ( Transmit ID ) 1111 2222 

ATMY ( Receive ID  ) 2222 1111 

 
 

  
 

Fig. 7.  COM Port and Baud Rate Setting to Match with Xbee Module 

 

 
 

Fig. 8. Execution of Java Programming in Command Prompt 
 

TABLE 2.  DESCRIPTION OF THE COMMAND EXECUTION IN EACH LINE IN THE 

COMMAND PROMPT 

 

Label Description 

a 
Enable Java programming to recognize Java 

program file location.  

b 
Running and Compile java class file with the file 

name “javac helloworld.java”. 

c 
Execute java programming with Java file name 

“java helloworld”. 

d 
Result “Hello world” printed in screen command 

prompt. 

  

IV. RESULT AND ANALYSIS 

A. Hardware Part  

DHT11 sensor would detect the surrounding temperature 
and humidity and pass the information to Arduino for 
processing.  An analysis had done by heat up the temperature 
using hair dryer and lighter to test the condition change in 
relationship between temperature and humidity as showed in 
Table 3. 

A pair of RF wireless Xbee module is used as transmitter 
and receiver for transmitting data from DHT11 sensor to GUI 
in user’s computer. Fig. 9 shows connectivity of Xbee 
transmit/receive module with Arduino microcontroller and 
SKXBee module.  Detected and displayed data in serial port 

a 
b 

c 
d 
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monitoring screen (microcontroller) is shown as in Fig. 10(a) 
and data transmitted wirelessly in X-CTU terminal is shown as 
in Fig. 10(b). It is clearly seen that the data were successfully 
transmitted wirelessly to the X-CTU software by using Xbee 
module. While Fig. 11 and Table 3 show the analysis of XBee 
RF power transmission measurement. 

 

   
(a)                                          (b) 
 

 Fig. 9. XBee Transmit/Receive Module Connection   

(a)Transmitter and (b) Receiver 
 

 

(a)                                   (b) 
 

Fig. 10. (a) Interface in Serial Port Microcontroller 
(b) Output Data Wirelessly in X-CTU Terminal 

 

Fig. 11.  XBee Transmitter Located in Anechoic  Chamber  

 
TABLE 3. XBEE’S FREQUENCY AND POWER MEASUREMENT 

 

Distance 
between 

XBee to horn 
antenna 

XBee  
Frequency  

Transmit  
[dB (µV/m)] 

XBee  
Power 

Transmit 
(MHz) 

XBee 
Frequency  

Receiver   
[dB (µV/m)] 

XBee 
Power 

Receiver
(MHz) 

3 meter 86 24.1 83.3 24.4 

2 meter 90.7 24.1 88.4 24.4 

 

B. Software Part 

Temperature and humidity data are wirelessly transmitted 
from serial port in microcontroller to realterm terminal by 
using a pair of Xbee transmit/receive module. Data received 
by Realterm is accurate as there are no losses of signal as the 
Xbee module is capable of transmitting data up to 10 meters in 
radius. Fig. 11 and Table 4  show both temperature and 
humidity data that is received by the microcontroller and 
Realterm wirelessly. 

Received and displayed  data were logged into text file 
(txt) or Excel file (xls) as database. Fig. 12 (a) and (b) showed 
database that saved in text and Excel file respectively. 

While, interface panel developed by using Java 
programming, displays temperature and humidity value 
digitally. Data is updated every 5 seconds. Java programming 
also provides graph plotting for both temperature and 
humidity against time as shows in Fig. 13 and Fig. 14. 

This warning system is develop by Java programming 
which can alert staff when temperature and humidity in 
medication storage room out of safety range (16 to 27 celsius) 
and (45 to 60%RH). The alert window appears and displays 
the warning word “ Temperature out of range from 16°C to 
27°C !!! ” and “ Humidity out of range from 45% to 60%RH 
!!! ”. The alert window of temperature and humidity as shown 
as in Fig. 15 and Fig. 16 respectively. 

 

Fig. 11. (a) Serial Monitor Microcontroller 

 

 

Fig. 11. (b) Realterm Monitoring Screen 

 

 

151

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 
 

TABLE 4. DATA CONDITION OF SERIAL PORT MICROCONTROLLER AND 

WIRELESS RECEIVED IN REALTERM TERMINAL 

 

 
 

Fig. 12. (a) Database in Text File 

 

 
 

Fig. 12. (b) Database in Excel File 

 

 
 

Fig. 13. Data Interface Panel Developed in Java Programming 

 

 
 

Fig. 14. Graph of superposition of value temperature and humidity 
 against time (seconds) 

 

  
        

Fig. 15. Alert of Temperature Out of Range 

 

   
     

Fig. 16. Alert of Humidity Out of Range 

C. Controller Part 

Temperature and humidity in medication storage room can 
be control automatically by DC fans when the DHT11 sensor 
detecting temperature out of range in between 16 to 27 celsius. 
In this control situation, the humidity can also be controled 
since there is a relationship between temperature and 
humidity: inversely proportional. A pair of DC fans 
installation in the chamber as showed in Fig. 17. 

An analysis had done to monitor how DC fans work in 
decreases temperataure in the chamber. Initially,  the chamber 
temperature is heated up to 46 degree celsius by using hair 
dryer as showed in Fig. 18.  In this analysis, a comparison on 
the usage of DC fan is made. The experiment lasts for 60 
seconds. Values are taken at a regular interval of 10 seconds. 
The analysis result is shown in Table 5 and Table 6.  

 

Time                                    

(every 2 

Seconds) 

Serial port microcontroller Realterm teminal 

Temp. (°C) Hum.(%RH) 
Temp. 

(°C) 
Hum.(%RH) 

1 34.66 44.47 34.66 44.47 

2 34.66 44.47 34.66 44.47 

3 37.63 44.47 37.63 44.47 

4 37.63 44.47 37.63 44.47 

5 37.63 43.56 37.63 43.56 

6 37.63 43.56 37.63 43.56 

7 38.62 41.74 38.62 41.74 

8 38.62 41.74 38.62 41.74 
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                     (a)                                         (b) 
 

Fig. 17. DC Fans Installation in the Chamber  
(a) Blower, (b) Absorber 

 

     
 

Fig. 18. Boost Up the Temperature in the Chamber by using Hair Dryer 

 
TABLE  5: TEMPERATURE READING WITHOUT  CONTROLLED BY DC FANS 

 

Time  

(seconds) 

Temperature 

 ( °C ) 

Humidity 

 ( %RH ) 

First 10 seconds 46.00 29.77 

20 seconds 43.56 30.05 

30 seconds 41.47 30.2 

40 seconds 40.60 30.88 

50 seconds 39.61 31.01 

60 seconds 38.68 31.11 

 
     TABLE 6. TEMPERATURE READING WITH  CONTROLLED BY DC FANS  

  

Time 

 (seconds) 

Temperature 

 ( °C ) 

Humidity 

 ( %RH ) 

First 10 seconds 46.00 29.95 

20 seconds 41.57 30.1 

30 seconds 38.58 31.39 

40 seconds 36.61 31.98 

50 seconds 35.62 32.03 

60 seconds 34.76 32.67 

V. CONCLUSION 

The project is developed for medical staffs to monitor 

temperature and humidity detection system in hospital or 

pharmacy’s medication storage room. A pair of XBee 

transmit/receive modules is used for data transmission from 

medicine room to staff computer wirelessly. Besides, data of 

temperature and humidity can be store and logged in staff’s 

computer using Realterm software. A warning system has 

been developed to alert medical staffs whenever the 

temperature or humidity levels are out of acceptable range (16 

to 27 Celsius, 45 to 60%RH). This alarm system alerts staffs, 

so that staffs can make appropriate decisions to ensure the 

temperature and humidity of the medical storage room is in 

the suitable range in order to keep medicine in good condition. 
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Abstract—Sewerage systems have long been one of the most 

critical infrastructure to any development project. The study 

presented here is part of a research that aim to evaluate the flow 

characteristics in sewerage systems. Sewage flow data was 

collected from a sewerage catchment within Universiti Malaysia 

PAHANG using an area-velocity flowmeter. The data obtained 

were extracted using a software associated to the flowmeter and 

analyzed for both dry and wet periods. The results show that the 

peak or maximum flow for the wet period with a rainfall 

intensity of 2.5 mm was twice as high for the dry period. The 

design criterion value back-calculated for the wet period was also 

twice the value for the design criterion value back-calculated for 

the dry period. This demonstrates that rainfall has an important 

effect on flows in sewerage system in that it increases the flow 

significantly. The k value back-calculated for both dry and wet 

periods were lower than the criterion recommended in Malaysian 

Standard MS1228:1991, suggesting that the current peak flow 

factor equation applied by the industry is over-adequate for 

sewerage catchments servicing the same population equivalent as 

this study. 

Keywords—design criteria; peak flow factor; sewers; wastewater 

I.  INTRODUCTION 

Sanitary sewer systems which route sewerage separately 
from storm water or direct runoff are commonly applied in 
Malaysia. This is in accordance to high rainfall weather 
conditions throughout the year. This type of sanitary sewer 
system is basically designed to accommodate the flow of 
wastewater from domestic and industrial sources rather than 
other sources. Problems may arise when the flow in the sewer 
system is not in accordance with specifications laid down in the 
Malaysian Standard - Code of Practice for Design and 
Installation of Sewerage Systems (MS1228:1991) [1] such as 
when infiltration rate is higher than the recommended 50 
litres/day/km/mm-diameter or when the k value obtained is 
dissimilar to the criterion used during the design stage. 

Several studies have in fact been conducted on the transport 
of wastewater in local sewerage systems. Reference [2] studied 
the inflow and infiltration of the sewerage system at Taman Sri 
Pulai, Skudai with a population equivalent (PE) of 2000 and 
found that there was high outflow during heavy rain while the 
design criterion obtained was 2.62 as opposed to the 4.7 used 
in [1]. Reference [3] conducted a more comprehensive study on 

inflow and infiltration in medium scale sewerage catchment 
system. They concluded that infiltration will exceed the limit 
recommended by [1] when there is heavy rain but will remain 
within the limit during dry periods. Furthermore, the peak flow 
factor obtained was lower than the value based on [1]. This led 
to suggestion for review of the peak flow design equation 
currently applied in the industry. Subsequent to that, [4] 
performed a study to evaluate the design criterion for sewerage 
peak flow factor at SEGi University’s hostel without taking 
into account rainfall. Based on the actual PE on-site as well as 
the actual per capita flow measured, a k value of 2.88 was 
obtained. After going through the aforementioned studies, it 
was found that results given were not conclusive enough to get 
a good overall picture of the sewage flow conditions in local 
sewage systems. 

This study picks up where [2], [3] and [4] left off. The main 
aim of this study is to analyse the sewerage flow characteristics 
within Universiti Malaysia PAHANG (UMP) with the option 
of expanding to areas outside UMP and in the long term, to 
determine a more suitable peak flow factor for use in the 
existing MS1228:1991 design equation based on 
comprehensive data and analysis. 

II. METHODOLOGY 

A. Study Site 

This study comprises of different sites. The analysis and 
discussion presented in this article is based on data from one of 
the sites. The site selected is situated within the compound of 
UMP Gambang campus, at a student hostel known as KK1. 
The exact manhole in which the measurements were made is 
located beside block C15 of KK1. The sewer system at the 
chosen site services mainly the female students staying in KK1. 
Fig. 1 shows the layout drawing of the fieldwork site. 
Flowrates in the sewerage system depends on the PE of the 
said area and based on [1], the PE was calculated to be 942. 

The work presented in this article forms part of the research under 
Research Acculturation Collaborative Effort (RACE) Grant RDU141302 

awarded by the Ministry of Education, Malaysia. 
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Fig. 1. Site plan layout of KK1 

B. Material and Equipment 

The equipment used was a portable ISCO 2150 Area-
Velocity Flowmeter and a rain gauge of the tipping bucket 
type. The flowmeter was used to obtain the flowrates of the 
sewage flowing within the sewer line being measured. After 
opening the manhole using proper procedures, the main 
flowmeter unit was tied to a handhold fixed to the manhole 
wall as shown in Fig. 2, and the area-velocity sensor attached 
to the main flowmeter unit was fixed to the bottom of the sewer 
pipe with the help of metal pieces and screws as shown in Fig. 
3. Data in the form of flow volume, water velocity as well as 
water level were measured and recorded automatically at 
predetermined intervals of 15 minutes. At the same time, the 
rain gauge in this study was installed at an open field that is 
also located within the jurisdiction of UMP so the rainfall data 
obtained was considered representative of the whole of UMP 
Gambang campus. Rainfall data is important to investigate 
whether rainfall has any effect on sewage flows. 

 

Fig. 2. Main flowmeter unit attached to handhold in manhole 

 

Fig. 3. Flowmeter sensor fixed to bottom of sewer pipe 

C. Governing Equations 

According to [1] the peak hourly flow, which refers to the 
flow required for design of sewers, pumping stations as well as 
components of the wastewater treatment plant, can be obtained 
using (1). 

 QpeakPFF × Qave     

where Qpeak represents the peak flow in m
3
/day, PFF is the 

peak flow factor as given in (2), and Qave is in m
3
/day and can 

be calculated from (3). 

 PFFk(PE/1000)
-0.11

     

 QpcQave / PE     

where k is the design criterion, PE is the population 
equivalent, and Qpc is the per capita flow which refers to flow 
generated per person and is in m

3
/day/person. Equation (3) can 

be rearranged and, together with (2), substituted into (1) to 
form another equation which, when rearranged, can be used to 
calculate the k value as shown in (4). 

 kQpeak / [(Qpc×PE)(PE/1000)
-0.11

] 

III. RESULTS AND DISCUSSION 

A. Wet/Dry Flow Characteristics 

Data of the sewage flows as well as rainfall was collected 
within the period of 2/5/2014 to 11/5/2014. Two data sets were 
further sequestered from this period mentioned; 2/5/2014 to 
4/5/2014 for the dry period and 9/5/2014 to 11/5/2014 for the 
wet period. Both data sets were taken for the same days of a 
week, in this case from Friday to Sunday, in order to make a 
proper comparison. 

Fig. 4 shows the hourly flowrates, condensed into three-
hour slots for presentation purposes, and rainfall data versus 
time for the dry period of 2/5/2014 to 4/5/2014. The graph line 
for rainfall intensity can be seen to be horizontal due to no 
rainfall within that period, hence the designation dry period. 
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Based on Fig. 4, the maximum flowrate was 424.05 m
3
/day and 

was recorded on Friday. This peak flow could be due to Friday 
prayer activities as the mosque for UMP is located nearby KK1 
and probably shares the same sewerage pipelines. The 
minimum flowrate recorded was 1.04 m

3
/day whereas the 

average flow within this duration is calculated to be 111.2 
m

3
/day. 

 

Fig. 4. Graph of flowrate and rainfall intensity against time (2nd May 2014 to 

4th May 2014) 

Fig. 5 shows a similar graph as in Fig. 4, but for the wet 
period of 9/5/2014 to 11/5/2014. It can be seen that rain fell on 
both Saturday and Sunday, causing spikes in the sewage flow 
measurements. The maximum flowrate was recorded as 848.97 
m

3
/day at 6pm on Sunday, which coincides with a rainfall 

intensity of 2.5 mm. Even with a rainfall intensity of 0.2 mm 
on Saturday around noon, the flowrate already exceeded the 
high flowrate on Friday. Thus, rainfall has a big influence on 
the flow of sewage in sewerage systems. The minimum 
flowrate recorded was 6.31 m

3
/day which occurred between 

3pm to 6pm regardless whether it was during dry period or wet 
period, as shown in Fig.4 and Fig.5. The average flow from 
Fig.5 is 153.19 m

3
/day. 

 

Fig. 5. Graph of flowrate and rainfall intensity against time (9th May 2014 to 

11th May 2014) 

B. Peak Flow Factor 

The k value for the wet and dry periods discussed in the 
previous section is now calculated for comparison. The peak 

flow factor equation from [1] is used. In the calculations, the 
per capita flow of 0.225 m

3
/day/person is maintained. This is to 

reduce the complexity of the relationships to be developed 
later.The PE and peak flow on the other hand are based on the 
data collected. Table I shows the design criterion k calculated 
for both the wet and dry periods. 

TABLE I.  DESIGN CRITERIA BASED ON FIELD DATA 

Period 
PE = 942, Flow Per Capita = 0.225 m3/day/person 

Peak Flow (m
3
/day) k 

Dry 424.05 1.99 

Wet 848.97 3.98 

 

Based on Table I, the k value obtained during the dry period 
was about 57.7% lower than the 4.7 used in [1] whereas the k 
value obtained during the wet period was around 15.3% lower. 
Regardless whether the period is wet or dry, the design 
criterion measured from the field are both lower than 4.7. This 
indicates that using the peak flow factor equation in [1] may be 
overdesigning the capacity of the sewerage system since the 
higher the design criterion, the higher the design peak flow will 
be. Table I also shows that rainfall may influence the result 
calculations as the k value obtained during the wet period was 
twice as high as the k value obtained for the dry period. 

IV. CONCLUSION 

In summary, rainfall has a big influence on the flows in a 
sewerage system. This is likely due to infiltration of the 
rainwater into the sewerage system through cracks, faulty joints 
or manholes [5]. The influence of rainfall is most apparent by 
comparing Fig. 4 with Fig. 5. A rainfall of 2.5 mm intensity 
caused the maximum flowrate to double that of the maximum 
flowrate during the period without rainfall. The design criterion 
for the sewerage system studied was found to be significantly 
lower compared to the usual criterion value used in [1] for both 
dry and wet periods. More studies of this nature needs to be 
performed and the results compiled and analyzed before any 
calls for revision of the current peak flow design equation be 
made to the authorities. 
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Abstract—For high speed operation, two new structures of 

three-phase wound field salient rotor (WFSR) switched-flux 

motor (SFM), with 24 stator slot and 10 or 14 rotor poles, 

respectively, are proposed and comparatively studied in this 

paper.  24Slot-10Pole WFSR SFM structure is superior to the 

24Slot-14Pole in the aspects of flux linkage and average torque. 

Both armature and field winding are located on the stator and 

rotor is composed of only stack of iron. Non-overlap armature 

and field windings and toothed-rotor are the clear advantages of 

these motors as the copper losses gets reduce and rotor becomes 

more robust. Initially, the motor general construction, the 

working principle and design concept of proposed machines are 

outlined. Then, coil arrangement test, peak armature flux 

linkage, back emf, cogging torque and average torque of both 

machines are analyzed and compared by two-dimensional finite 

element analysis(2D- FEA).  

Index Terms—Low cost, wound field switched-flux motor, 

salient rotor, non-overlap winding, field excitation coil  

I. INTRODUCTION  

Switched -flux motor (SFM), a new class of electric motor 
having high torque and power density is used in HEV which is 
the combination of the switched reluctance motor and the 
inductor alternator [1-2]. SFM can be classified into three 
groups that are permanent magnet SFM, field excitation SFM 
and hybrid excitation SFM. The main source of flux in 
permanent magnet SFM is permanent magnet and field 
excitation coil (FEC) in field excitation SFM while both 
permanent magnet and field excitation coil in hybrid 
excitation SFM [3-6]. Armature winding and field winding or 
permanent magnet are located on the stator in these SFMs. 
The field excitation SFM has advantages of low cost, simple 
construction, magnet-less machine, and variable flux control 
capabilities suitable for various performances when compare 
with others SFMs. Due to these advantages, a 24Slot-10Pole 
three-phase wound field SFM has been developed from 
24Slot-10Pole permanent magnet SFM in which the 
permanent magnet is replaced by field excitation coil as 
shown in Fig. 1 [7]. The total flux generation is limited 
because of adjacent DC field excitation coil isolation and thus 
machine performance is affected. To overcome the drawbacks, 
a new structure of 24Slot-10Pole and 24Slot-14Pole field 
excitation SFM with single DC polarity have been introduced 

and compared as depicted in Fig. 2[8]. Although less leakage 
flux and uncomplicated manufacturing of single DC field 
excitation coil are the advantages of proposed machine but 
they have overlapping armature and field windings which 
increase the cost, copper losses and thus reduce the efficiency.    

 The performance of SFM is enhanced by using segmental 
rotor configuration in recent research [9]. Segmental rotor is 
designed in a manner such that to achieve bipolar flux in 
armature winding, which has neither magnets nor winding. To 
produce bipolar flux linkages in this way, a toothed-rotor 
structure may be used but it requires overlap windings on the 
stator [10]. Non-overlap winding has been used in [11] to 
increase the efficiency by reducing the copper losses and 
enhanced the speed torque characteristics of SFM. A three-
phase SFM using a segmental rotor has been proposed in [12] 
to improve fault tolerance to a reduction in torque pulsations 
and power converter rating per phase. Figure 3 [10] and 
Figure 4 [12] shows SFMs having toothed-rotor with overlap 
winding and segmented-rotor with non-overlap winding at the 
stator. A single-phase wound field SFM machine was 
comprehensively investigated in [13-15]. In that machine, 
armature and field windings are fully pitched and hence the 
end-winding is long. Two single phase wound field SFMs 
topologies with DC field and AC armature windings having 
the same coil-pitch of 2 slot-pitches and having different coil-
pitches of 1 and 3 slot-pitches respectively are discussed [16]. 
It is shown that the iron loss and copper loss of wound field 
SFM has been reduced and thus increased the efficiency.  

This paper compares analysis of 24Slot-10Pole and 
24Slot-14Pole WFSR SFM having toothed-rotor structure and 
non-overlap armature and field windings. Design feasibility, 
working principle and performance analysis of 24 slots (12 
slots for field excitation coil and 12 slots for armature coil) 
with 10 and 14 rotor pole numbers are compared on the basis 
of coil arrangement test, peak armature flux linkage, back emf, 
cogging torque and average torque. FEA simulations, 
conducted via JMAG-Designer ver. 13.0 released by Japan 
Research Institute (JRI) are used to study various 
characteristics of design. The term, “flux switching”, is 
created based on the changes in polarity of each flux in each 
stator tooth, depending on the motion of the rotor. When the 
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rotor rotates, the fluxes generated by FEC link with the 
armature coil flux alternately. 

II. DESIGN  METHODOLOGY OF THE PROPOSED WFSR 

SFM 

In this paper, design study and performance analysis of the 
24Slot-10Pole and 24Slot-14Pole WFSR SFMs are 
investigated. The WFSR SFMs configurations and dimensions 
are illustrated in Fig. 5 and Table I, respectively. From the 
structure, it is clear that 24Slot-10Pole WFSR SFM is having 
24 stator teeth and 10 rotor poles while in 24Slot-14Pole 
WFSR SFM, 24 stator teeth are allocated for armature and field 
windings with 14 rotor poles. The DC FEC is wound in 
counter-clockwise polarity, while the three-phase armature 
coils are placed in between them. Salient rotor is used to 
modulate and switch the polarity of the flux linkage in the 
armature winding and this is the basic principle of operation of 
these types of machines. 

The proposed motors have very simple structure where all 
the FEC and armature slots are in trapezoidal shape and all 
coils are concentrated windings. In this study, the possible 
number of rotor pole and stator slot is defined by 

                                                                                          











q

k
NN sr

2
1       (1) 

 

where Nr is the number of rotor poles, Ns is the number of 
stator slots, k is the natural entity having value 1,2,3,… and q is 
the number of phases. Whereas, the electrical frequency, fe of 

the proposed motors can be expressed by 

                                                                             

mre
fNf                (2) 

where fe is the electrical frequency, fm is the mechanical 
rotation frequency and Nr is the number of rotor poles 
respectively. 

The FEC and armature coil current are calculated using (3) 
and (4), respectively. The motor’s filling factor is set at 0.5, the 
number of turns have fixed value while the slot area of 
armature coil slot and FEC slot is set, correspondingly. To 
ensure flux moves from stator to rotor equally without any flux 
leakage, the design of the proposed machines is defined as in 
(5). 
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 Stator Tooth Width =  Rotor Tooth Width   (5) 

 
Where N, J, α, S and I are number of turns, current density, 

filling factor, slot area and input current, respectively. The 
subscript a and e  represent armature coil and FEC.  

PARAMETER SPECIFICATIONS OF THE 24SLOT-10POLE AND 24SLOT-14POLE 

WFSR SFMS 

Parameters 24Slot-10Pole 24Slot-14Pole 

Number of rotor poles 10 14 

Outer radius of stator 75mm 75mm 

Outer radius of rotor 45mm 45mm 

Motor stack length 70mm 70mm 

Air gap length 0.3mm 0.3mm 

Rated speed 500rev/min 500rev/min 

No. of turns of FEC 44 44 

No. of turns of armature coil 44 44 

Total armature slot area 94.36mm
2 

94.36 mm
2
 

Total field slot area 94.36mm
2
 94.36 mm

2
 

Stator pole width 6mm 6mm 

 
 

 

 

 

    
 

 

 

 

Fig. 1 Three-phase 24S-10P 

Wound Field SFM 

Fig. 2 24S-10P single DC 

Field Excitation SFM 

FEC 
Armature coil 

Fig. 3 Three-phase Wound Field 

 SFM with overlap windings 

Fig. 4 Three-phase Wound 

Field SFM with non-overlap 

windings 

  

 

  
Fig. 5 24Slot-10Pole and 24Slot-14Pole WFSR SFMs with non-overlap 

winding and salient rotor 

 

Stator 
Rotor 

FEC 
Armature 

coil 
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Rotor pole width 14.4mm 10.28mm 

 

 

 

 

Commercial FEA package, JMAG-Designer ver.13.0, 
released by Japan Research Institute (JRI) is used as 2D-FEA 
solver for this design. Firstly, JMAG Editor is used to draw the 
rotor, stator, armature coil and DC FEC. Then, the materials, 
conditions, circuits and properties of the machine are set in 
JMAG Designer. Furthermore, coil arrangement tests are 
examined to validate the operating principle of both WFSR 
SFMs and to set the position of each armature coil phase. Then, 
the flux linkage, induced voltage and cogging torque are 
compared. Finally, the torque at various armature current 
densities, Ja of both wound field SFMs is also analyzed. 

III. FEA BASED PERFORMANCE ANALYSIS 

 A. Coil arrangement test 

Coil arrangement test are normally performed to confirm 
the operating principle of three-phase WFSR SFM and set the 
position of each armature coil phase. The field excitation coils 
are wounded in alternate direction. Field winding of 24Slot-
10Pole and 24Slot-14Pole is excited by applying 32.16A 
current. Then flux linkage at each coil is observed.  By 
comparing the flux linkages of different coils, the armature 
coil phases have 120

0
 phase shift. The three-phase flux linkage 

waveforms, defined as U, V, and W are depicted in Fig. 6.  
From Fig. 6 it is obvious that 24Slot-10Pole has high flux 
linkage as compare to 24Slot-14Pole. This means that 24Slot-
10Pole configuration has possibility to provide higher torque. 

B. Back Emf and Cogging Torque Analysis  

At no load such that armature current, Ia=0, the induced 
voltage generated from field excitation coil with the speed of 
500 rev/min for both machines are illustrated in Fig. 7. It is 
noticed that 24Slot-10pole has highest amplitude back emf of 
approximately 12.75 V, as compared to 24Slot-14Pole which 
has approximately 4.97 V.  

The cogging torque analysis for both machines are 
examined by setting armature current density, Ja=0 and field 
current density Je at maximum value such that Je of 30 
A/mm

2
. Figure 8 shows the cogging torque investigation of 

WFSR SFMs. 24Slot-10Pole WFSR SFM has highest peak to 
peak cogging torque of approximately 4.5 Nm while 24Slot-
14Pole has least peak to peak cogging torque which is about 4 
Nm. Therefore, by further design refinement and optimization, 
it is expected that the cogging torque of the proposed motors 
can be reduced into an acceptable condition. 

C. Flux linkage and Torque versus Armature Current   
Density and Field Current Density Curves 

Flux linkages at maximum armature current density, Ja of 
30 Arms/mm

2
 for various field current densities, Je are shown 

in Fig. 9. From the figure, it is obvious that the magnitude of 
flux linkage increases by increasing Je while the value 
decreases at Je of 15 A/mm

2
 due to flux cancellation effect.  

 Fig.8 Cogging Torque 

 
 

 

 
 

 

 

 

(a) 

  (b) 

 
Fig. 6 Flux linkage of (a) 24Slot-10Pole and (b) 

24Slot-14Pole in terms of U, V and W 

 

Fig. 7 Induced emf waveform of wound field SFMs at 500 

rev/m 
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The torque versus armature current density, Ja 

characteristics of 24Slot-10Pole and 24Slot-14Pole WFSR 
SFMs at maximum field current densities, Je   of 30 A/mm

2
 are 

plotted in Fig. 10. The maximum torque of 4.73 Nm for 
24Slot-10Pole WFSR SFM is obtained at maximum Je and Ja 
of 30A/mm

2 
while for 24Slot-14Pole, the maximum torque 

obtained is 2.62 Nm at Je and Ja of 30 A/mm
2
.  Since the 

torque generated by 24Slot-14Pole WFSR SFM are almost 
half of 24Slot-10Pole WFSR SFM, design improvement and 
optimization will be conducted in future. 

The maximum torque  obtained is still far from the target 
requirements. In order to satisfy the target performances, 
design free parameters of X1 to X7 are defined as illustrated 
in Fig. 11 will be conducted in the future. The design 
parameters are divided into three groups such as those related 
with rotor core shape, FEC slot shape and armature coil slot 
shape as follows: 

(i) Rotor parameters including rotor radius (X1), rotor 
pole depth (X2) , and rotor pole width (X3)  
(ii) Armature coil slot parameters including armature coil 
slot width (X4) and armature slot depth (X5). 
(iii) FEC slot parameters including FEC slot width (X6), 
and FEC slot depth (X7). 

The first step is carried out by updating the rotor 

parameters, X1, X2 and X3 while keeping X4 to X7 as 
constant. According to general theory in which the torque is 
directly proportional to the rotor radius, X1 that can be 
declared as one of the dominant parameter to increase the 
torque, is firstly updated. In this condition, X5 and X7 are 
simply shifted to the new position by following the change of 
X1, while X2, X3, X4, and X6 are kept constant.  

Subsequently, keeping X1 at the optimum value producing 
the highest torque, the rotor pole depth and width  X2 and X3, 
respectively, are adjusted. In turn, keeping X1, X2 and X3 at 
each optimum value producing the highest torque, the second 
step is executed by changing the armature coil slot parameters 
X4 and X5 while keeping X6 and X7 as given initially. Then, 
the best combination of X4 and X5 which bring out well 
balanced performance in terms of the maximum torque and 
power capabilities can be found under the given ampere turns 
of FEC windings corresponding to the given X6 and X7.  

Finally, the FEC width, X6 and the FEC depth, X7 are also 
considered as the most important parameter that is possible to 
extract much performance of the machine. This will easily 
increase the performance of the machine. The design methods 
explained above are treated repeatedly by changing X1 to X7 
until the maximum torque and power are achieved [17-19]. 

IV. CONCLUSION 

In this paper design study and performance comparison of 
24Slot-10Pole and 24Slot-14Pole three-phase WFSR with 
non-overlap armature and field windings have been 
investigated. The procedure to design the WFSR SFMs has 
been clearly explained. The coil arrangement test has been 
examined to validate each armature coil phase and to proof the 
operating principle of the machine. The performances of both 
WFSR SFMs such as flux capability and torque have been 
investigated. Both machines have robust rotor construction 
and non-overlap winding and thus, they can be defined as 
simple configuration, low cost and high efficiency machines. 
Cogging torque of 24Slot-10Pole can be reduced and the flux 
linkage of 24Slot-14Pole can be further improved by design 
refinement and optimization. 

FEC 
D4 

D5 

 
 

 

 

X1 

X4   

X5 

Rotor 

Stator 

X3

2 

X2 

X6 

X7 

 

Fig. 11 Design parameters of WFSR SFM 

 
Fig. 10 Torque vs. Ja at Je of 30 A/mm2 for 24Slot-10Pole and  

24Slot-14Pole 

 

 
 

Fig. 9 Flux linkage vs. various field current densities, Je at no load 

condition 
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Abstract— A new machine Switching Flux machine (SFM) 

has been highlighted during recent research, having all the active 

parts on the stator with robust structure of rotor. SFM has three 

major types with respect to their excitation source. Permanent 

Magnet Switching Flux Motor (PM-SFM) Field Excitation 

Switching Flux Motor (FE-SFM) and Hybrid Excitation 

Switching Flux Motor (HE-SFM). PM and FE coil are the main 

sources of flux generation in the stator of (PM-SFM) and (FE-

SFM) respectively. While in HE-SFM both PM and FE coil are 

combined to produce flux linkage in the armature coil. This 

paper presents the comparison between single phase FE-SFM 

and three phase FE-SFM with segmental rotor. By the use of 

segmental rotor flux is switched in the armature circuit as rotor 

rotates. Initially, the coil arrangement tests are examined to 

confirm the operating principle of the motor. Furthermore, the 

profile of flux linkage, induced voltage, cogging torque, flux 

strengthening, and torque characteristics at various armature 

current densities are observed based on 2D- finite element 

analysis (FEA).  

Keywords—Field Excitation Switching Flux Motor (FE-SFM); 

segmental rotor;field excitation coil; torque. 

I. INTRODUCTION  

The first concept of switching flux machine (SFM) has 
been founded and printed in the mid of 1950s. Using 4 stator 
slots and 4 rotor poles permanent magnet (PM) SFM i.e. 
permanent magnet single-phase limited angle actuator or more 
well-known as Laws relay has been developed [1], and then 
single phase generator with 4 stator slots, and 4or 6 rotor poles  
has been invented [2]. 

Over the last decade, many topologies of SFM have been 
introduced for a variety of application i.e. domestic 
appliances, automotive, aerospace etc. SFM can be classified 
into three groups that are Permanent magnet (PM) SFM, Field 
Excitation (FE) SFM and Hybrid Excitation (HE) SFM. Main 
sources of flux linkage in PM-SFM and FE-SFM are 
permanent magnet and field Excitation winding respectively. 
While in case of HE-SFM both PM and FE windings are 
combined to generate the flux in the stator [3, 6]. In SFMs all 
the active parts like field excitation winding PM and armature 
coil winding are situated on the stator. When compare with 
other SFMs, the FE-SFM motor has many advantages of low 
cost, simple construction, magnet-less machine, and variable 
flux control capabilities suitable for various performances. 
Furthermore, to manufacture the FE-SFM motors, the PM on 

the stator of conventional PM-SFMs is replaced by DC field 
excitation coil. In other words, the FE-SFM motors having 
salient-rotor structure is a novel topology, merging the 
principles of the SRMs and inductor generator. SFM is a form 
of salient rotor reluctance machine with a novel topology 
combining the principles of the inductor generator and the 
switched reluctance machine (SRM) [7, 9]. The SFM works 
on the concept of changing the polarity of the flux linking in 
the armature winding by motion of the rotor. In early 
principles motor having DC field winding on the stator and 
toothed rotor structure with fully pitched windings on the 
stator [10]. The feasibility of this design was verified in 
applications requiring high power densities and a good level of 
durability [11-14]. The novelty of the invention was that 
single-phase ac working could be realized in the armature 
winding by using DC excitation on the stator and an armature 
winding connected to an AC supply to provide the required 
flux orientation for rotation. By changing the mutual 
inductance of the windings torque is produced. In previous 
works the novelist developed the use of a segmental rotor 
construction for SRMs [15] and two phase switching flux 
motors [16], which gives significant gains over other 
topologies. Whereas segmental rotors structures  are used 
conventionally to control the saliency ratio in synchronous 
reluctance machines [17,18], the basic function of the 
segments using in this design is to provide a defined magnetic 
path for conveying the field flux to adjacent stator armature 
coils as the rotor rotates. As each coil arrangement is around a 
single tooth, this design gives shorter end-windings than with 
the toothed rotor structure which requires fully-pitched coils. 
There are many advantages of this arrangement, as it uses less 
conductor materials and may improve the overall motor 
efficiency. 

A single-phase, 8-tooth, 4-segmented, field excitation 
machine developed in [16] demonstrated these attributes, and 
is a precursor to this work. As expected of single phase 
arrangements, the armature mmf induces appreciable current 
ripple in the DC field circuit, which can affect the control of 
field current. 

This paper explains the comparison of three phase FE-
SFM and single phase FE-SFM using segmental rotor and 
different tests will be compared and analyzed to find the best 
candidate of FE-SFM using segmental rotor. 
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II. OPERATING PRINCIPLE OF FE-SFM WITH SEGMENTAL 

ROTOR 

Operating principle of Flux switching machine using 
segmental rotor to achieve flux is illustrated in Fig. 1, Having 
four stator poles (F1,F2,A1,A2) and two rotor segments 
(S1,S2) with DC field excitation in coils F1 and F2. For the 
two aligned positions as shown, coupling of coils on the stator 
pole is through segments. The motion of the rotor from 
position (a) to (b) varies flux in the armature coils A1 and A2, 
and also changes its polarity. Due to this bipolar AC magnetic 
field is produced in the armature coil with induction of EMF. 
Practically, the design is put into practice on a stator with an 
even number of stator poles, with half the number of poles 
designated as field winding and the other half as armature 
winding. The field pole alternate in position with the armature 
pole, with the polarity of each field poles arranged to be 
opposite that of the next field pole. 

  

(a) First alignment position     (b) Second alignment position 

Fig. 1 Basic segmental rotor principle with field excitation 

III. DESIGN RESTRICTIONS AND SPECIFICATIONS 

The design restrictions and the target specifications and 
parameters of the single phase 12S-6P FE-SFM with 
segmental rotor and three phase 12S-8P FE-SFM with 
segmental rotor are listed in Table 1. The maximum limit of 
the current density for armature winding and FE coil is set up 
30Arms/mm

2
. Fig. 2, and fig. 3, shows the basic designs of 

single phase and three phase FE-SFM with segmental rotor. 

 

 

 

Fig. 2 Single phase 12S-6P FE-SFM with segmental rotor 

 

Fig. 3 Three phase 12S-8P FE-SFM with segmental rotor 

 

TABLE I.  DESIGN RESTRICTIONS,  SPECIFICATIONS AND PARAMETERS FOR 

12S-6P FE-SFM AND 12S-8P FE-SFM WITH SEGMENTAL ROTOR 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV. DESIGN METHODOLOGY 

Both the designs of FE-SFM using segmental rotor  
examined by FEA simulations, conducted via JMAG-Designer 
ver. 13.0 released by Japan Research Institute (JRI) and make  
discussion on the attributes of each design based on the flux 
linkages, EMF production, flux distribution and cogging 
torque. Initially, the rotor of the motor, stator, armature coil 
and DC Field excitation coil are drawn by using JMAG Editor. 
Then, the materials, conditions, circuits and properties of the 
machine are assigned in JMAG Designer. The design process 
of part drawing and condition setting are demonstrated in Fig. 
4. The electromagnetic steel, 35H210 is used for the rotor 
segments and stator core. Furthermore, coil arrangement tests 
are examined to validate the operating principle of FE-SFM 
and to set the position of each armature coil phase. 

There are several concepts in designing the single phase 
and three phase configuration using segmental rotor. This 
paper focuses on the designs of single phase and three phase 
FE SFM using segmental rotor having non-overlapping 

FE coil 

Armature coil 

Segments 

of rotor 

FE coil 

Armature coil 

Segments 

of rotor 

Items 

Single phase 12S-

6P FE-SFM with 

Segmental 

Three phase 12S-

8P FE-SFM with 

Segmental 

Number of slots 12 12 

Number of rotor segments 6 8 

Stator outer radius (mm) 75 75 

Stator back inner width (mm) 5 11 

Stator tooth width (mm) 10 12.5 

Armature coil slot area (mm2) 251 250 

FEC slot area (mm2) 251 250 

Rotor outer radius (mm) 44.5 45 

Rotor inner radius (mm) 30 30 

Air gap length (mm) 0.5 0.3 

Number of turns per field 
tooth coil (FEC) 

75 44 

Number of turns per armature 
coil slot (AC) 

11 44 
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winding, low copper losses and cost with high efficiency of 
motor.  

V. PERFORMANCE ANALYSIS BASED ON FEA 

A. Coil test analysis 

In order to get proper position of each armature coil phase 
to confirm the operation principle of both the single phase and 
three phase FE-SFM with segmental rotor, the coil 
arrangement tests are performed for each armature coil 
separately for single phase and three phase FE-SFM with 
segmental rotor. The coil test arrangement of both the single 
phase FE-SFM and three phase FE-SFM using segmental rotor 
structure are shown in fig. 5(a), and fig. 5(b), respectively.           

For single phase FE-SFM with segmental rotor armature 
coils and FECs are wounded in clockwise and counter-
clockwise direction, with this arrangement the operating 
principle of single phase FE-SFM with segmental rotor is 
verified. Also by this arrangement of armature coils the flux 
produced is smooth having maximum flux linkage of 0.015Wb 
with no distortion as shown in fig. 6(a).On the other hand fig. 
5(b), shows the coil arrangement of three phase FE-SFM with 
segmental rotor where the FECs and the armature coils both 
are arranged in alternate direction and DC current of 51.27 A 
is applied to validate the operating principle FE-SFM with 
segmental rotor.  Fig. 6(b) illustrates the flux linkage of three-
phase flux linkage defined as U, V, and W, with maximum 
value of 0.054Wb which much less as compare to single phase 
FE-SFM with segmental rotor. 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                 (a)                                                          (b)    

                                                               

 

Fig. 4 FE-SFM with segmental rotor Design Methodology (a) Drawing of 

Parts (b) Setting the conditions 

 

 

 
 

Fig. 5(a) Single phase FE-SFM coil test arrangements 
 

 
Fig. 5(b) Three phase FE-SFM coil test arrangements 

 

 
Fig. 6(a) Flux linkage of single phase FE-SFM with segmental rotor 
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Fig. 6(b) Flux linkage of three phase FE-SFM with segmental rotor in terms of 

U, V, W 

B. Induced Voltage at No load condition 

The induced voltages produced from FE coil with speed of 
1200 r/min and 500 r/min for single phase FE-SFM with 
segmental rotor and three phase FE-SFM with segmental rotor 
respectively at no load condition shown in fig. 7, & fig. 8. For 
single phase FE-SFM the highest amplitude value of induced 
voltage is approximately 18.8V while in case of three phase 
FE-SFM with segmental rotor has the highest value of induced 
voltage is approximately 39.15V, there is also distortion in the 
waveforms due to the odd harmonics. By these results the 
values of back emf of both the motors are very less as 
compared to applied voltage that shows both the motors single 
phase and three phase FE-SFM with segmental rotor will work 
on safe region.       

 

Fig. 7, Induced voltage for single phase FE-SFM with segmental 

Fig. 8 Induced voltage for three phase FE-SFM with segmental 

C. Cogging torque analysis 

Fig. 9 shows the analysis of cogging torque for single 
phase and three phase FE-SFM with segmental rotor. The 
figure illustrates the single phase FE-SFM has the highest 
peak to peak cogging torque of 41.1Nm followed by three 
phase FE-SFM that has the least value of 2.88Nm. Therefore, 
to reduce the cogging torque value of single phase FE-SFM up 
to reasonable value further work will be held on the design 
refinement and optimization. 

D. Flux strengthening/weakening 

The flux strengthening and weakening of both the single 
phase FE-SFM and three phase FE-SFM is analyzed by 
comparing the characteristics of DC FE coil flux at various 
DC current densities, Je as illustrated in figure 10. From figure 
it is clear that initially the flux pattern is increased with the 
increase in current density until DC FEC current density, Je of 
11A/mm

2
. However, the flux generated starts to reduce when 

higher DC FEC current density is injected to the system It is 
expected that this phenomena occurs due to some flux leakage 
and flux cancellation that will be investigated in future. In 
addition, although the flux generated from single phase FE-
SFM is slightly less than three phase FE-SFM with segmental 
rotor. 

VI. TORQUE VS. FIELD CURRENT DENSITIES JE, AT VARIOUS 

ARMATURE CURRENT DNSITIES JA 

Torque vs. field current densities Je at various armature 
current densities for single phase FE-SFM and three phase FE-
SFM with segmental rotor are shown in fig. 11, and fig. 12, 
respectively. From figures it is clear that the torque of three 
phase FE-SFM is approximately 33 Nm at Ja 30 Arms/mm

2 

which is much higher than the single phase FE-SFM i-e 
approximately 17 Nm at Ja 30 Arms/mm

2
.
 
In both the cases of 

single phase FE-SFM and three phase FE-SFM the value of 
torque is increased linearly as armature current density is 
increased but at the lower values of armature current density 
the torque value initially increased up to a certain value of 15 
Arms/mm

2
 after that it begins to decrease slightly, that shows 

by increasing the value armature current density Ja, further 
torque can be increased in future work in both cases.  

 

 
Fig. 9 Cogging torque 
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Fig. 10 Flux strengthening at various current densities,Je 

 

 

Fig. 11 Torque vs. Je at various Ja for single phase FE-SFM 

 

Fig. 12 Torque vs. Je at various Ja for three phase FE-SFM 

VII. CONCLUSION 

This paper presents the feasibility and comparison between 
single phase FE-SFM and three phase FE-SFM using 
segmental rotor. With clear advantages of short end winding 
and low copper losses and cost due to non-overlap armature 
windings and FE coil windings. Coil test analysis, cogging 
torque, flux strengthening and torque vs. field current densities 
Je at different armature current densities Ja has been 
investigated on the basis on 2D FEA. By this investigation 

three phase FE-SFM with segmental rotor has better results as 
compared to single phase FE-SFM with segmental rotor.  

Therefore, in future work by design refinement and 
optimization, the single phase FE-SFM with segmental rotor 
will be enhanced to achieve the required targets and improved 
results. 
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Abstract—This paper describes a practical system that was 

developed to identify material surfaces in order to obtain its 

absorption coefficient values without using complicated and time-

consuming procedures and expensive physical equipment to get 

the measurements. The system is divided into two subsystems 

which are subsystem 1, by extracting material surface images by 

using the Gray Level Co-occurrence Matrix (GLCM) to produce 

four Haralick coefficients, which is used by subsystem 2 that uses 

Generalized Regression Neural Network (GRNN) to classify the 

surfaces. Four types of material surfaces are captured and a total 

number of 280 images used as the input. It is concluded that the 

system for identification of material surfaces using GLCM and 

GRNN was successfully developed.  

 

Keywords—GLCM; GRNN; absorption coefficient; material 

surface; GUI 

I.  INTRODUCTION 

The reverberation time (RT) could be predicted by using 
two parameters which are absorption coefficient and also the 
dimensions of the room. There are some careers that related to 
the sound absorbent in a room and yearn for a good sound 
absorber so that the information given will be received by the 
listener. Reverberation somehow could disturb the smoothness 
for the sound to arrive to the listener. In order to measure the 
absorbance, it is necessary to perform physical measurement 
that used expensive equipment and complicated procedures. 

The main purpose of this study is to develop a practical 
system that could identify the absorption coefficient 
parameters in the acoustic room without using such 
complicated physical measurement. This study proposed a 
practical system using two subsystems; subsystem 1 is the 
Gray Level Co-occurrence Matrix (GLCM) method and 
subsystem 2 is the Generalized Regression Neural Network 
(GRNN) method which the input is the photographic image.  

Photographic image would have the texture needed by the 
subsystem 1 in order to extract the features. The tone of the 
image is strongly related to the texture of the image because 
tone and texture always present in an image [1]. The image 
classification using GLCM need the image to have the “grey-
tone spatial-dependence matrix” that come along with the 14 
coefficients that can be derived from the texture [2]. 

The photographic images of material surfaces of classroom 
captured by a digital signal-lens reflex (DSLR) camera needs 
by the subsystem 1 to extract the material surface features.  
The GLCM method could be used to obtain the absorption 
coefficient by extract out Haralick’s coefficient. There are 14 
Haralick’s coefficients but only four common coefficients 
used, which are contrast (cont), correlation (corr), angular 
second moment (asm) and homogeneity (hom) [1]. GLCM is 
the different combination of gray levels occurs in the images 
given in the form of matrixes [2], [3].The size of test images 
can also be a cell of 8 x 8 pixel size that will allow the GLCM 
sense effectively to very details of the interest [4], [5].  

Absorption coefficient determines how far the sound 
incident can pass through material until it is totally absorbed 
and depends on the typed of the material itself. Some of the 
sound incident did hit the surface and reflected and some of it 
did absorb into the material. Absorption coefficients affect the 
ability of the sound to arrive to the receiver from the source. 
There are several reports that proposed other techniques for 
predicting the absorption coefficient without using the 
physical measurement [3], [6], [7], [8]. 

High absorption coefficient allows the material to 
effectively absorb sound and the sound will clearly arrive to 
the receiver. Meanwhile, low absorption coefficient will result 
sound to reverberate into the classroom. There are existing 
physical measurements such as impedance tube method and 
reverberation room method, but these two measurements need 
special and expensive equipment with complicated procedures 
and skills. The costing are unbearable and the time consumed 
are much longer because it need the acoustic specialist to carry 
the measurement out.  

There is also a study regarding the estimation of the 
absorption coefficient by employing the artificial neural 
network (ANN) algorithm using different perforated wooden 
panels, but it need various setting combinations such as the 
perforation percentage, backing material and thickness of the 
wooden panels [6]. Paper by Hodgson and Scherebnyj used 
the measurement of early decay time and multivariable linear-
regression techniques in order to estimate the 125-8000 Hz 
octave-band sound absorption coefficient. For the ANN 
algorithm, the author did use eight surfaces in the classroom 
[7]. In this paper however, another approach by using photo 
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images as inputs to estimate the absorption coefficient was 
proposed. 

From the absorption coefficient obtained, the system will 
then proceed to the subsystem 2 which is the GRNN method 
that will be used to train the data obtained from subsystem 1.  

II. THEORITICAL DESCRIPTION 

A. Image Texture 

In order to identify the object or material, texture is one of 
the crucial features that could be used to recognize the type of 
object. Between two different textures obtained, there have 
different features unless it was the same texture. It will be 
easier to differentiate the textures using the information 
contained because it has various methods such as geometric, 
random field, fractal and signal processing models that could 
extract the assort of textural characteristic from the images [1]. 

Image texture is defined as a function of the spatial 
variation in pixel intensities. The function is the gray values 
that useful for many applications and been a subject for study 
by researcher [1]. Textures have many types which the 
textures could be fine, coarse, smooth, rippled, or linear [2]. 

From the texture, there are many types of information that 
could be obtained, such as dimension and absorption 
coefficients. The example of features in a dimension that can 
be acquired are size, shape, color and orientation of the 
elements of the pattern and it differ between two image 
textures. 

B. Gray Level Co-occurrence Matrixes (GLCM) 

Implementation 

GLCM defined as “A two dimensional histogram of gray 
levels for a pair of pixels, which separated but a fixed spatial 
relationship” [1]. GLCM is a method used to generate the 
texture into different texture synthetically. The image of 
material surfaces obtained from image capturing used in the 
system, but theoretically, it uses the two pixels of reference 
and neighboring technique to determine the reference pixel 
value.  

In the other hand, the reference pixels are set by using the 
immediate neighbor. The immediate neighbor is the two pixels 
from a square matrix with size determined according to gray 
levels of pixels of an image which are computed at a certain 
distance, d and angle, θ (θ = 0

o
, 45

 o
, 90

 o
, 135

 o
) as in Fig.1.   

O is denoted as the origin of pixel [3]. 
  

 
 

  

 
  

   

 
   

  

      

      

Figure 1. Levels of Pixels [3] 

C. Generalized Regression Neural Network (GRNN)  

GRNN variant comes from the radial basis network (RBF), 
which require more neurons than standard Feedforward 
Backpropagation networks, but often can be designed at a 
fraction of the time it takes to train standard Feedforward 
networks. The other one variant of RBF is the probabilistic 
neural networks (PNN) [10]. One of the disadvantages of the 
GRNN and PNN method is both of the methods are slower to 
execute more computation used compared to other networks 
for the approximation and classification functions [10]. 

GRNN is a kind of radial basis network that is often used 
for function approximation and has a radial basis layer with a 
special linear layer. The architecture for the GRNN is similar 
to the RBF but has a slightly different second layer [10]. 
GRNN is basically based on the statistical principles and 
converges asymptotically with increasing number of samples 
to achieve optimization of the regression surface [11]. 

III. SYSTEM DEVELOPMENT 

A. Subsystem 1: GLCM 

GLCM is a common technique in image processing used 
for texture measure. From the GLCM obtained, around 14 
features can be extracted as proposed by Haralick[1]. 
However, this paper only includes the most commonly used 
features which are Contrast, Correlation, Angular Second 
Moment and Homogeneity. The block diagram for GLCM is 
shown as in Fig. 2. While, flowchart for GLCM programming 
code is shown as in Fig. 3. The programming code was 
separated into three paragraphs and each of the paragraphs 
executes the image of material surfaces, converts to gray scale 
image and obtained the Haralick’s coefficient, respectively.  

B. Subsystem 2: GRNN 

GRNN input was the values of the four coefficients 
developed by GLCM method that extracted from the material 
surfaces images which are contrast, correlation, ASM and 
homogeneity. The value of absorption coefficients was 
referred to the relevant reference shown in Table 1 [12]. 
Flowchart for the subsystem 2, GRNN programming code is 
shown as in Fig. 4. 

 
Figure 2. GLCM Block Diagram 
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Figure 3. Flowchart for GLCM Programming Code 

 

TABLE 1. ABSORPTION COEFFICIENT FOR EACH MATERIAL SURFACE BY 

FREQUENCY 

Type of 

surfaces 

Absorption coefficient 

125Hz 250Hz 500Hz 1kHz 2kHz 4kHz 

Concrete wall 0.10 0.05 0.06 0.07 0.09 0.08 

Floor 0.02 0.03 0.03 0.03 0.03 0.02 

Wooden wall 0.15 0.11 0.10 0.07 0.06 0.07 

Ceiling 0.15 0.11 0.04 0.04 0.07 0.08 

 

C. Graphical User Interface (GUI) 

GUI programming code has three main components which 
are initialization GUI, load image, classified material surface 
and absorption coefficient button code, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Flowchart for GRNN Programming Code 

 

IV. RESULT AND ANALYSIS  

This subsection is divided into two parts. The first part is 
the result for subsystem 1 using GLCM and the second part is 
the result for subsystem 2 using GRNN. 

A. Subsystem 1:GLCM 

In the database, the total of the material surface images are 
280 and were fed into GLCM and Haralick coefficient 
analysis to obtain the four coefficients.  Table 2 - 5 shows the 
maximum and minimum extracted input values from the four 
material surface images in the database. From the tables, the 
maximum and minimum values are different for each 
coefficient and the network used these differences to identify 
each surface.  

 

 

Load the database in .mat format 

 

START 

Normalize the data (0.1, 0.9) 

Create network using newgrnn 

Read the input for training, 

validate and testing 

Varies the spread values 

Check performance 

END 

 

Load database from 

subsystem 1 

START 

Define P1, P2, P3 and P4 as 

subsystem 1 result and T1 as output 

Run the subsystem 2 by 

training, validate and testing 

GLCM result 

[contrast, correlation, ASM, homogeneity] 

Normalize the data 

Create 

END 

 

Define P1-P4 as inputs from GLCM 

and T1 as the desired output 
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TABLE 2. CONCRETE WALL CLASSIFICATION 

 Minimum Maximum Surface 

Contrast 0 0.1599 
 

1 

Correlation 0.1608 0.9259 

ASM 0.3932 0.9999 

Homogeneity 0.9201 0.9999 

 

TABLE 3. FLOOR CLASSIFICATION 

 Minimum Maximum Surface 

Contrast 0.0324 0.1196 
 

2 

Correlation 0.5209 0.8707 

ASM 0.4104 0.8362 

Homogeneity 0.9402 0.9838 

 

TABLE 4. WOODEN WALL CLASSIFICATION 

 Minimum Maximum Surface 

Contrast 0 0.0671 
 

3 

Correlation 0.3649 0.9148 

ASM 0.4379 0.9999 

Homogeneity 0.9664 0.9999 

 

TABLE 5.  CEILING CLASSIFICATION 

 Minimum Maximum Surface 

Contrast 0.0001 0.1484 
 

4 

Correlation 0.5339 0.9234 

ASM 0.4427 0.9998 

Homogeneity 0.9258 0.9999 

B. Subsystem 2:  GRNN 

 In the GRNN method, there are 19 numbers of the spread 
used between 0.1 until 1.0 with range of 0.05. The dataset is 
divided randomly with 60% for testing, 20% for validation, 
and the other 20% for testing. Validation data are important to 
make sure overfitting did not occur. Testing data used only for 
testing the final solution in order to confirm the predictive 
power of the network. Training data must be more than 
validation and testing data to ensure that each type of texture 
is trained.   

 TABLE 6. PERFORMANCE FOR EACH VALUE OF SPREAD 

 
 For each number of spread the Mean Square Error (MSE) 
values for training, validation and testing are different. From 
the GRNN results, the lowest value for the MSE is consider 
the best result. The elapsed time is the time taken for the 
iteration to finish until the highest validation. 

Table 6 shows the performance for each value of spread. 
The lowest MSE for testing is 0.0654 using 0.15 spread 
values. For testing, the data used had never been encountered 
by the network before. Hence this spread value give the best 
result for new data to be classified. Fig. 5 shows the regression 
values for training, validation, and testing are 0.49553, 
0.33961 and 0.29235 respectively using spread value of 0.15.  

 

 

(a) 

 

(b) 

 

(c) 

Figure 5.  Regression between Output Y and Target T for spread value of 0.15 
where (a) Training, (b) Validation and (c) Testing 

 

No. 

 

Spread 

 

Elapsed time (s) 

 

Performance 

Training Validation Testing 

1 0.1 14.00837 7.21E-02 6.66E-02 7.62E-02 

2 0.15 13.60469 7.96E-02 7.69E-02 6.54E-02 

3 0.2 25.606847 5.89E-02 7.33E-02 1.08E-01 

4 0.25 16.461832 7.77E-02 7.64E-02 9.23E-02 

5 0.3 27.343885 6.47E-02 8.19E-02 8.65E-02 

⁞ ⁞ ⁞ ⁞ ⁞ ⁞ 

15 0.8 18.345283 8.41E-02 7.77E-02 7.71E-02 

16 0.85 26.769678 7.78E-02 7.25E-02 9.07E-02 

17 0.9 14.546417 9.01E-02 8.58E-02 8.54E-02 

18 0.95 29.011723 7.90E-02 7.15E-02 9.03E-02 

19 1 35.268165 7.50E-02 8.16E-02 8.16E-02 
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Using the spread value of 0.15, the final network was 

produced where this network is capable of classifying each 
material surface from the provided material surface photo 
image. The final network is lastly fed to the system for the 
final product.  

C. Graphical User  

Graphical User Interface (GUI) is a program interface that 
contained the computer’s graphic capabilities in order to ease 
the user to use the developed system. GUI is implemented in 
the system for a simple and easier approach to users.  The 
interface for GUI used for the system is shown in Fig. 6.  

After the network is able to identify the correct material 
surface, the corresponding absorption coefficient from Table 1 
will be shown on the GUI.  

 

 
 

Figure 6. GUI for proposed system 

V. CONCLUSION 

Identification of material surface features using two 
subsystems, GLCM and GRNN were successfully developed. 
The developed system is able to identify the material surface; 
concrete wall, floor, wooden wall and ceiling, with the lowest 
testing MSE of 0.0589 using 0.15 spread value. A simple GUI 
is used for the final interface of the system where all the 

absorption coefficient values will be displayed after the 
system has successfully identify the corresponding surface. 
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Abstract- Identifying potentially risks in information system such 

a challenging task. The impact of rapid technological 

development, information security risk analysis is an important 

action and components required for an organization operation, 

especially for organizations that involve business. Many studies 

shows that recent business trend expose to modern digital threats 

and attack due to the tremendous changes in ICT. The 

emergence of new threats and attack indicator for new factors 

that influence new risk. The current risk analysis tools are not 

able to analyze it well. There are traditional method used 

previously which is qualitative and quantitative; both of this 

methods have their respective advantages for analyzing the 

information. It is recommended by many studies that recent 

organization must choose the effective risk analysis tool in order 

to get the best factors that contributes to information security 

threats. In addition, it is valuable to have a taxonomy of risk 

factors that potentially a threat to information system. This study 

explore various type of risk analysis tools by looking at its 

capability in identify threats to Confidentiality, Integrity and 

Availability. The method was designed by first exploring the 

current market risk analysis tools and extracted its functionality 

in identifying risk to CIA. The analysis in this study shows that 

the present risk analysis tools able to introduce a schematic 

diagram of potential risk factors to information security. In 

addition it gives a list of recent tools with technical description 

that provide better guideline in performing risk analysis.  

 

I. INTRODUCTION 

 

It has been widely accepted that the structure and type of 

information technologies have changed enormously over the 

last decade. The simple stand-alone batch applications evolved 

into distributed computing environments, including real time 

control, multitasking and distributed processing. As the world 

seen that tremendous changes in ICT introduced cloud 

computing technologies which potentially exposed to various 

type of threats and vulnerabilities. Many industries completely 

depend on the use of advanced ICT integrated with additional 

facilities according to a specific task. The application for 

critical sectors such as meteorology activities, defense and 

security require high demand of advanced and futuristic of 

information technology. Relying too much on the 

advancement ICT increase chances to be expose for cyber-

attacks, crime and vulnerabilities. Building a secure system is 

a must towards protecting information assets within the 

advanced system. Identifying potential risk factors is an initial 

step in producing effective and secure solution. This research 

is developed to explore potential method and its capability in 

identifying information security risk and extract various 

information security risk factors discovered by previous 

related research. This article is structured as follow, Section II 

describe information searching method, Section III list risk 

analysis tools inclusive with technical description. Section IV 

provide risk factors that reported significantly associated with 

Confidentiality, Integrity and Availability. The final section 

(Section V) reports the risk factors covered by existing risk 

analysis tool and Section VI conclude overall study.  

 

II  INFORMATION SEARCHING AND ANALYSIS 

 

There are many ways to manufacture, mining and 

produce and extract information on further details, with the 

help of the internet, finding information become much easier. 

Information can be obtained from different sources. For this 

research`, there are many search engines that have been used. 

Among the most commonly used are Google, Google Scholar 

and also Scopus Database. Resources from the UTeM library 

also proved to be very useful. 

Risk analysis is one of the risk management process 

for an organization. To obtain accurate data, detail research is 

necessary in order to identify potential risks exist and losses 

that may occur in organization[1]. According to [13]. the 

discussion of risk analysis should be done by large groups (6-

10 people) and from various departments. Each member must 

be proficient on the organization and activities performed by 

the organization such as the manager. Since there is a high 

potential risk to appear, the discussion should be done always 

by group member and they should make regular intervals to 

make the discussion. 

 

 

 

 

Tom Walsh (2003) [1] addressed that managing risk 

is an important step in dealing with any business. It is 

impossible to reduce all threats occur in the running system. 

Performing a risk analysis process allow us to identify best 

method in managing threats. Risk Factors Analysis (RFA) is 

174

http://mucet2014.utem.edu.my/conference-venue-and-fee
mailto:yaserzabawi@gmail.com
mailto:Rabiah@utem.edu.my


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

the study of factors which can or may pose a risk to the 

organization.  
 
Each factor is assessed based on the level of losses 

that may be incurred and the organization based on its ability 

to threaten an organization in term of information security 

policies which is Confidentiality, Availability and Integrity. 
 

III. RISK ANALYSIS  

Information Risk and Security continue to be a top of 

mind for many organizations. Constant attack by certain 

parties like hackers shows their ability to hack into an 

organization ease. In addition, it also proves the security 

vulnerabilities of information used by an organization. 

Through the losses incurred, most organizations have realized 

to plan more wisely and effectively to safeguard and protect 

the organization and personal information. 

Firstly, process of data protection and risk management 

requires a risk analysis process and to perform risk 

management, it requires accurate data of risk analysis or in 

other words, it requires accurate assessment of risk 

management. Therefore, this can prove that risk analysis 

playing an important role in protecting information. If the 

organization did not take seriously with risks that got potential 

pose a threat, it may have a big impact on the organization and 

is likely to be able to make the organization into bankruptcy. 

For example, due to vulnerability of data security, there are 

various parties take that opportunity to hack into the internal 

information of an organization. 

Armaghan[2] said in his article 2012, To analyze the risk 

with more efficient and effective in this age, there are a lot of 

automated tools can be used. The main purpose of risk 

analysis is to provide detailed information to potential threats 

to decision makers in an organization. Therefore, it is 

important as decision-makers to select the best of risk analysis 

tool that suitable to an organization.  

There are various types of risk analysis tools that have 

been developed. In addition, all the tools have their own 

strengths and weaknesses based on different situation. Among 

the well-known risk analysis tools currently is ISRAM, 

CRAMM, OCTAVE and others. However, all of those risk 

analysis tools are divided into two different major groups 

according to the methodology used either qualitative or 

quantitative. 

 

The main purpose of the organization need to take 

seriously the issue of information security is to maintain the 

confidentiality, availability, integrity, accountability, 

authenticity and reliability.  

This article will describe some of the methodology and 

tools that commonly used at this time to analyze risk. The 

purpose of this study is to explain detail that organization 

needs to know with easily. It is because the organization will 

spend a lot of money for any method they choose. This study 

will help them to understand the methods that are often used at 

present. The best way to make a comparison between tools 

that has been developed by looking at their objectives whether 

the method chosen by them able to meet their organization’s 

objectives. 

a. Risk Analysis methods. 

Nowadays, there are many people studies on this issue and 

they have also developed various risk analysis tools to prevent 

recurrence of similar risk or probability of another imminent 

risk due to weaknesses in the organization. Risk analysis tools 

fall into two categories which is qualitative and quantitative.  

 Risk Analysis Quantitative Methods 

 

 

Advantages 

- It gives more accurate image of risk. 

- It allow for determination of consequences of 

incidents occurrence in quantitative way, what 

facilitates realization of costs and benefits 
analysis during selection of protections. 

- It applies mathematical and statistical tools to 

represent risk. 

 

 

 

 

Disadvantages 

- Not suitable for intensive analysis of 

nowadays. 
- Complicated environment make it look more 

difficult by using mathematical models. 

- Quantitative measures depend on the scope and 

accuracy of defines measure scales. 

- Results of analysis may be precise and even 

confusing. 
- Analysis conducted with the applications of 

this method is generally more expensive, 

demanding greater experience and advanced 
tools. 

Type of tools - ISRAM, CORA, IS, RISKWATCH and etc. 

Table 1.0 Quantitative methods 

Quantitative methods use a mathematical approach 

and statistical tools to represent risk in risk analysis [3]. As an 

example, "there are a lot of viruses attacking manager’s 

computer". In this situation, we can see a lot of virus attacking 

computer, so the quantitative methodology will give results; it 

is risky to be a threat if many viruses attack computers. 
However, Dariusz [3] has Identified risk analysis tool that uses 

quantitative methods are not efficient for the intensive use of 

information security management. Therefore, this method is 

rarely used in the field of business. Risk analysis tool that uses 

quantitative methods are ISRAM, CORA, IS, RISKWATCH 

and etc. 

Risk Analysis Qualitative Methods 

 - Analysis is relatively easy and cheap. 

- It allows for putting in order risks according 

priority. 
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Advantages 

- It allows for determination of areas of greater 

risk in a short time and without bigger 

expenditures. 
- Perform risk analysis with the help of 

adjectives, not mathematical models. 

- It is more suitable for complicated risk analysis 

of nowadays. 

 

 

 

 

Disadvantages 

- Unstable results 

- It depends on the ideas of those who undertake 

risk analysis. 
- It does not allow for determination of 

probabilities and results using numerical 

measures. 

- Cost-benefits analysis is more difficult during 

selection of protections. 

Type of tools - OCTAVE, OCTAVE-S, CORAS, CRAMM, 

FRAP and etc. 

Table 2.0 Qualitative methods 

Qualitative methods risk assessed with the help of 

adjectives instead of mathematic. Currently, most of developer 

use qualitative approach as their methodology to develop new 

analysis tools. It is because qualitative method is more flexible 

and more suitable then quantitative method. However, 

qualitative method does not provide complete output 

information to be used in the risk management process. Risk 

analysis tool that uses quantitative methods are OCTAVE, 

OCTAVE-S, CORAS, CRAMM, FRAP and etc. 

Most of the risk analysis tools regardless qualitative or 

quantitative implementing information security attributes 

which are confidentiality, availability and integrity. However, 

some studies should be conducted to prove the risk analysis 

tools have characteristics such as confidentiality, availability, 

integrity, reliability and others. This is necessary as to help 

users to select the best risk analysis tools to be used to solve 

different problems faced by individuals and organizations. 

IV. Confidentiality, Integrity and Availability 

Stan Gibilisco (2013) [4] said in her studies, 

confidentiality, integrity and availability are the attributes that 

should be included in all risk analysis tools to guide policy to 

protect the security of information in an organization. 

Confidentiality of information in the context of risk analysis 

tools, are the procedures to limit access to information, while 

integrity is the assurance that the information received is 

accurate and reliable. Lastly, the availability is guaranteed 

access to information by authorized persons. 

Confidentiality prevents confidential or sensitive 

information from reaching the wrong person as well as to give 

access to people who are qualified to use the data. As an 

obvious example, the account number is information that 

should be kept confidential during online banking. Common 

method used is the data encryption to ensure that information 

is kept confidential. In addition, other procedures are users 

need to enter your user ID and password. Users can also take 

precautions to reduce the number of places where the 

information appears, and how many times it was actually sent 

to complete the transaction required [4]. 

Integrity in this context is to ensure that the data is 

accurate, reliable and consistent over its entire life cycle. Stan 

Gibilisco (2013) [4] also said data cannot be changed 

arbitrarily and steps should be taken to ensure that parties who 

can access and modify data. In addition, the measures were 

precautionary measures should be taken to identify if data is 

changed as a result of non-human-Caused such as server 

crashes. If unintended changes happen to the data they need to 

make sure to have backup data to restore the affected data to 

its correct state. 

Availability is the best attribute to ensure that:  

 All the hardware is in good condition.  

 Perform hardware repairs if needed.  

 Provide specific measures to prevent any damage  

 Ensure sufficient communication bandwidth.  

 Provide emergency backup power systems.  

 Keeping current with all necessary system upgrades. 

 Guarding again malicious actions. 
 

IV Risk Factors 

  IS Attributes 

  Confidentiality Integrity Availability 

R
is

k
 F

a
c
to

r
s 

Asset 

damages 

  -Willful 

damages by 

outsiders or 
insiders 

Environment

al support 

failure/natur

al disasters  

 -Natural disaster -Fire at 

server. 
-Water 

damaged at 

the server. 

Terrorism -Terrorist 

attacks 

-Information 

leakage 

  

Law  -imposition of legal and 

regulatory obligation. 

- Insufficient 
enforcements of law 

 

Owners 

responsibility 

 - Lack of information 

assets 
- Unreliable level of 

information assets  

Protection. 
- Lack of physical 

access control and  

Protection 
- Lack of Business 

Continuity Management 

- Lack of Disaster 
Recovery Planning 

-Using old 

hardware.  
Example: 

processor 

version. 

  IS Attributes 

  Confidentiality Integrity Availability 
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k

 F
a

c
to

r
s 

Time   -Timing of 

occurrence 
(Critical or not) 

-Timing to detect 

the threat 
-Timing to react 

to solve that 

threat. 

 

Authority 

Sharing 

  -1 server 
machine can 

have multiple 

server. 

Bug  -software have 

bug due to not 

fully test. 

-New software 

 

Password 

encryption 

method 

-some of software 

doesn’t use latest 

encryption. Such as 
128-bit Secure 

Sockets Layer 

(SSL) protocol. 

  

Data 

redundanc

y 

 -database design 

not normalizes 

perfectly. 
-Bad architecture 

design. 

 

Security  -software lack of 
security 

protection. 

Example 

software must 

provide 1 time 

password 
(confirmation by 

phone). 

-lack of security 
and monitoring 

systems. 

-software doesn’t 
meet 

international 

security standard. 
Such as 

VerySign, 

WebTrust 

 

Database 

technology 

implement

ation 

-heterogeneous 
connectivity 

(involving multiple 

database server) 
*DML(data 

manipulation 
language) issues 

  

Power 

failure/loss 

 -Interruption by 

service provider.  

-Server down 

due to power 

failure. 
-Air-

conditioning 

failure of the 
server. 

 

 

  IS Attributes 

  Confidentiality Integrity Availability 

R
is

k
 F

a
c
to

r
s 

R
is

k
 F

a
c
to

r
s 

Acts of 

human 

error/failu

re 

-Entry of wrong 

data by staff. 
-Accidental deletion 

or modification of 

data by staff. 
- Unauthorized 

access to, or 

modification or 
Disclosure of 

information assets. 

- Unauthorized 
exploitation of 

intellectual  

Property 
(plagiarism) 

-Confidential 

Information 
being sent to the 

wrong recipient. 

-Storage of 
data/classified 

information in 

unprotected areas 
by staff. 

- Unethical 

competitors 
- Person who 

misuse/ 

misconfigure 
system  

security function, 

or ignore security 
policies  

And good 

practices. 
- Disclosure of 

information to 

institution  
Competitors 

- Poor 

information 
security studies 

-session log out 

time (software) 

 

User  -Ignorance, 

carelessness, 

negligence or 
idle  

curiosity by user 

 

Technologi

cal 

obsolescen

ce 

 -Outdated 

application 
software. 

-Outdated system 

software. 

-Outdated 

Hardware. 
-Obsolete 

network 

equipment. 

Hardware 

failures or 

errors 

 - Insufficient 

backup 

-Insufficient 

storage space 

-Software 
Maintenance 

error 

Software 

failures or 

errors 

 -Application 

software failure. 

-Software 

maintenance 

error. 
- Complexity in 

Information 

Technology and  
System design 

- System Design 
Flaws and 

Weaknesses 

 

Network 

infrastruct

ure 

failures or 

errors 

 -Connection 

failure. 
-Unsecured 

wireless network. 

-network 
software failure. 

-network 

congestion 

-Switch port 

problems. 
-Routers or 

switches 

hang. 

 

  IS Attributes 
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  Confidentiality Integrity Availabili

ty 

R
is

k
 F

a
c
to

r
s 

Deviations in 

quality of 

service 

-Minimum 

technology of 

transfer (TOT) 
from contractors 

and technology 

vendors. 

  

Operational 

Issues 

 -Lack of training 

for staff. 

-System 
documentation not 

systematically 

managed. 
-inadequate 

knowledge/skill by 

staff. 
- Lack of 

operation 

maintenance. 

 

Malware 

Attacks 

 -Embedding of 
malicious code 

due to the usage of 

wireless and 
mobile 

technologies. 

Introduction of 
damaging or 

disruptive 
software. 

 

Communicatio

ns interception 

-

spoofing/imperso

nation due to 
unsecured 

network 

  

Masquerading  -insiders 
-outsiders 

-service providers 

 

Unauthorized 

use 

information 

application 

-outsiders 

-insiders 

  

Communicatio

n infiltrations 

-Hackers due to 
unsecured 

network. 

- Lack of Anti-
Virus / Spyware 

protection 

 

Social 

engineering 

attacks 

-Gaining access 

to confidential 
information 

through social 

interaction by 
outsiders. 

  

Technical 

Failure 

  -Technical 

failure of 
the host or 

storage 

facility. 

Deliberate acts 

of theft 

(including 

theft of 

equipment or 

data) 

-Deliberate acts 

of theft by 

outsiders. 
-Deliberate acts 

of theft by 

insiders. 

  

Misuse of 

system 

resources 

-Misuse of 
confidential 

information by 

staff. 
 

-Misuse internet 
access by staff. 

 

Table 3.4 Risk Factors 

V. Comparison of Risk Analysis Tools 

 
Type of tools Qualitative tools 

Characteristics OCTAVE OCTAVE-S CORAS CRAMM FRAP 

Confidentiality X X X X X 

Availability X X X X X 

Integrity X X X X X 

Accountability   X   

Authencity X X X   

Reliability X X X   

Flexibility X X   X 

Self-Directed X X    

Evolved X X    

Table 4.1 Comparison of Qualitative tools and Quantitative tools 

 

 

Type of tools Qualitative tools 

Characteristics OCTAVE OCTAVE-S CORAS CRAMM FRAP 

Vendor name Carnegie 

Mellon 

University 

SEI 

Carnegie 

Mellon 

University 

SEI 

Europea

n 

commiss

ion 

Insight 

Consultin

g 

Tom 

Peltier 

Auerba

ch 

publica

tions 

Languages English English English English, 

Dutch and  

Czech 

English 

Price Free Free Free Free Free 

Tools 

supporting 

Materials 

-Training 

-Licensed 

material 

-Used for 

medium/smal

l business 

-XML 

-UML 

-CRAMM 

expert 

-CRAMM 

express 

Standar

d 

Table 4.2 Comparison of Qualitative tools and Quantitative tools 

 

 

 

 

Type of tools Quantitative tools 
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Characteristics ISRAM CORA IS RISKWATCH 

Confidentiality X X X X 

Availability X X X X 

Integrity X X X X 

Accountability    X 

Authencity  X   

Reliability     

Flexibility     

Self-Directed     

Evolved     

Vendor name National 

Research 

Institute of 

electronics and 

Cryptology and 

the Gebze 

Institue of 

Technology 

Internatio

nal 

security 

and 

technolog

y Inc 

Korea 

Advanced 

Institute of 

science and 

Technology 

RIskwatch 

Languages English English English English, Dutch 

and  Czech 

Price Free $7000-

85000$ 

Free 15 000$ 

Tools 

supporting 

Materials 

- Key risk mgt 

tools for 

information 

N/A 

 

N/A 

 

- online and 

telephone 

Support, Help, 

FAQ 

Table 4.3 Comparison of Qualitative tools and Quantitative tools 

 

VI. CONCLUSION 

In this modern age, there are a variety of methodologies exist 

to prevent the risk that may faced by an organization. With 

this research, it is hoped that it could explain some of the 

methodologies that have been developed with ease. We aimed 

to develop a comfortable and reliable framework that 

organizations can apply to compare different information 

security risk analysis methodologies. The framework was 

developed with the aim of analyzing methodologies in detail 

and recognizing some common criteria. The normal criteria 

have then been used to form the characteristics of the 

framework. 
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Abstract—This research paper presents the evaluation of 
trigger level at equilibrium conditions when the number of 
users are equal for both private vehicles and public 
transport in order to investigate the impact arising from the 
new KTM Klang Commuter Station Park and Ride. Users 
always seek for a faster and more convenient method of 
transportation apart from driving themselves due to traffic 
congestions. The main focus of this research is the trigger 
level conditions that are involving people’s decision on their 
mode of transport. The first stage of the trigger level is to 
investigate the possible of choices of decision on transport 
people make before embarking on their daily journey. The 
second stage of trigger level is route optimization since 
public transports route must be better in term of delays 
than those of private vehicles route. The last stage is to 
identify trigger levels of private vehicles and public 
transport user’s equilibrium conditions when to park their 
private vehicles. Various factors such as the amount of time 
the users spend on finding affordable parking spaces 
downtown is taken into consideration. The study case is 
conducted at Klang Town where the authority is planning to 
construct a new Park and Ride at KTM Klang Commuter 
Station. The trigger level at equilibrium conditions when 
private vehicles equal to public transports users need to be 
evaluated in order to attract private users switch their mode 
of transport from private to public transportation to ensure 

traffic flow is smooth at Klang Town.  

Keywords—Travel time, mode choice, trigger level, 
private vehicles, public transport  

I. INTRODUCTION 

Vehicles and transportation plays an important role 
due to increase in development rate of our country. As 
time goes by, a good transport is very important as people 
need to move from a place to another for many purposes 
such as for working, studying, shopping, and visiting. 
Ample accessibility and efficient transport systems can 
increase productivity, social opportunities, and provide 
economic benefits since they give multiple positive 
results such as better accessibility to markets, additional 
investments and employment. Traffic congestion 
however is not supportive to transport mobility. Traffic 
congestion causes slow movement of vehicles on the 
road. The most factor that contributes towards traffic 
congestion is due to increasing number of private 

                                                           

 

vehicles on the road. The smooth flow of traffic 
movement plays the most important roles towards users’ 
satisfaction while they are commuting from origin to 
reach their destination. Congestion can be defined as slow 
movement of transports on the road when there are 
hindrances along the road that force the vehicle to move 
below the limits. In another words, traffic congestion is a 
condition on road networks due to increase in demand 
among users; and is characterized by longer trip times, 
slower speeds, and additional in vehicular queuing along 
the road.  

Private vehicles can be defined as a classification of 
small vehicles that need car registration and driving 
licence. While public transport is a passenger 
transportation services, usually local in scope, that are 
available to any person who pays a prescribed fare. They 
operate on established schedules along designated routes 
or lines with specific sops and are designed to move 
relatively large numbers of people at one time (Rodrigue, 
2009) [28]. Public transport (PT) is considered to be a 
sustainable, viable alternative to private car use 
(Holmgren, 2007) [18]. Users always seek a faster mode 
of transportation especially during peak hours to reach 
working place and school. Public transport is encouraged 
to be a prior transportation due to its nature as a 
sustainable transportation.  

Modal split can be defined as the proportion of total 
person trips that uses each of various specified modes of 
transportation or the process of separating total person 
trips into the modes of travel used or a term that describes 
how many people use alternatives forms of 
transportation. It is frequently used to describe the 
percentage of people who use private automobiles, as 
opposed to the percentage who use public transportation 
(Rodrigue, 2009) [29]. Choice model is an attempt to 
model the decision process of an individual or segment in 
a particular context. In this research, the modal split in 
Klang Town is determined and the trigger that guides 
users shift their mode choice towards public 
transportation is established.   

Travel time is the travel of a transit passenger on an 
origin-destination path, including his approach to a transit 
stop or station, travel on the line, a transfer between lines, 
and departure from a stop to his destination (Vuchic, 
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2005) [34]. The travel time for both private vehicles and 
public transport from origin towards KTM Klang is 
analyzed and the model for both transportation modes is 
formulated. Equilibrium is a condition of a system in 
which all competing influences are balanced, in a wide 
variety of contexts. In this research, equilibrium refers to 
balancing the travel time for both private vehicles and 
public transport. The non-equilibrium condition that 
occurs between private vehicles and public transport 
attracts users to choose the faster and most reachable 
transportation for daily commute. The tendency of traffic 
congestion to occur is when the number of private 
vehicles users exceeds the number of public transport 
users. Thus, when the performance of the travel time for 
both private vehicles and public transport are equal or 
almost reach the equilibrium conditions, the users ought 
to be attracted shifting their mode of transportation 
towards public transport.  Public transport should be 
provided near to residential area; so it is easy to be 
reached by users and reduce their travel time to catch the 
public transport. The trigger level that attracts users the 
most is provided as a guideline for users to switch their 
modal choice from private vehicles to public transport 
which is more beneficial and economical. 

The purpose of this research is to establish trigger 
level at equilibrium conditions when private vehicles 
equal to public transport users near the KTM Klang 
Commuter station.  

II. LITERATURE REVIEW 

People demand much faster and easiest way to reach 
their destination without getting caught with traffic 
congestion in the middle of the road. Most current 
research reveals variation in travel time as an important 
issue due to its significant impacts on users’ modal 
choice. According to Fosgerau and Engelson (2011), 
congestion leads to increased travel times. Travel times 
not only increases due to congestion; it may become more 
variable and unpredictable as congestion increase. This 
results hard in predicting the time taken to commute for 
work. Without hesitation, this affects additional costs to 
travellers and society as well [16]. In addition, the new 
Park and Ride under government’s project near to KTM 
Klang Commuter Station is forecast to increase the 
number of private vehicles coming to the town and 
coincidently making the traffic congestion worst. Thus, it 
is recommended to the users to change their mode choice 
by shifting from private vehicles to public transport as 
long as public transportation is also recommended to 
improve its current services. 

Due to development in our country, people more 
concern about their value of time. It is not worth to put on 
such longer time on the road for their travel for working, 
or studying. This research will be conducted to find 
equilibrium conditions in term of travel time between 
private vehicles and public transport users in order to 
establish the model of travel time for each route which 
directed to KTM Klang station especially due to 
incoming government’s Park and Ride project which is 
one of the attraction for private vehicles’ users to come to 
downtown. A traffic equilibrium model of users by 
private vehicles and public transportations has been made 

first by Michael (1977) [15].  He presents the remarkable 
features of the equilibrium model which consist the clear 
distinction between the flow of vehicles and flow of 
transit passengers and the means of modelling the 
interaction that occurs between both private cars and 
public transport which use the same road links of the 
networks. His study focuses only on presenting an 
extended equilibrium type model that considers the 
private car and one or more public transports mode. 
However, this research result in making a comparison 
between private and public transport users by modelling 
the travel time for the potentially selected roads at Klang 
Town. According to Michael (1977) the flow of vehicles 
by all modes on the road networks is presented in the 
framework of a road traffic equilibrium model if the 
public transport modes are servicing fixed itineraries, for 
example is the bus lines [15]. Meanwhile, this research 
focuses on finding the trigger level in order to switch 
mode choice of the users from private vehicles to public 
transport for Klang Town.  

In order to help users undergo well decision making, 
the trigger level provide guidance for themselves to 
choose the most worthy transportation for their daily 
journey. Previous study is observed to find out the 
attractions which give higher probability to the users in 
switching their modal choice such as traffic problems, 
travel time and travel cost. As long as the performance of 
services for public transportation increases, users will be 
triggered to shift from private vehicles to public transport 
for their daily journey. According to Zhu et al., (2012) the 
number of people who choose bus mode goes up slowly 
when the parking fee of the destination is increased for 
the fixed bus frequency [39]. The number of bus mode 
users increases when the bus frequency increases for 
destination parking fee. The result also shows that the 
mode choice of travellers will not totally be affected with 
the parking fee of the destination if the bus frequency is 
lower. These can be concluded that with the increase of 
parking fee or increasing in bus frequency, the cost of bus 
mode is lower compared to the cost of private vehicles. 
Thus, some travellers who embark their private vehicles 
these whole time will be triggered and alternatively 
choose bus mode for their journey purposes.  

The other research made by Masanobu and Shinya 
(2003) shows that time cost will change by travel time for 
a car, and by waiting time for rail [19]. Although this 
research is carried out for rail services, it is included in 
public transports category. The result from the research 
study also indicates that fixed cost of a car becomes large 
due to increasing of car usage while the time cost for rail 
is large because of a lower frequency. From the result, it 
can be concluded that modal shift to public transports by 
increasing the frequency will reducing private vehicles 
travel demand and reduce the roads congestion. Another 
analysis made by Zhu et al., (2012) shows almost the 
same result which is the number of the car mode decrease 
as the parking fee of the destination increases for a fixed 
bus frequency [39]. At the same time, the number of the 
private vehicles mode decreases with the increase of the 
bus frequency for a fixed parking fee. The analysis can be 
understood that users need to be triggered well to change 
their modal choice and can depict the users’ preference 
properly before embarking for daily routines. Increasing 

181

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

in bus frequency is very important to prevent users to 
keep waiting for such a long time for a bus to arrive and 
fetch them to their destination. The effect of travel time is 
significance and its influence a lot towards travelling 
mode choice of the users. Hensher et al., (2003) conclude 
that lower fares (price) would make important 
contributions to improve customer perceptions of PT 
quality, with speed coming a close one [17]. Andreassen 
(2005) agrees that both fare price levels and speed are 
critical in affecting customer satisfaction with PT [3]. 
Eboli and Mazulla (2008) found fare price and frequency 
to be the most important PT quality attributes for users 
[10]. Walker and Donovan (2009) found in their study of 
frequency improvements in 20 bus routes in Australian 
cities that patronage increased by 36% after 12 months, 
rising to just over 50% after 35 months, thus claiming 
evidence of persistent and sustained growth [34]. Perone 
and Volinski (2003) note in their study of free PT 
services offered in a medium-sized transit services in 
Austin, Texas, USA that the free fares encouraged a 75% 
increase of ridership [24].

 

De Witte et al. (2006) found that free travel had less 
impact on French and Flemish students’ ridership in 
Brussels, Belgium; their PT travel neither increased nor 
decreased [9]. It was found that the students’ knowledge 
and perceptions of the city, its local areas and how to 
access them by different PT modes was important in 
affecting their choice of modal use. 

[15] 
Free transfers in 

Haifa, Israel contributed to an increase in passenger trips 
by 7.7% (Sharaby and Shiftan, 2012) [31]. Thogersen 
(2009) notes that it is imperative that attributes such 
access and frequency of the PT services are not 
prohibitively limiting to the use of public transit. While 
fare price can support and encourage intentions to use PT, 
other quality attributes will determine whether such 
intentions are implemented and maintained [32].

  
All 

studies reveal notable levels of success for PT pricing 
mechanisms in terms of increased ridership levels: 12% 
in the long term (Abrate et al., 2009); modal shift from 
cars representing 10-20% of ridership in an estimated 
ridership population in the tens of thousands (Dargay and 
Pekkarinen, 1997); growth from 27.7 to 65.9 million trips 
per year over the years from 1983 to 1995 (FitzRoy and 
Smith, 1998, 1999); 50% increase in ridership over 5 
years in Madrid, Spain (Matas, 2004); and substantial 
ridership increases compared to the previously non-
integrated systems across five integrated transport pricing 
systems in Germany (Pucher and Kurth, 1995) [1], [8], 
[13], [22], [26]. All these studies stress that the amount of 
impact afforded by pricing mechanisms is determined to 
a great degree by other attributes of PT service quality 
such access, frequency, and speed.  

There are a lot of factors that affect users to switch 
their mode of transport. However, this research aims to 
evaluate the best factor that gives highest tendency 
towards users to switch their modal choice. In order to 
establish trigger level that can help users making decision 
before embarking daily journey, the four-step method 
planning model is referred in order to help establishing 
trigger level in advanced. The modal split of the users 
should be changed in several ways:  

 

1. Trip making may increase or decrease (trip 
generation change); 

2. Existing trips may be made from / to new origins / 
destinations, or t different times of the day (spatial 
temporal trip distribution change); 

3. Existing trips made using different transport 
modes (mode split change);  

4. Existing trips made via different routes (trip 
assignment change). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.   The Four-Step travel demand forecasting model. 

This research focuses on modal split; which is one of 
the four step travel demand forecasting model. Modal 
split is the most crucial step which users’ decision 
making occur before embarking their daily journey 
whether to choose private vehicles or public transport. 
This situation seems to be small matter; however it offers 
unimaginable side effects if there is no guideline that can 
help users making the right decision for their journey 
purposes.  Modal split will becomes the priority in this 
study to guide users making the right decision before 
embarking in their daily journey. The trigger level is 
formulated at equilibrium conditions among private 
vehicles and public transport users. The trigger level will 
guide users undergoing decision making wisely before 
having their trips from origin to reach their destination. 
The evaluation of trigger level will enhance the modal 
choice of the entire users before embarking on their daily 
journey and wisely shift to public transport from private 
vehicles.  

III. METHODOLOGY 

People demand a systematic and efficient 
transportations system because it gives direct impacts on 
economics and the life quality. Transportation system 
provides mobility for people and goods, deliver 
accessibility to various locations such as workplaces, 
school, recreational areas, malls and other places easier. 
The high efficiency of transportation system will 
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absolutely influences the economic activities and growth 
patterns of an area.  

However, the effectiveness of transportation system is 
affected by the traffic movement on the road. The slow 
movement of traffic on the road due to congestion gives 
bad impacts towards economy development and people’s 
activities. In addition, people’s health may be affected 
when they undergone stress and fatigue due to congestion 
on road. The slow movement on the road at Klang Town 
is caused by excessive number of private vehicles which 
are originating in or destined for the traffic analysis zone. 
Thus, in order to help this issue, the trigger level is 
established to lure users switch their mode of transport 
form private vehicles to public transport. The data for this 
research study is taken by: 

A. Origin-Destination Survey 

 The Origin-Destination Survey is conducted at KTM 
Klang Commuter Station. Klang Town is the best Traffic 
Analysis Zone because of its attractions due to KTM 
Klang Commuter Station and new Park and Ride Station 
which is still under government’s planning. The origins 
and destinations (O-D Survey) of trips including some 
other characteristics such as trip purpose and mode travel 
can be defined in three ways: 

1. Home interviews (for internal travel), 

2. Roadside interviews at cordon station (for 
external-internal and through trips), 

3. On-board survey on transit vehicles. 

This classification scheme is very useful in order to 
develop forecasting models as well as policies and 
strategies for accommodating travel or additional of 
public transports because strategies for each classes of 
travel would be different. The trips classification can be 
divided into three classes as well which are internal, 
external-internal or internal-external, and through trips is 
useful for meso-scale and metropolitan-level as well as 
small-area studies such as Klang Town.  

The reliability of an O-D Survey’s results depends on 
its sampling scheme and sample size. This research study 
is conducted via 500 respondents by random selection. 
The respondents who are selected to fulfil the 
questionnaires are including different genders, races and 
ages. The sampling data is collected throughout the 
normal working day, from 7 AM in the morning and 7 
PM in the evening. People who are waiting for their train 
at KTM Klang Commuter Station are asked to fulfil O-D 
Survey form to investigate which origin they come from 
and by which mode of transportation they used to come 
to KTM Klang Commuter Station. These two questions 
are the most important questions as to answer the 
objectives of this research study and to determine the 
trigger level in order to achieve equilibrium conditions 
for both private vehicles and public transport users.  

IV. DISCUSSION 

From the O-D Survey that has been conducted, the 
result indicates that most people come to take KTM 
Klang Commuter Station by their own private vehicles or 

fetch by their family members. The higher number of 
people who come to KTM Klang Commuter Station by 
private vehicles is predicted to be increased due to 
incoming new Park and Ride which is still under 
government’s planning.  

Due to development in our country, the transportation 
planning should become the priority as well. The slow 
movement of vehicles due to traffic congestion should be 
well managed by the formulated trigger level. According 
to Lauren et al., (2013) the quality attributes of public 
transport that attract car users consist of four key points 
which are quality improvements, adjusting the planning 
and implementation process to enhance effectiveness 
public transport quality as well as satisfaction towards 
public transport users, reliability and frequency and the 
last is to provide evidence that access to private vehicle is 
a key hindrance for public transport services [27].   

According to Hensher et al., (2003) that lower fares 
(price) would make important contributions to improved 
costumer perceptions of public transport quality a speed 
coming a close second [17]. Andreassen (2005) agrees 
that both fare price levels and speed are critical in 
affecting customer satisfaction with public transport [3]. 
Meanwhile, Eboli and Mazulla (2008) found that fare 
price and frequency are the most important public 
transport quality attributes for users [10].  

The trigger level is very significant in order to guide 
users in the decision-making process by preventing 
complexity and less predictable while making choice to 
switch their mode of transport from private vehicles 
towards public transport. According to Eriksson et al., 
(2008) a survey of car users’ stated reasons for reduced 
car use for the work commute found that shorter travel 
time, increased frequency of service, and a lower fare 
would make public transport more attractive to the car 
users [11]. Meanwhile, Fiorio and Percoco (2007) found 
that price is more important that public transport speed in 
encouraging modal shift from private vehicles, an 
improvement in bus operations in Dublin, Ireland to 
increase speed and frequency resulted in a bus service 
that was about 6 min faster than if travelled by private 
vehicle (European Local Transport Information Service, 
2010a) [12]. Such improvement is due to car mode share 
reduction from 34% to 22% as a result of the 
improvement. At this point, users’ perception is more 
attractive towards public transport.  

From observation and analyzing the data collection, 
there is lot of factors that can influence users’ decision 
making; however the best factor which triggers users the 
most is by reducing the travel time from the origin 
towards their destination. The travel time can be reduced 
by either ways such as increase the bus frequency, 
increase the speed or improve the accessibility for the 
public transport service so users can reduce their waiting 
and walking time to reach the bus. According to the 
survey, the results for the study area shows that the 
number of private vehicles users are higher compare to 
public transport users although the roads near to KTM 
Klang are congested and slow traffic movement. The 
results shows that private vehicles are the most attractive 
transports at Klang Town compare to public transport. In 
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this research, it is proved that the satisfaction level of 
public transport due to longer of travel time in the study 
area needs to be improved so users are willingness to 
consider mode switch. According to Redman et al., 
(2013), encouraging modal shifts away from private 
vehicles to public transport should always have the 
ultimate aim of contributing to a transport system 
(possibly comprising a variety mode) that optimizes 
temporal, price, environmental, social, and affective 
benefits and costs [27]. The key point to attract private 
vehicles users is by reducing the travel time of the public 
transport which is destined towards KTM Klang 
Commuter Station.  

V. CONCLUSION 

This paper highlights trigger level that ought to be 
established at equilibrium conditions among private 
vehicles and public transports users. This trigger level 
will be able to lure users to switch their modal choice 
towards public transportation and manage the existing 
traffic congestion at Klang Town especially due to the 
incoming new Park and Ride at KTM Klang Commuter 
Station.  
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Abstract—Friction force is an undesirable and nonlinear 

disturbance force that greatly influenced the accuracy and 

precision performance of machine tools. The main effect of 

friction forces is the formation of quadrant glitches during 

motion reversal. The traditional linear controller such as 

proportional-integral-derivative (PID) controller is required to 

be extended to model or non-model based techniques to provide 

high tracking performances. This paper mainly focuses on 

friction compensation of ball-screw driven system using 

nonlinear PID (N-PID) controller and friction model-based 

techniques. Adaptive behavior is introduced into PID controller 

by adding a nonlinear function. Two friction models namely; 

static friction model and Generalized Maxwell-slip (GMS) model 

are used. Experimental results showed that static friction model 

feedforward produced superior results in tracking error 

reduction whereas GMS model produced greater results in 

reduction of quadrant glitches magnitude. A combined model 

feedforward with N-PID controller that consists of both static 

and GMS friction models showed best performance in terms of 

tracking error and magnitude of quadrant glitches reduction as 

both advantages of respective individual friction models are 

combined and complement to each other. 

Keywords—accuracy; friction compensation; friction model; 

machine tools; precision 

I.  INTRODUCTION  

Friction is one of the undesired disturbance forces that 
affected the tracking accuracy and precision of machine tools. 
One of the typical effects of friction forces is the formation of 
quadrant glitches or “spikes” during velocity reversal, i.e. the 
circular motion [1-2]. Thus, the compensation of this 
disturbance force is highly desired. 

Many friction compensation methods had been recorded 
and reviewed throughout the decade [3-4] and these methods 
are basically divided into two categories, namely; friction-
model based and friction-model free approaches.  In friction-
model based approach, friction models are used to characterize 
the friction behavior and cancelled out the frictional effect in 
the system. Many friction models had been introduced and 
validated experimentally in the literature such as the static 
friction model [5], LuGre model [6] and Generalized Mawell-
slip (GMS) model [7]. Recently, some extended versions of 
GMS model are introduced in literature such as Smoothed 

GMS (S-GMS) model [8] and Modified GMS (M-GMS) model 
[9]. These friction models described the characteristics of 
friction forces in pre-sliding and sliding regime that dominantly 
dependent on displacement and velocity respectively. 
Feedforward of these friction models into the system had been 
proven to reduce the frictional effect of system and example of 
such records can be found in [10].  

On the other hand, friction-model free approach 
compensated friction by utilizing the mathematical equation or 
iteration method, that is, through the application of linear or 
nonlinear controllers. Typical examples of linear controllers are 
inverse-model-based disturbance observer [10] and repetitive 
controller (RC) [11] while sliding mode controller (SMC) [12] 
and nonlinear proportional-integral-derivative (N-PID) 
controller [13] are examples of nonlinear controllers. However, 
RC is normally applied for system with periodic disturbances 
while the high cost and complexity in application becomes a 
great challenge in applying SMC. Typical option of application 
in industry is the disturbance observer and N-PID controller. 
N-PID controller is attractive due to its simplicity, 
complementary and eases of application into the existing 
system that typically using PID or cascade controller. In 
addition, the nonlinear function in N-PID controller also 
introduced adaptive property into the system. 

This paper proposes a simple and efficient control approach 
for friction compensation using both friction-model based and 
friction-model free techniques. Friction is compensated using 
the feedforward of static friction model, GMS model or the 
combination of both friction models, in combination with N-
PID controller as base controller. 

This paper is organized as follows. Section II describes the 
experimental setup and Section III discusses the structure and 
identification of parameters for the two friction models applied. 
Section IV shows the design of controller as well as the overall 
control scheme for friction compensation. Section V compares 
and discusses the results based on the tracking performance in 
terms of tracking error and lastly Section VI summarizes and 
concludes the findings of this paper. 
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II. EXPERIMENTAL SETUP 

 The considered test setup is a ball-screw driven XYZ Stage 
that consists of a two axes milling table, namely; x-axis and y-
axis as shown in Fig. 1. These axes are driven by a Panasonic 
MSMD 022G1U AC servomotor and equipped with an 
incremental encoder with resolution of 0.0005 millimeter/pulse 
respectively. Fig. 2 shows the schematic diagram of overall 
experimental setup. 

 

Fig. 1. XYZ Stage used in experimental setup. 

 

 

Fig. 2. Schematic diagram of overall experimental setup. 

 The milling table is powered by servo amplifier and is 
connected to the dSPACE DS1104 Digital Signal Processor 
(DSP) board. This DSP board is linked with personal computer 
that equipped with Matlab and ControlDesk software. The 
main function of the DSP board is acted as data acquisition unit 
to send, collect and receive data between computer and the 
encoder of the milling table. The command and data collection 
such as the input and output signals are monitor and manage by 
the host computer. The signal from host computer is amplified 
by a factor of 10 via servo amplifier before reaching the milling 
table. Only x-axis is considered in this paper. 

 The dynamics of the considered system is described using 
single-input-single-output (SISO) model and it is estimated 
using frequency domain identification approach. By utilizing 
the band-limited random excitation signal, the input and output 
measurements are obtained and these data is estimated using 
H1 estimator [14] to produce the SISO frequency response 
function (FRF) as shown in Fig. 3. Parametric model is fit on 
the FRF by using nonlinear least square frequency domain 
identification method [14] and thus, produced a second order 
transfer function with delay of 0.00129 seconds as shown in 
(1). 
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, B = 168.4 V/s and C = 176.8 V/s
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where Y represents the output position in unit of millimeter 
while U represents the input voltage to the drive in unit of volt. 
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Fig. 3. FRF measurement and estimated model of x-axis. 

III. FRICTION MODEL IDENTIFICATION 

 Two friction models, namely; static friction model and 
GMS model are considered and identified in this paper.  

A. Static Friction Model 

Static friction model is a well-known model that 
characterizes the friction behaviour in sliding regime, i.e. 
dependent on sliding velocity, v. This model incorporates 
Coulomb, Stribeck and viscous friction yielding (2). 

  
)(exp)(
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vsignv
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FFF
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 (2) 

Fc, Fs, and σ indicate Coulomb, static and viscous friction 
forces respectively. δ represents the Stribeck shape factor while 
the Stribeck velocity is represented by Vs.  The identification 
method for this model is described in [15] and the identified 
parameters are tabulated in Table I. 

TABLE I. PARAMETERS OF STATIC FRICTION MODEL 

Parameters Fc (N) Fs (N) Vs 
(mm/s) 

σ 
(N∙s/mm) 

δ 

Values 0.50 3.80 6.67 6.00 1.00 

 

B. GMS Model 

GMS model describes the friction behavior in both sliding 
and pre-sliding regime based on the Maxwell-slip model that 
consists of N different elementary slip-blocks and springs in 
parallel connection. This model incorporates the Stribeck curve 
during constant velocity, frictional memory in sliding regime 
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and the non-local memory of hysteresis function in pre-sliding 
regime yielding (3) and (4). 

 vk
dt

dF
i

i   (3) 
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During sticking process, i.e. velocity reversal, friction acted 
as a spring model with stiffness, ki. When the elementary 
friction force, Fi equals to a maximum value of Coulomb force, 
Wi = αi∙s(v) , slipping process occurred. αi represents the 
normalized sustainable maximum friction force of each 
element during sticking and s(v) represents the Stribeck curve. 
C (equals to 1/Vs) is a constant parameter that indicates the rate 
of friction force followed the Stribeck effect in sliding. The 
summation of output of all elementary models and viscous 
constant σ (if presence) yielding (5) that denotes the total 
friction force.  

 



N

i

if tvtFtF
1

( )()()(   (5) 

In this paper, a GMS model with four elementary slip-
blocks (N = 4) is selected. A virgin curve is formed based on 
the measurements at few different constant velocities to 
identify the friction characteristics during pre-sliding regime. 
Details of identification approach are recorded in [15] and the 
identified parameters for the model are tabulated in Table II. 

TABLE II.  PARAMETERS OF GMS MODEL 

αi Values (N) ki Values (N/mm) 

α1 0.0625 k1 46.4286 

α2 0.1375 k2 61.9047 

α3 0.1000 k3 10.4167 

α4 0.0125 k4 6.2500 

 

IV. DESIGN OF CONTROLLER 

This section discusses the design of controller, i.e. the N-
PID controller. N-PID controller is one of the extensions of 
conventional PID controller where a selected nonlinear 
function is added into the PID controller in cascade form. 
Addition of the nonlinear function allowed the controller to 
perform adaptively. A PID controller is designed prior to the 
selection of nonlinear gain function.  In this paper, the PID 
controller is designed using traditional loop shaping method in 
frequency domain [16]. The parameters of the designed PID 
controller are tabulated in Table III.  

TABLE III. PARAMETERS OF PID CONTROLLER 

Parameters Kp (V/mm) Ki (V∙s
-1

/mm) Kd (V∙s/mm) 

Values 1.2051 1.2051e-3 6.0257e-3 

 

Fig. 4, Fig. 5 and Fig. 6 shows the Bode plots, Nyquist plot 
and sensitivity function of the designed PID controller 
respectively. The properties of the designed PID controller are 
tabulated in Table IV. 
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Fig. 5. Nyquist diagram of open loop transfer function. 
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Fig. 6. Sensitivity function of the system. 

TABLE IV. PROPERTIES OF PID CONTROLLER 

Properties Values 

Gain margin (dB) 9.9 

Phase margin (degree) 54.2 

Bandwidth (Hz) 38.5 
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 There are many choices of established nonlinear functions 
can be found in literature. The selected sector bounded 
nonlinear gain function for this paper is shown in (6) and (7) 
due to its simplicity [17]. 
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Equation (6) derives the nonlinear gain as a function of 
error, e(t) which bounded in 0 ≤ k(e) ≤ k(emax). Positive 
constant, k0 represents the rate of variation of nonlinear gain 
while emax denotes the range of variation of error in the unit of 
millimeter. Scaled error is represented as f(e) in (7). The 
overall equation of N-PID controller is shown in (8). 
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Two parameters are required to be tuned in for N-PID 
controller, i.e. k0 and emax. These two parameters are tuned 
using heuristic method based on the Popov stability criterion 
and the details of design procedure are discussed in previous 
research [18]. A Popov plot is plotted using Matlab coding as 
shown in Fig. 7 and this plot is used to determine the maximum 
value of k(e).   
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Fig. 7. Popov plot for N-PID controller. 

Fig. 7 shows that the crossing point is at (-0.3437,0) and the 
maximum value of k(e) or k(emax) is calculated based on (9).  
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where Gopenloop(jw) is the real value of crossing point in Popov 
plot. Thus, the calculated value of k(emax) is 2.9095 and based 
on this value, the selected value of k0 and emax are 15 and 0.1 
mm respectively. Value of emax is selected in small value to 
avoid overshoot [17]. Fig. 8 shows the relationship of nonlinear 
gain k(e) with various of error e.  
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Fig 8. Graph of nonlinear gain k(e) against error e. 

 According to Fig. 8, the controller is acted as linear PID 
controller when error, e(t) is 0 as the nonlinear gain k(e)  is 
equal to 1. In other words, the nonlinear gain k(e) is only 
functioned during the presence of errors. The overall control 
scheme of this paper is as shown in Fig. 9. The input position 
signal is represented by r(t) while output position signal is 
represented by y(t). v(t) denotes the velocity input while kf 
represents the motor constant, i.e. 2500.19 N/V. 

 

Fig. 9. Overall control scheme of friction compensation. 

V. EXPERIMENTAL RESULTS  

 Experiment is conducted based on control scheme in Fig. 9. 
A sinusoidal signal with amplitude of 30 mm and velocity of 
10 mm/s is used as the input signal r(t). The derivation of r(t), 
i.e. a cosine signal, is used as the input signal v(t) to the friction 
model for friction model feedforward approach. The tracking 
error e(t) and the input velocity signal v(t) are recorded. Fig. 10 
shows the experimental results of friction compensation and 
the quadrant glitches are detected as shown in red circle. The 
quantitative results, i.e. reduction of tracking errors and 
quadrant glitch are summarized and tabulated in Table V and 
Table VI respectively. 
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Fig. 10. Measured tracking errors for (a) no friction feedforward, (b) static 
friction model feedforward, (c) GMS model feedforward, and (d) feedforward 

with combining models. 

TABLE V  REDUCTION OF TRACKING ERROR 

Friction compensation method Tracking error (mm) 

No feedforward 0.0191 

Static friction model 0.0012 

GMS model 0.0188 

Static + GMS model 0.0001 

 

TABLE V  REDUCTION OF QUADRANT GLITCH 

Friction compensation method Quadrant glitch (mm) 

No feedforward 0.0050 

Static friction model 0.0040 

GMS model 0.0035 

Static + GMS model 0.0025 

 

 Based on the results in Fig. 10, Table IV and Table V, it is 
clearly shown that the friction model feedforward approach is 
effective in friction compensation. Static friction model 
feedforward greatly reduced the overall tracking errors while 
only slight reduction of tracking errors is observed for GMS 
model feedforward. This phenomenon is observed because 
static friction model is highly focused on sliding regime of 
friction that dependent on velocity and Stribeck effect. Hence, 
static friction model contributed more on the reduction of 
tracking error along the motion. Conversely, GMS model is 
focused more on the reduction of friction in pre-sliding regime, 
i.e. quadrant glitches and therefore, its effect in reduction of 
tracking error is limited. 

 On the other hand, GMS model provided better solution in 
reduction of quadrant glitches as it accounted the non-local 
hysteresis of friction in pre-sliding regime. However, the 
friction compensation component of GMS model in sliding 
regime is not as efficient as static friction model that 
specifically targeted on friction in sliding regime. Thus, GMS 
model is more pronounced in reduction of quadrant glitches in 
this case. In the case of feedforward with both friction models, 
promising results are obtained where tracking errors and 
quadrant glitches are greatly reduced. These results showed 
that both friction models are complemented to each other and 
both of their advantages are utilized. 

VI. CONCLUSION 

Friction model feedforward approach is applied for friction 
compensation of a ball-screw driven system in this paper. 
Static friction model and GMS model are selected to 

characterize the friction forces and N-PID controller is used as 
the base controller in the system. Results showed that the 
feedforward of both friction models simultaneously provided 
the superior results in terms of tracking errors and quadrant 
glitches reduction. Static friction model is excellent in tracking 
errors reduction while GMS model is pronounced in quadrant 
glitches reduction. These benefits of both friction models are 
combined as both models are complement to each other when 
both models are feedforward together.  
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Abstract - Equation oriented modelling of chemical processes 

can be done using different modelling environments such as 

Matlab, Fortran and gPROMS. However, it is a time consuming 

process and require a lot of programing effort. Since the 

modelling is done using their own programming languages, it has 

the poor readability. Thus, users prone to make the mistakes 

during code writing and error identification will be tedious. In 

this study, a new modelling environment called MOSAIC will be 

used for modelling of chemical processes. MOSAIC is a web 

based modelling software and it introduces a novel approach to 

equation based modelling. To demonstrate its capability, a 

reactive distillation (RD) model is used as a case study. The RD 

results from the modelling work in MOSAIC fitted well with the 

results found in literature. Using MOSAIC, the modelling effort 

is possible even without the knowledge of programming 

languages. In addition, it is fond to be less errors and saves time. 

A comparison with other modelling software is also presented 

indicate the advantages and disadvantages of MOSAIC. Such 

assessment is important to help in deciding to use MOSAIC for 

any modelling works.     

Keywords—modelling, reactive distillation 

I.  INTRODUCTION (HEADING 1) 

MOSAIC is a web-based equation oriented application for 

modelling of chemical processes. It is designed for 

minimization of modelling errors and programming effort, 

avoid programming errors, enhance file documentation and 

encouragement of cooperative work. As explain in Kuntsche 

et al. [1], one of the important features of MOSAIC is 

modelling at the documentation level. It means that MOSAIC 

able to perform modelling work at the documentation level. 

The model equations in the documents i.e. books, journals etc. 

can be written easily in MOSAIC using LaTeX. By using that, 

the documented equations in MOSAIC have the same 

readability as documentation level. Therefore, modelling of 

equations can be done even without knowing any 

programming languages.  

In MOSAIC, modelling is done by creating objects 

separately. These objects include notation object, equation 

objects, function objects, equation system object, evaluation 

object and parameter object. Each objects can be reused by 

another models. Thus, it will reduce the effort of modelling 

and also allow reuse of model elements effectively.  

The next important features of MOSAIC is code 

generation to other modelling environments i.e. Matlab, 

gPROMS etc. This is particularly usefull especially for soving 

complex mathematical equations. MOSAIC itself can be a 

code generator and solver. However, MOSAIC is not designed 

to be a full solver as complicated models cannot solved 

directly. Therefore, with the code generation function in 

MOSAIC, allow the model to be solved in in other modelling 

environments. In addition to that, MOSAIC also has the 

feature of centralized cooperation on internet. It allows users 

to share their models easily. The shared model can be read or 

write by another user on internet.  

One of the most studied chemical process is reactive 

distillation (RD). The equation oriented modelling of RD has 

been done by many researchers by using different modelling 

environments, these include Matlab, FORTRAN and so on. 

Modelling of complex models using these software will be 

time consuming process and it requires a lot of programming 

efforts especially to troubleshoot syntax error. Besides that, 

using these software users often experience the problem of 

readability since it is written based on its own programming 

language. Hence, it tends to cause modelling of chemical 

processes to be difficult and frustrating. Other tools for the 

solution of models will be sequential based approach such as 

AspenPlus. Although the simulation can be done easily, it 

lacks in transparency of equations systems involved and 

additional programming software such as Aspen Custom 

modeler (ACM) will needed to build customize equation 

oriented model.  

To overcome some of the above mention modelling 

limitations, MOSAIC could provide a good alternative. 

Therefore, the objective of this paper is twofold. First is to 

explore the modelling of RD for MTBE production by using 

MOSAIC. Second is to compare the advantages and 

disadvantages of MOSAIC with other similar software. This 

could help in deciding to use MOSAIC for any modelling 

work.  

II. MATHEMATICAL MODELLING OF RD 

Reactive distillation (RD) technology has brought many 

advantages in chemical production, these include heat 
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integration, elimination of azeotropes, 100% conversion of 

reactants with suppression of side products and lower capital 

cost. Although not all the chemical manufacturing are suitable 

by using RD, there are still a lot opportunity in application of 

RD technology in chemical industries. The production of 

MTBE is one of chemical processes can be fully benefited 

from RD technology.  

The first step of RD modelling begins with mathematical 
modelling by formulation of equations to describe 
phenomenon occurring at the steady state. These formulated 
equations namely material balance equations, phase 
equilibrium equations, summation equations and heat balance 
equations or known as MESH equations will be required in 
finding solution of the model.  

A. MESH Equations 

There are several models in designing of RD among others 
include steady-state equilibrium (EQ) stage model, dynamic 
EQ stage model, steady-state EQ stage model with stage 
efficiencies and dynamic EQ stage model with stage 
efficiencies [2]. In this study, modelling of RD will be based 
on steady state EQ model. In equilibrium (EQ) stage model, 
the vapor and liquid phases are assumed to be in 
thermodynamic equilibrium [3]. The MESH equations used in 
this work are modified from work of Murat et. al as in [4] and 
represented as below:- 

Overall material balance 

 

(1) 

 

Components material balance 

 

 

 

(2) 
 

 

Since the model is assumed as steady state, and thus the 
derivative of material balance will be equal zero. Both j and i 
are subscripts to represent the stages numbers and components 
respectively. F represents feed flow rate, L represents liquid 
flow rate then V will represent vapor flow rate. x and y are the 
mole fraction of liquid and vapour respectively. Furthermore, 
for integrated reactive part of equation, r represents the 
reaction rate and v represents the stoichiometry of chemical 
components.  The value of δ will be either 0 or 1 to decide 
whether reaction occurring at the stages or not.  

Phase equilibrium equations 

 

 

(3) 
 

Phase equilibrium relation equation describes the 
relationship between liquid mole fraction and vapor mole 
fraction of chemical components when vapour and liquid at 
equilibrium state. For the ideal condition, the value of activity 
coefficient, γ and fugacity, ϕ will be equal to 1. Saturated 
vapor pressure, Po can be calculated using of Antoine equation 
and P is pressure of reactive distillation column. 

Summation equations  

 

 

(Liquid phase)           (4) 

 

  

(Vapor phase)          (5) 

 

 
The summation equation states that sum of mole fraction 

of each components in liquid phase and vapor phase of each 
stages will be equal to 1. 

Enthalpy balance equations 

 
The energy balance of each stages of RD can be described 

by equation as follow 

 

 

(6) 

 

 

 
Again, for the steady state, the derivative of energy 

balance will be equal to zero.  For the reactive part of the 
equation, ΔH is enthalpy change of chemical reaction, r is the 
rate of reaction and δ will decide whether the reaction taking 
place at each stages or not. For RD modelling of MTBE 
production, it is assume only a single reaction, and thus the 
summation of enthalpy change can be ignored.  

B. Kinetics Model of MTBE Production 

For the production of MTBE, the kinetics model is obtained 

from work of Rehfinger and Hoffmann as in [5]. The activity 

based rate model is shown as follow: 

 

 

(7) 

 

 

Where, 
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From equation (7), W is weight of catalyst of each stages. q 

is the amount of acid groups on the resin per unit mass with 

value of 4.9 equiv/kg. The activity of each components is the 

product of its activity coefficient and liquid mole fraction. kf is 

reaction rate constant and Keq is equilibrium constant.  

C. RD Process Conditions for MTBE 

 
Fig. 1. Column Configuration and Feed Specifications for MTBE synthesis 

[4] 

Figure 1 shows the RD column configuration and feed 
specifications. The production rate of MTBE assumed to be 
197 mol/s or 500,000 metric tons/year. 6400 kg of catalyst is 
used for 8 reactive trays with amount of 800 kg catalyst each 
reactive tray. The reactive trays are located in the middle of 
column from the stage 3 until stage 10. There are in total 17 
stages with condenser as stage 0 and partial reboiler as stage 
16. The operating pressure is 11 bar or 10.87 atm. The reflux 
ratio is set to 7. There are two feed streams, methanol feed 
stream and mixed butenes feed stream with a small 
stoichiometric excess of methanol [6].  

In the modelling work, it is assumed that MTBE synthesis 
system only consists of main components, namely methanol, 
isobutylene, MTBE, and n-butene. However, in the actual 
situation, a minimum of 12 components is involve in the 
MTBE synthesis. For model simplification, the inert C4 
components is assumed as pseudocomponent which is 
represented by n-butene since they have quite similar physical 

and chemical properties. The small quantities of by-products 
can be regarded as negligible. 

 

 

III. RD MODELLING IN MOSAIC 

The process of RD modelling using MOSAIC can be 

summarized as shown in Figure 2. Overall there are 7 steps. 

Details explanation will follow next. 

 

Fig. 2. Procedure of modelling using MOSAIC 

Step 1: Creating of notation 

In this first step, the symbols with description are created 
in notation to represent the variables of equations. Each 
variables can be represented by base name alone or together 
with subscripts and superscripts. By introducing subscripts 
and superscripts, it allows two or more variables to have 
similar base name. Besides the creating of symbols for each 
variables, the indices required for modelling are created as 
well in notation. 

Step 2: Creating of equation objects 

Next step involve creating the equations. The modelling 
equations can created by using of LaTex. LaTex is a 
documentary language which allows equations to be expressed 
in documentation level.  

Step 3: Creating of functions objects 

Step 3 is almost the same as creating of equation objects, 
in which function objects are created by using LaTeX as well. 
However, the method of creating functions are not as simple 
as creating equations. It may require creating parameter list 
object if parameter set index in involve. Parameter set index 
allows users to set the index on output variable and 
parameters. The specification of output variable and input 
variables will be required. The output variable will be the 
variable that is calculated while the input variables are almost 
similar as design variables where the setting of its values will 
be required. The formula which leads to output variable will 
be written in LaTex.  

Step 4: Creating of equation system 

T0 =  298.15 K 

A1 = - 1.49277×103 K 

A2 = - 77.4002 

A3 =  0.507563 K-1 

A4 =  9.12739×10-4 K-2 

A5 =  1.10649×10-6 K-3 

A6 = - 6.27996×10-10 K-4 
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All equations and functions of a model are connected by 
equation system for evaluation. Adding of equations to 
equation system can be done easily, but for adding functions, 
it is required to set the output variables and input variables. 
Preview of all the added equations and functions in equation 
system can thus be made. 

Step 5: Creating of evaluation object 

In order to create the evaluation object, the equation 
system first has to be loaded. Once it is loaded, indexing can 
be made by specifying the max value of each indexes. After 
indexing, all the equations and functions involved in 
modelling can be displayed.  

Step 6: Creating of parameter object 

Specifications of variables are now ready to be made by 
assigning the variables as iteration variables or design 
variables. The degree of freedom will be automatically 
calculated when assigning of variables. In order to solve the 
model, degree of freedom must be zero. Once it is achieve, the 
value of each design variables is given for calculation. 
Furthermore, good initial values of iteration variables are 
important in solving the models.  

Step 7: Code generation and evaluation 

Since MOSAIC is not designed to be full solver, it is not 
able to solve complex models. Hence, the solving of model 
can be made by code generation to other modelling 
environments i.e. Matlab, ACM, gPROMS, C++ etc. The 
generated codes can be run at their own corresponding 
environment for the solving of model. 

IV. RESULTS AND DISCUSSION 

A. Model Validation and Comparison 

 

Fig. 3. Temperature versus Stage number 

 

Fig. 4. Liquid mole fraction of each components versus Stage number 

 

The temperature profile of the modeled RD is shown in 

Figure 3, it can be seen that temperature is maintained at 

around 353 K from condenser to feed stage. After the feed 

stage, the temperature starts to increase rapidly until it 

achieves the temperature of 424 K at the reboiler. The 

temperature of each stage is dependent on the component 

composition. Since the relative high mole fraction of n-butene 

from condenser stage to feed stage, the temperature is 

maintain at around boiling point of pure n-butene (348K). 

After the feed stages, the mole fraction of MTBE increases 

rapidly until it reaches nearly 80% purity of MTBE at reboiler 

stages. Thus, it causes the temperature of each stages to 

increase instantly until it hits the highest temperature of 424K 

which is nearly boiling point of pure MTBE. For composition 

profile (see Figure 4), the system nearly reach 80% purity of 

n-butene and MTBE at condenser stage and reboiler stage 

respectively. There is only a significant drop of n-butene mole 

fraction only after feed stage. Other than that, the mole 

fraction of MTBE increase at significant amount after the feed 

stage. From the table I, it can be seen that results of proposed 

model are still quite satisfactory compared to Nijhuist’s. Note 

that is this work it is assumed the liquid and vapor phase 

behave ideally. 

TABLE I.  COMPARISON OF RESULTS BETWEEN PROPOSED 

MODEL AND NIJHUIST'S MODEL 

  Nijhuist’s model Proposed model 

Quantity Units Top Bottom Top  Bottom 
xIB  0.01 0.00 0.14 0.01 

xMeOH  0.04 0.00 0.00 0.25 

xMTBE  0.00 0.98 0.00 0.79 
xn-butene  0.95 0.02 0.82 0.00 

Temperature K 348 424 348 424 

Product flow mol/s 366 197 340 254 
Heat duty MW 49.7 35.1 45.6 35.1 

MTBE purity % 98 79 

Reflux flow kmol/s 2.60 2.38 

 

B. Software comparison 

Generally modelling tools for modelling of chemical 

processes can be categorized into two groups. The first group 

consists of readily made models with preprogramed equation 
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systems and an appropriate numerical solution algorithm. Also 

known as sequential modelling approach, Aspen Plus, Aspen 

HYSY and CHEMCAD, are some example of software belong 

to this group. Using these software modelling of chemical 

processes can be done easily, however it lacks in transparency 

of equations involved. Another software may be needed to 

build the equations model before embedding it into those 

software. One such example is Aspen custom modeler (ACM). 

The second group or the equation oriented modelling provide 

modelling environment based on their own programming 

languages. The users are free to define their own equation 

systems by writing their own code using specifically define 

programming language. Moreover, these tools are suitable for 

the creation of customized models. Some examples of these 

tools are gProms, Aspen Custom Modeler (ACM),  GAMS 

and Matlab [1].  

TABLE II.  COMPARISON OF MOSAIC WITH TWO GROUPS OF MODELLING TOOLS

 MOSAIC EO SMA Notes 

Modelling at 

documentation level 
Available - - 

Modelling by using MOSAIC can be done at documentation level. Since the equations 
are written in Latex documentary language, it has similar readability as documentation 

level. In addition, coding is not required for modelling using MOSAIC. 

Reuse of model 

elements 
Available 

Partially 

available 
- 

The reuse of model elements by MOSAIC is more systematic and organized. The users 

can either reuse the notation, equations, functions and variables settings easily. 

Code generation Available 
Not 

complete 
- 

Code generation of MOSAIC are much more complete. MOSAIC allows users to 

generate the code and run their model in many different environments. 

Centralized internet 

database capability 
Available - - 

MOSAIC allows users to share their works on internet more easily. The shared work 

can be viewed or write by the person that users shared to. 

Degree of freedom 

analysis 
Available - - 

Degree of freedom analysis can be done automatically by MOSAIC. In order to 

generate code for evaluation, degree of freedom must be zero. Hence, it is necessary for 

the model to have correct equations in equation system and all the errors must be 
corrected. 

Error identification Excellent Difficult - 

Since modelling by MOSAIC is written in Latex documentary language, it has high 

readability. Hence, users can identify the errors more easily if they are making mistakes 

while key in modelling equations. In addition, coding is not required by MOSAIC, 
hence it results in less errors and less effort required. 

Language Documentary Programing - 

MOSAIC is using Latex documentary language in writing of modelling equations. 

Latex has high readability, unlike programming language, it is difficult to read and 
understand the coding. 

Readability Excellent Poor - Latex documentary language has much higher readability than programming language. 

Difficulty Medium Hard Easy 

Although without knowledge of coding in modelling, MOSAIC still allows users to do 

modelling without a doubt. The stages of modelling using MOSAIC are creating of 
notation, creating of equations, creating of functions, creating of equation system, 

creating of parameter object and creating of evaluation object. The most difficult part 

will be creating of functions, however it can overcome easily once users know how it 
works. 

Transparency of 

model 
Excellent Excellent Poor 

All equations involved in modelling are known for MOSAIC. Besides that, given value 

of variables also can be determined. 

Building of 
customized model 

Capable Capable 
Not 

capable 
MOSAIC is similar to software like Matlab which is designed to build the customized 
model. 

 

Table 2 shows the comparison between MOSAIC, EO 

(equation oriented programming) and SMA (sequential 

modelling approach). This table can be use a guideline for 

choosing MOSAIC for any modelling and simulation works. 

V. CONCLUDING REMARKS 

Modelling by using MOSAIC can be done even without 

knowing of any modelling programming languages. MOSAIC 

uses the LaTeX documentary language in documentation of all 

modelling equations. LaTeX is much easier to learn than 

programming languages. Modelling equations created using 

LaTeX almost have the same readability as documentation 

level. This is useful for error identification and it makes the 

modelling at documentation level to be possible. Besides that, 

reuse of model elements can be done effectively by using 

MOSAIC. Since modelling by using MOSAIC is done by 

creating of objects separately, each objects can be reused by 

another model. Different models with different settings can be 

created easily. Thus, it is time saving and reduce the efforts of 

modelling. In order to obtain accurate results, it is important to 

ensure all the errors and mistakes during modelling are 

corrected. MOSAIC definitely can help to identify the errors 

and mistakes more effectively. In addition, good initial values 

of iteration variables are important for solving of the model. 
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Abstract—The Frequency Selective Surface (FSS) design 

structure consists of square FSS placed on the FR4 and energy 

saving glass (ESG). Then, the circular and square slot FSS is 

added on the square FSS to produce a dual band FSS. The FSS 

design structure is designed and simulated by using the CST 

Microwave Studio software at 2.4 GHz and 5.2 GHz frequency 

response based on industrial, scientific and medical bands (ISM) 

standard. The reflection (S11) and transmission (S21) of the design 

FSS structure is analyzed and the effect of the material used is 

studied. The material of the substrate affects the transmission 

and reflection signal of the FSS. The dual band FSS is designed 

on the ESG to improve the transmission of the WLAN signal at 

2.4 GHz and 5.2 GHz. 

Index Terms—Frequency Selective Surface (FSS), ESG, FR4, 

reflection, transmission 

I. INTRODUCTION  

Metamaterials have properties that may not be found in 

nature. It gains its properties not from their composition but 

from their designed structures. It consists of periodic structure 

and subwavelength characteristic which particle smaller than 

the light wavelength with which it interacts. Others are 

structured that exhibit the subwavelength characteristics are 

Frequency Selective Surface (FSS) or also known as Artificial 

Magnetic Conductor (AMC) or High Impedance Surface (HIS)
 

[1]. FSS is a planar periodic structure of the identical array of 

patch or aperture type elements arranged in one or 2D plane. 

FSS have inherent inductive and capacitive properties that 

useful in designing to get a desired frequency response.  

Filters play a fundamental role in almost electronic or RF 

circuit. Once being incorporated into a design, the filter acts as 

a device that controls the frequency content of the signal for 

mitigating noise and unwanted interference. Filters are 

categorized, based on their function, into three major groups: 

lowpass, bandpass, and highpass filters. A lowpass filter, for 

example, allows for the lower frequencies to pass through the 

circuitry and blocks higher frequencies. Frequency-selective 

surface (or dichroic) structures to space waves are the 

counterparts of filters in transmission lines. Once exposed to 

the electromagnetic radiation, a frequency selective surface 

(FSS) act like a spatial filter; some frequency bands are 

transmitted and some are reflected [2-4]. 

      Its filtering characteristic is depending on the array 

element type.
 
The frequency behavior of the FSS is entirely 

determined by the geometry of the surface in one period (unit 

cell), the size of the FSS, the way the surface is exposed to the 

electromagnetic wave (incidence angle of the incoming wave), 

substrate parameters, inter-element spacing and materials used. 

The frequency selective surface frequency characteristics 

depend solely on the dimensions of the elements and substrate 

properties [2-6].  

Energy saving glass (ESG), due to its low-emissivity 

characteristics, is being used in energy smart architect, and 

plays an important role in energy saving. These types of ESG 

are manufactured by applying a homogenous layer (0.3-0.4 

micron) of pyrolytic coating (hard coating) or metal 

oxide/nitride (soft coating) on one or both sides of float glass. 

The layer can provide good thermal isolation for buildings by 

reflecting the infrared radiation (IR) at room temperature while 

transmitting visible light [7].  

However, the coating layer on ESG also attenuates useful 

RF/microwave signals, for examples, signals from mobile 

phones, Wi-Fi, personal communication systems (PCS) and 

global positioning system (GPS) [8-10]. Usually, the coating 

layer attenuates microwave signals up to 30 dB. This probably 

will be accentuated by higher frequencies in future wireless 

communication system, as attenuation level increase with 

frequency [11-15]. To solve this problem this paper is 

presented the dual band FSS design. The dual band FSS is 

designed to improves the signals transmission of WLAN at 2.4 

GHz and 5.2 GHz without affecting the IR and UV attenuation 

properties.  

II. FSS DESIGN 

The 3×3 FSS element and unit cell geometry of the 

proposed design square FSS structure which consists of 

circular and square slot that designed on the FR4 board is 

shown in Figure 1. The dual band FSS is made up of copper 

with thickness 0.035 mm. In this paper the FSS is designed on 

the FR4 board (100 mm×100 mm) for 3×3 elements. Then, the 
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FSS is designed on the energy saving glass. The dielectric 

constant of FR4 is 4.4 and a tangent loss of 0.019 with a 

thickness of 1.6 mm while the glass dielectric constant is 6.9 

and conductivity is  S/m with thickness of 5 mm 

[16].  The material that has been used for the coating is ohmic 

sheet by choosing the surface resistivity of 17.95Ω/square. The 

dual band FSS is designed and simulated by using CST 

microwave studio software.  

 

 

 
 

(a) 

 

 
 

(b) 

 
 

Fig.1. The design FSS structure that etched on FR4 board (a) dual band FSS 

(3×3) (b) unit cell of dual band FSS 
 

The unit cell geometry of the proposed dual band FSS 

design structure are designed and simulated
 
[17-18] by using 

CST Microwave Studio at 2.4 GHz and 5.2 GHz. The dual 

band FSS is chosen in this paper because of the design gave the 

lowest transmission losses of -0.5 dB at 2.4 GHz and 0.44 dB 

at 5.2 GHz compared to others designed [19-20]. The design 

chosen is based on the frequency response needed to achieve. 

The square slot produces 2.4 GHz frequency response while 

5.2 GHz is produced by circular slot.  

 

The square FSS is designed on the substrate. Then, two 

slots which are circular and square slots are added on the 

square FSS. The double slots are added to create a band-pass at 

2.4 GHz and 5.2 GHz frequency response. The parameters for 

the design FSS structure are shown in Figure2. The values for 

each parameter are shown in Table 1. The parameters involved 

in this design are length of square (a), outer radius of circle slot 

(b), inner radius of circular slot (c), length of the square slot 

(d), length of the small square (e) and length of substrate (s).  

 

  

 
 

Fig.2. The parameter of the unit cell dual band FSS 
 

TABLE I.       DIMENSION OF THE UNIT CELL DUAL BAND FSS  

Parameter  Dimension (mm) 

a 14 

b 13.9 

c 12.2 

d 7.5 

e 5 

s 15 

 

A. FSS on Energy Saving Glass(ESG) 

There are two materials that have been used in this paper 

which are FR4 board and energy saving glass. The dielectric 

constant of FR4 is 4.4 and a tangent loss of 0.019 with a 

thickness of 1.6 mm while the glass dielectric constant is 6.9 

and conductivity is  S/m with thickness of 5 mm. 

the ohmic sheet with resistance of 17.95Ω/square is used for 

the ESG coating. The dual band FSS design structure is 
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designed on the ESG by removing certain area of the coating. 

The area removed by each of square and circular slot FSS is 

about 60%. Figure 3 are shown the full coated of energy 

saving glass and the dual band pass FSS.    

 

 
 

(a) 
 

 
(b) 

 
 Fig. 3. The structure of (a) Full coated energy saving glass 

(b) energy saving glass (ESG) with dual band pass FSS  

 

III. RESULTS AND DISCUSSION 

       All configurations are simulated with the same size of the 

dual band FSS design structure for WLAN applications at 2.4 

GHz and 5.2 GHz for ISM band applications. The results of 

the transmission signal (S21) for each material are shown in 

Table 2. Firstly, the dual band FSS is designed and simulated 

on the FR4 board. Secondly, the ESG is designed and 

simulated with full resistive coating. Lastly, the dual band 

pass FSS is designed and simulated on the ESG. Certain area 

of the coated is removed by the square and circular slot FSS.  

       The transmission coefficients at 2.4 GHz and 5.2 GHz 

when the dual band FSS is designed on the FR4 is -0.99 dB 

and -0.66 dB. While when the full coated ESG is simulated, 

the average attenuation is -8.79 dB and -11.33 dB 

respectively. After that the dual bandpass FSS has been 

designed on the coated side of the glass. The transmission 

coefficients have been noted at 2.4 GHz and 5.2 GHz are –

6.68 dB and -7.07 dB, respectively. The transmission of the 

FSS that designed on the FR4 is higher compared to the FSS 

that etched on the ESG due to the permittivity of the material. 

Other effect is the heat loss when by the percentage of the area 

removed. The transmission results of the coated glass are 

shown in Figure 4. The shaded area is shown the focused 

frequency responses which are 2.4 GHz and 5.2 GHz. 

       The full coated ESG affect the transmission because the 

coated have the characteristics that reflect or blocked the 

signal from passing through. When the dual band FSS is 

designed on the full ESG, the signal transmission is increased 

about -11.33 dB. After that, the dual band FSS is designed on 

the FR4 board, the signal transmission is -0.99 dB. The signal 

transmission for both frequency responses is higher when the 

FSS is designed on the FR4 board compared to the signal 

transmission when the FSS is designed on the ESG. The 

results shown that the material of the substrate used in the 

designed is affected the signal transmission.    

  

TABLE II.       SIMULATED S21 RESULTS FOR ALL CONFIGURATIONS 

Material  

Frequency (GHz) 

2.4 5.2 

FR4 -0.99 dB -0.66 dB 

Full Coated ESG  -18.01 dB -15.86 dB 

ESG -6.68 dB -7.07 dB 

 

 

 
 

Fig. 4. Simulated transmission (S21) results of the coated ESG and dual band 

design FSS structure 
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V. CONCLUSION 

        The dual band FSS design structure (3×3) is presented in 

this paper at 2.4 GHz and 5.2 GHz for WLAN applications 

and its performance has been demonstrated through 

simulation. The coated ESG attenuated the signal and the dual 

band FSS is designed to improve the transmission signal about 

-7 dB to -12 dB. So, future work is needed to increase the 

transmission rate due to the effect of the FSS element.  
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Abstract—Broadband energy harvesting approach is crucial 

particularly for extracting electrical energy from ambient 

vibration which is random. The bandwidth of the harvested 

energy can be effectively improved by using multi-cantilever with 

different resonant frequencies, however, as the wider the 

bandwidth the resonant frequencies are far apart from each 

others leaving a huge drop of harvested energy between the peak 

frequencies which would not be practical for harvesting random 

vibration sources. This issue is being addressed in this paper to 

investigate the effect of different combinations of electrical 

connections of the cantilevers. An array of four similar 

piezoelectric cantilevers were mounted side-by-side to operate as 

a system in generating electrical output across frequencies range 

up to 500 Hz. The resonant frequency of each of the cantilever 

was varied by introducing a proof mass at the tip with an 

increment of 0.05 g. The bandwidth of the multi-cantilever 

system is effectively increases to 110 Hz with an open-circuit 

output voltage peaked at 6 Vrms and the voltage level gap is also 

improved when connected in series and opposing configuration.    

Keywords—resonant cantilever; energy scavenger; bandwidth 

widening; micro-generator 

I.  INTRODUCTION  

Piezoelectric cantilever is desirable to harvest energy 
derived from ambient vibration due to its compactness and 
high electrical output power density, however, due to its high 
Q-factor [1], a small friction shift of frequency would 
drastically reduce the electrical voltage output therefore a 
single piezoelectric cantilever would not be an effective energy 
harvester for real application particularly in harvesting 
electrical energy from ambient vibration sources which is 
random [2].  

There have been studies on the strategy to increase the 
bandwidth of vibration energy harvesting. One of which are 
tuning methods as described by Dibin Zhu, et al. [3]. Whilst 
tuning methods are effectively increase the bandwith of the 
harvested energy but the system requires complicated circuitry 
such as involving microprocessing unit in adjusting the 
resonant frequency such as being described by Noha A et al. 
[4]. Besides than that there was also research into limiting the 
movement of the cantilever by using stopper to increase the 

bandwidth as reported by Ming Song, et al. [5]. Electrical 
impedance matching [6], an approach without involving any 
mechanical adjustment is another way to improve the 
performance but at a very limited bandwidth, which is 
desirable for compact and miniature energy harvesting system 
at defined vibration sources. 

In this paper, an array of cantilevers will be used to harvest 
wider bandwidth of vibration energy at flexible bandwidth 
defined by the number of the cantilever at different resonant 
frequencies. This is regarded as a multi-cantilever system or 
multi-frequency system, which had earlier been reported by 
Ferrari M., et al. [7]. They used individual bimorph cantilever 
with different resonant frequencies and combined electrically 
after voltage rectification to generate electrical energy across a 
range of frequency up to 400 Hz. Monolithically fabricated 
multi-cantilever [8] has also being reported in generating an 
electrical output across a wide band of excitation frequencies. 

 

II. EXPERIMENTAL SET-UP 

The piezoelectric cantilevers which were being used in this 
research are a standard quick-mount bending generators with 
pre-mounted and wired at one end (Q220-A4-103YB) from 
Piezo Systems, Inc. The dimension of the device is as shown in 
Fig. 1.  

 

Fig. 1. Dimensions of the piezoelectric generator Q220-A4-103YB used in this 
experimental 

202

http://mucet2014.utem.edu.my/conference-venue-and-fee
mailto:bongyujing@gmail.com
mailto:sweeleong@utem.edu.my


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 
The piezoelectric generators operate in bending mode in the 

form of a cantilever, whereby electrical charges develop when 
one side of the piezoelectric layer is stretched and the other 
side is compressed. These charges are collected for power 
generation when external electrical load is connected. Four 
identical piezoelectric cantilevers are mounted on an 
electrodynamics shaker are being studied with an annotation of 
C1, Ca, Cb and Cc as shown in Fig. 2. C1 is being used as a 
reference throughout the experiement. 

 
Fig. 2. Experimental Set-up of Multi-cantilever mounted on electrodynamic 

shaker. 
 

In order to vary the natural frequency of the cantilever, a 

variation of proof masses with an increament of 0.05 g is 

attached on the tip of the cantilever from zero additional mass 

to 0.15 g with an annotation of C2, C3 and C4 representing 

cantilever Ca with proof mass of 0.05 g attached, cantilever 

Cb and Cc with attachment of 0.1 g and 0.15 g proof masses 

respectively as shown in Fig. 3.   

 

 
Fig. 3. Natural frequency variation with a proof mass attached at the tip of the 

each of the cantilever denoted as C2, C3 and C4, with C1 as the reference 

without proof mass attached. 

 
The cantilevers would then be excited from very low 

frequency to 500 Hz at a constant acceleration level of 1-g 
(9.81 m/s

2
) and the open-circuit output voltage will be 

measured with oscilloscope with the arrangement as shown in 
Fig. 4(a). Four combinations of terminal connections between 
each of the piezoelectric cantilever will be studied as shown in 

Fig. 4(b)-(e). The polarity of the piezoelectric cantilever is 
constant for all the cantilever being used and the performance 
of each of the cantilever is depended on conditional of 
fabrication by the manufacturer. The mechanical resonance 
frequency of the cantilever is 275 Hz, as sated in the datasheet 
[9]. Fig. 4(b) shows a series connection at the electrical 
terminals of the piezoelectric cantilevers. Fig. 4(c) is also 
connected in series but with opposing polarity. Fig. 4 (d) and 
(e) are connected in parallel. One is with similar polarity 
another is with alternating polarity respectively. 

 

 
Fig. 4 (a) Open-circuit measurement with different combinations of electrical 
connections: (b) series, (c) series-alternating, (d) parallel and (e) parallel-
alternating.  

 

III. EXPERIMENTAL RESULTS 

 
Before the electrical terminals of the piezoelectric 

cantilevers are connected for further experiment to be taken 
place, the mechanical resonance frequency of the piezoelectric 
cantilevers are measured by exciting it with the 
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electricdynamic shaker at a range of frequency from 10 Hz to 
500 Hz with acceleration level (g-level) set at a constant 
magnitude at 1-g (9.81 m/s2). The obtained results are ploted 
and shown in Fig. 5. There is an variation of open-circuit 
output voltage from 2.3 V to 4 V with a constant resonant 
frequency at 275 Hz which is in agreement with the datasheet 
[9]. The resonant frequency of the cantilever changed from 275 
Hz for C1 without proof mass to 230 Hz, 190 Hz and 170 Hz 
with additional proof mass of 0.05 g, 0.1 g and 0.05 g 
respectively. As expected, the peak output voltage is 
significantly increased to as much as 35% compared with no 
proof mass. The main thing to notice is that, ideally the 
overlapping bandwidth can be increased to more than a factor 
of 4 when compared to single cantilever as shown in Fig. 6. 
 

 

Fig. 5. Frequency response of the cantilevers (C1, C2, C3, and C4) at a constant 
acceleration level of 1-g (9.81 m/s2). 

 
 

 
Fig. 6. Frequency response of the cantilevers with proof masses (0.05g, 0.10g, 

and 0.15g) and the reference cantilever C1 at a constant acceleration level of 
1-g (9.81 m/s2). 

 

After the resonance frequency of the piezoelectric 

cantilevers are tuned to different values, the cantilevers are 

then connected in a few different connections in order to 

identify the most optimum connection to harvest energy from 

a wide frequency band. The piezoelectric cantilevers are first 

connected in series for two different configurations. One is 

with consecutive polarity as shown in Fig 4(b) and the other is 

alternating polarity as shown in Fig 4(c). Then follow by 

connecting in parallel and again for two different 

configurations. One is with similar polarity as shown in Fig 

4(d) and the other is alternating polarity as shown in Fig. 4(e).  

A. Series Connections 

a) Common series connection: The overall experimental 

results for common series connection are shown in Fig. 7(a) 

and the individual results for 2 connected cantilevers, 3 

connected cantilevers and 4 connected cantilevers compared 

with the individual resonance frequency of the cantilever with 

proof mass are shown in Fig. 7(b), (c), and (d) respectively.  

When two piezoelectric cantilevers with different resonant 

frequencies are connected together in series-consecutive 

configuration, two distintive frequencies is being observed. 

The magnitude of the output voltage at the overlapping 

frequencies is at its minimum which is lesser than the 

overlapping output voltage when they are not connected. It is 

also noticed that the resonant frequency of the reference 

cantilever C1 is shifting to the right from 275 Hz to 280 Hz as 

shown in Fig. 7(b). When more cantilevers with different 

resonant frequencies are added, the number of output voltage 

peak is in accordance to the number of cantilever being added 

to the system as shown in Fig. 7(c) and (d).  This resulting in 

widening the energy harvesting bandwidth to 110 Hz 

compared to individual bandwidth of about 20 Hz. However, 

the gaps in between two adjacent resonant frequencies are 

obviously dropped to their minimum and lesser compared to 

the overlapping output voltage produced by individual 

cantilever. Besides that, it is also noticed that the overall 

output voltage decreased when 4 cantilevers are connected 

together.  

 
(a) 

 

   
(b)        (c)            (d) 

Fig. 7. (a) Overall frequency response of the series-consecutive connected 

cantilevers with proof masses (0.05g, 0.10g, and 0.15g) and C1 at a constant 
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acceleration level of 1-g (9.81 m/s2). The frequency response for (b) two, (c) 

three and (d) four connected cantilevers.  

b) Series with alternating polarity connection: The 

overall experimental results for series with alternating 

connections are shown in Fig. 8(a) and the open-circuit output 

voltage measurement for two, three and four connected 

cantilevers compared with the individual cantilever frequency 

response are shown in Fig. 8(b), (c), and (d) respectively. It is 

noticed that there is an improvement in the overlapping output 

voltage between two adjacent resonant frequencies compared 

to series-consecutive configuration as shown in Fig. 7. The 

minimum output voltage between the two adjacent frequencies 

has increase to near to half of that of the peak output voltage at 

resonant frequency of 230 Hz. This shows that series with 

alternating polarity connection is more effective in harvesting 

a wider  frequency band compared to common series 

connection although the overall output voltage decreses.  

 

 
(a) 

 

    
 (b)      (c)           (d) 

Fig. 8. (a) Overall frequency response of the series-alternating polarity 

connected cantilevers and connection between (b) two (c) three and (d) four 

cantilevers with proof mass (0.05g, 0.10g, and 0.15g) and the reference 

cantilever C1 when excited at a constant acceleration level of 1-g (9.81 m/s2). 

 

B. Parallel Connections 

a) Common parallel connection: It is noticed from the 

experiment results that the minimum output voltages at the 

overlapping of two adjacent resonant frequencies are lower 

than that of the individual cantilever when they are not 

connected which is similar to common series connection but at 

a reduced overall output voltage as shown in Fig. 9(a)-(d) . It 

is also noticed that the 4
th

 peak that can be seen in Fig. 8 when 

cantilever C4 was connected, has totally disappeared. It is as 

expected that when connected in parallel the open-circuit 

output voltage will be consistant to the lowest output voltage 

when they are connected.  

 
(a) 

   
 (b)       (c)           (d) 

Fig. 9. (a) Overall frequency response and connections of (a) two (c) three and 

(d) four cantilevers when excited at a constant acceleration level of 1-g (9.81 

m/s2).  

b) Parallel with alternating polarities connection: The 

experimental results for parallel with alternating  connecting 

has increased the overlapping outupt voltage but the total 

average output voltage has been reduced to half of its 

maximum when they are not connected. The overall 

experiment results are shown in Fig. 10(a) and the output 

voltage of two connected, 3 connected and 4 connected 

cantilevers are shown in Fig. 10(b), (c), and (d) respectively.  
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Fig. 10. (a) Overall frequency response at a constant acceleration level of 1-g 

(9.81 m/s2) for the parallel with alternating polarities connected cantilevers 

with proof masses (0.05g, 0.10g, and 0.15g) and the reference cantilever C1; 
Connections of (b) two (c) three and (d) four cantilevers. 

IV. CONCLUSION 

The experimental results show the possibility of widening 

the energy harvesting operational frequency band by 

integrating an array of cantilevers with different natural 

frequencies to form a multi-cantilever system. The natural 

frequency can be simply varied by adding proof mass at the tip 

of the cantilever and which effectively increase the bandwidth 

between two cantilevers. However, the wider the bandwidth, 

the gap of the output voltage widen between the peaks widen 

and minimize the overlapping output voltage which is not 

practicle in harvesting random vibration sources. The 

connection between all the elements of the multi-cantilever 

system is important in maintaining the level of the overlapping 

output voltage. From the experiment results, series with 

alternating polarities connection of the multi-cantilever is the 

configuration that is most effective in harvesting a wide-band 

vibration sources compared to common series and parallel 

connections. The operating frequency bandwidth of the 

configuration is shown to be in between 170 Hz to 280Hz 

before the output voltage fall to a factor of √2 compared to it 

lowest peak of the bandwidth.    
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Abstract— Spring-mass-damper system is popular to be used 

as an analytical model for a cantilever based energy harvesting 

system for its simplicity in delivering a closed form solution. In 

this paper, a simple model of two piezoelectric energy harvesters 

is being developed to investigate the performance of a more 

generic multi-cantilever system. The electrical domain of both of 

the piezoelectric energy harvesters are modeled separately as an 

individual transformer.  Spring-mass-damper model is used to 

model the mechanical domain of the piezoelectric cantilever 

under external mechanical excitation analogous to its equivalent 

electrical circuit consisting of resistor, inductor and capacitor. 

The analytical model of the mutli-cantilever is being validated 

with experiment results.  

Keywords — single-degree-of-freedom; broadband energy 

harvestin; piezoelectric cantilever 

 

I.  INTRODUCTION  
A resonance based energy harvester in the form of 

cantilever is popular due to its simple structure while offering 
high output power density which is desirable for powering 
small electronic system compared to other energy harvesting 
mechanisms. However, due to the nature of ambient vibration 
souces with random and frequency varying pattern and also the 
physical limitation of miniature cantilever structure in 
harvesting optimum electrical power, therefore care is needed 
to design cantilever based energy harvester for practical 
application [1]. 

Cantilever based piezoelectric energy harvester has been 
studied as a single-degree-of-freedom spring-mass-damper 
system to estimate the electrical output when its vibrated to its 
resonance as described by Roundy S. et al. [2]. They modeled 
the piezoelectric energy harvester as a transformer equivalent 
circuit consisting of mechanical domain at the primary circuit 
and electrical domain at the secondary circuit. Essentially 
piezoelectric is a transformer converting power 
electromechanically through a vibrating piezoelectric structure 
or vice versa depends on whether the direct or converse 
piezoelectric effect is applied [3]. Rather than single-degree-of-
freedom, Zhao and Erturk model a cantilevered bimorphs with 
distributed parameter [4] which has shown an improvement on 
the accuracy compared to experimental results for cantilever 
with no proof mass attached. Whereas for cantilever with proof 

mass attached, single-degree-of-freedom or lumped parameter 
models are still applicable [5]. 

In order to design optimum cantilever base energy harvester 
especially to harvest a vibration energy from ambient 
environment, an array of cantilevers arranged in a multi-
cantilever system can effectively increase the bandwidth of 
energy harvesting [6]. Recently there were interests in 
investigate wider bandwidth energy harvesting using an array 
of piezoelectric cantilever connected to external circuitary [7, 
8]. In this paper, an open-circuit model is being developed to 
investigate the performance of a multi-cantilever system in 
harvesting broadband vibration frequency without any external 
circuitry. A series of experiments were being conducted to 
validate the model.  

 

II. EQUIVALENT CIRCUIT MODELING 

An analytical model for the broadband energy harvesting 
device is essential in this study on the effect of polarity 
connections for each cantilevers. The equivalent circuit model 
can be use to observe the explicit relationships between the 
cantilevers connections to achieve energy harvesting at a  
broader spectrum of frequency. Furthermore, optimal system 
performance can be obtained through optimization of the 
geometrical properties of the cantilevers by using the circuit 
model. The analysis of the multiple cantilever beams energy 
harvesting system will be deduced from the approach of 
Roundy and Wright [2]. Fig. 1a shows the equivalent circuit  
configurations of the energy harvesting model with two 
cantilever beams.  

The properties of the piezoelectric cantilever beam are first 
modeled into both mechanical and electrical portions as 
equivalent circuit elements. The electromechanical coupling 
between the mechanical and electrical circuits is then modeled 
using the properties of a transformer [3].  The equivalent input 
voltage which is the stress caused by the external input 
vibration for each cantilever beams is represented respectively 
by 

ymkain


111      and     ymkain


222                      (1) 
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where ak is a  geometric constant that relates the stress of the 

external input vibration force on the piezoelectric material, 

1m and 2m are the proof mass for each cantilever repectively, 

and y is the total input vibrations. 

 
Fig. 1. Equivalent circuit configurations for two cantilever beams connected 
in series. 

 

The equivalent resistor ( R ),  inductor ( L ), and capacitor (

C ) in the mechanical portion of the circuit are characterize by 

the mechanical damping, mass, and mechanical stiffness of the 
energy harvester system repectively and can be written as 

 1111 mba bkkR     and   2222 mba bkkR                      (2) 

1111 mkkL ba        and    
2222 mkkL ba                         (3) 

1

1

1

eC
C                  and     

2

2

1

eC
C                                  (4) 

where bk is a geometric constant that relates the stress  of the 

inertial force on the piezoelectric material, mb is the 

mechanical damping coeeficient, and eC is the elastic 

constant of the piezoelectric material.  

The electromechanical coupling is characterized by the 
equivalent turns ratio of the transformer and can be genereally 
expressed as, 

1

1311
1

2 p

e

t

Cda
N       and    

2

2312
2

2 p

e

t

Cda
N                       (5) 

where a is a constant determined by the internal wire 

connections of the piezoelectric material, 31d is the 

piezoelectric charge coefficients, and pt is the thickness of the 

piezoelectric material in the cantilever beam respectively. 

The capacitor ( BC ) in the electrical domain of the circuit 

is the capacitance of the piezoelectric bender and is written as 

1

1

2

111
1

2 p

e
B

t

law
C


    and   

2

2

2

222
2

2 p

e
B

t

law
C


                   (6) 

where w  is the width of the cantilever beam,  is the 

dielectric constant of the piezoelectric evaluated at constant 

stress, and el  is the length of the electrode covering the 

piezoelectric material on the cantilever beam respectively. 

Applying Kirchoff’s law to the equivalent circuit for each 
cantilever beam, the sum of the voltages for the first cantilever 
beam can be express as [2], 

11

1

111 VN
C

S
SLSRin                                          (7) 

111 VCi B
                                                                           (8) 

Where S  is the strain and 1i  is the current related to the 

strain and can be written as  

SCdlwai ee


1311111               (9) 

The equivalent model for the first cantilever can now be 
derived by substituting equation (7) and (8) with the respective 
variable to obtain the explicit relationship between strain and 
voltages and is  represented by 

111

1311

1

1

1

1

2 bp

ssm

k

y

mt

kda
S

m

k
S

m

b
S

                                   (10) 

1

1311

11

2
V

Cdt

a
S

ep

 
            (11) 

where 1sk  is the equivalent spring constant applied in the 

lumped spring mass model and is written as  

21

1
1

aa

e
s

kk

C
k                           (12) 

Taking the Laplace transform of both equation (10) and 
equation (11) and solving them simultaneously, the output 
voltage for the first cantilever can be expressed as 

1

11

11

2

31

1

1

1

12

111

1311

1
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Ckd

m

k
s
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ACdt
V essm

b

inep


(13) 

where inA is the Laplace transform of input vibration, y .By 

using the substitution of the following equations, 

2

1

1

1
n

s

m

k
 ;  

11

1

1 2 n
m

m

b
  ; 2

31

1

1

2

31 k
Cd e 


 ; js   

where 1n  is the resonant frequency of the first cantilever 

beam, 1  is the damping ratio applied in the lumped spring 
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mass model, and 31k  is the piezoelectric coupling coeeficient, equation (13) can be rewritten as equation (14). 
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Similarly, the same set of equations can be obtained for the 

second cantilever beam to solve for the output voltage, 2V . 

In this paper, each piezoelectric cantilever beams is 
assumed to have the same geometrical properties and the 
resonant frequency is differed by adjusting the proof mass at 
the end of cantilever beams respectively. Thus, the total voltage 
of the equivalent circuit model is found by taking the sum of 
the voltages for both cantilever beams and is further simplified 
as equation (15). Furthermore, two cases of polarity 
connections for the cantilever beams are investigated in this 
paper. The first setup involves the series connection of two 
cantilever beam with the same polarity as shown in Fig. 1. For 
the second case, the cantilever beams are connected in series 
but with alternating polarity as illustrated in Fig. 2. Due to the 
change of voltage phase and polarity, the total output voltage 
can be further deduced as equation (16). 

 

Fig. 2. Equivalent circuit configurations for series connection of two 

cantilever beams with alternating polarity. 

 

Fig. 3 shows the plot of the analytical model. The 
bandwidth of the energy harvester is depended on the distance 
of individual resonant frequency and the output voltage in 
between the resonant frequencies is depended on the terminal 
polarity connecting the two piezoelectric cantilevers. The 
higher the output voltage at the center that overlapping between 
the two adjacent resonat frequencies the better in generating 
electrical output within the bandwidth which can be achieved 
by connecting the terminal of the piezoelectric in series with 
alternating polarity.   

 

Fig. 3. Plotting of analytical model for two cantilevers with different resonant 
frequencies when connected in series and series-alternating configurations.  

 

III. EXPERIMENTAL SET-UP 

The piezoelectric cantilevers which were being used in this 
experiment are a standard quick-mount bending generators 
with pre-mounted and wired at one end (Q220-A4-103YB) 
from Piezo Systems, Inc. The piezoelectric energy harvesters 
operate in bending mode in the form of a cantilever, whereby 
electrical charges develop when one side of the piezoelectric 
layer is stretched and the other side is compressed. These 
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charges are collected at the terminals of the electrodes and 
measured as an open-circuit output voltage. The dimension of 
the piezoelectric generator and its performance is shown in Fig. 
4.  

 
Fig. 4. Dimensions of the piezoelectric generator Q220-A4-103YB used in 
this experimental 

 
 

In order to validate the analytical model, a series of 

identical cantilevers are mounted together as a multi-cantilever 

system on an electrodynamics shaker as shown in Fig. 5. The 

resonant frequency of the multi-cantilever is adjusted by 

placing a plasticine as the proof mass with different weights 

on the tip of the cantilever. An increment of 0.05 g of proof 

mass is used as denoted as C2, C3 and C4 with proof mass of 

0.05 g, 0.1 g and 0.15 g respectively. C1 is a reference 

cantilever with no proof mass attached. Throughout the 

experiment, the multi-cantilever is excited to frequency up to 

500 Hz at constant acceleration level of 1g (9.81 m/s
2
). 

 

 
 

 
Fig. 5. Experimental Set-up of mult-cantilever system with variation of proof 
masses. 

 

IV. EXPERIMENTAL RESULT 

From the experimental results as shown in Fig. 6, the 

resonant frequency of the cantilever is reduced as proof mass 

is added, as expected. The distinctive fundamental frequency 

response of the cantilever shows that the plasticine is 

effectively acting as a proof mass in tuning down the resonant 

frequency of the cantilevers. It is also noticed that the open-

circuit output voltage in RMS increases from 2.7 V to 5.4 V 

when a proof mass of 0.05 g is added, however, it drops when 

more proof mass is added as shown by C3 and C4 due to 

overdamping effect on the structure.  

 
Fig. 6. Frequency response of the cantilevers with proof masses (0.05g, 0.10g, 

and 0.15g) and no proof mass at a constant acceleration level of 1-g (9.81 
m/s2). 

After the resonance frequency of the piezoelectric 

cantilevers are tuned to different values, the cantilevers are 

then connected in two different connections in order to 

identify the most optimum connection to harvest energy from 

a wide frequency band. The piezoelectric cantilevers are first 

connected in regular series connecting both of the 

piezoelectric cantilever as an AC source subsequently similar 

to the equivalent cicuit shown in Fig. 1. The open-circuit 

output voltage of the connection is then measured. This is 

followed by connecting the piezoelectric cantilever in series 

but with alternating polarity siminar to the equivalent circuit 

as shown in Fig. 2.  

Fig. 7 shows the experimental results for regular series  

connected configuration when two, three and four 

piezoelectric cantilevers with different resonant frequencies 

are connected together as a multi-cantilever system. It is 

obviously shown that the output voltage in between two 

overlapping resonant frequencies is at its minimum which is 

lower compared to individual performance shwon in Fig. 6, 

when they are not connected. An improvement on the level of 

overlapping output voltages can be seen in Fig. 8, when the 

piezoelectric cantilevers are connected in series but with 

alternating polarity which is in agreement to that predicted by 

the anlaytical model. 

 

V. CONCLUSION 

The bandwidth of a piezoelectric based energy harvester can 

be effectively improved by using a multi-cantilever system 

consists of an array of piezoelectric cantilever with different 

resonant frequencies. The total bandwidth is depends on the 

number of the piezoelectric cantilever and the distance 

between the lowest and highest resonant frequencies of the 
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system. However, as the gap between two adjacent resonant 

frequencies become wider the overlapping output voltage   

would be minimized lead to a poor overall performance. The 

analytical model predict that when the cantilevers are 

connected in series but with alternating polarity the 

overlapping output voltage can be improved which is verified 

by experimental results. 

  

 
Fig. 7. Frequency response of the regular series connected configuration for 

two (C1 and C2), three (C1, C2 and C3) and four (C1, C2, C3 and C4) 

connected cantilevers when excited at a constant acceleration level of 1-g 
(9.81 m/s2). 

 

Fig. 8. Frequency response of the series-alternating connected configuration 

for two (C1 and C2), three (C1, C2 and C3) and four (C1, C2, C3 and C4) 

connected cantilevers when excited at a constant acceleration level of 1-g 
(9.81 m/s2). 
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Abstract—This paper addresses the measurement of compact 

flat lens antenna unit cell in the X-band frequency range using 

waveguides. A set of sample unit cells based on aperture-coupled 

concept were fabricated and measured. Two standard WR-90 

waveguides and vector network analyzer are used to measure the 

fabricated elements. The transmission and reflection loss 

performances of the measured sample unit cells are 

demonstrated and validated with CST software simulations. The 

experimental results obtained are promising and indorses that 

waveguide simulators are precise and cost-effective method of 

measuring the scattering parameters of flat lens antenna unit 

cells. 

Keywords—Waveguide simulators; lens antenna; aperture-

coupled; scattering parameters; X-band. 

I.  INTRODUCTION  

   The continuing development of wireless communication 

networks and digital radar for remote sensing create a demand 

of developing high performance flat lens antennas. A flat lens 

antenna (also called discrete lens) is a light weight, highly 

deployable and cost effective solution to conventional and 

curved dielectric lenses. A typical flat lens antenna 

configuration consists of an array of microstrip patches which 

are coupled or joined together by phase shifters [1]. 

    In this study, a unit cell approach which is a quick and easy 

way of designing and analyzing lens antenna arrays is 

employed. The basic operation of an individual lens array 

element is to collimate the feed spherical electromagnetic 

incident wave into planar wavefront at the back of the aperture 

[2]. Therefore, the unit cell element should be designed to 

establish the needed phase adjustment. Experimental analysis 

of the unit cells are crucial to observe and validate the 

behavior of scattering parameters. Hence, waveguide 

simulators are convenient way of assessing the performance of 

lens array unit cells [3]. The background theory of flat lens 

antenna unit cell is presented in section II, followed by 

measurement setup in section III. The results and comparisons 

are discussed in section IV. Lastly, the conclusion of the work 

is given in section V. 

 

II. THEORETICAL BACKGROUND  

    In order to understand the background theory of flat lens 

antenna unit cell, the possible design structures and operation 

of unit cell element are discussed here. Regardless of the 

several existing design approaches, a flat lens antenna unit cell 

consists of two microstrip patches (transmission and reception 

surfaces) which are coupled or joined together by phase 

shifters.The major difference among the designs of the 

antennas is the phase correction technique used to compensate 

the incoming wavefront errors. Most of the designs consist of 

coupled-patch antennas, using element rotation [4], multi-

resonance behavior [5] and microstrip delay lines [1, 2] to 

realize phase shift and stacked patches to increase bandwidth. 

The flat lens antenna unit cell operation overview is shown in 

Fig.1. 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

Fig.1. Functionality of the unit cell element. 
 

The unit cell element should be designed to establish the 

needed phase adjustment. The required phase compensation 

value of the unit cell depends on the incident wave angle and 

its location on the surface of the array. The significant point of 

designing a unit cell for discrete lens antenna is to obtain the 

essential requirement phase shift range of up to 360º. 
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Therefore, the required phase error correction of an individual 

unit cell element can be determined using the following 

equation [6]:  

                         φi =  (2π/λ0)(Ri – F) ± 2πN + φ0 .           (1) 

 

 

Where φi is the required phase of any cell on the array, λ0 is the 

free-space wavelength and φ0 is the phase of central unit cell 

on the array. Ri is the distance between phase center of the 

source and i'th element on the array surface. F is the focal 

distance while N is an integer number which satisfies 0 < φi  ≤ 

2π.  

    To evaluate the performance of the unit cell, the reflection 

and transmission coefficients as well as the phase of the 

transmitted signal should be measured. Rectangular 

waveguides are simple and reliable technique to predict the 

scattering parameters of the fabricated unit cells. Using the 

infinite periodic boundary of the fields, the reflection 

coefficient can be calculated as the ratio between the reflected 

and incident fields. Transmission coefficient can also be 

expressed as the ratio between the transmitted and incident 

fields. 

    In rectangular waveguide, if the dominant mode (TE10) is 

the only propagating mode and the incoming wave from port 1 

is E1
+

 the scattering parameters can be achieved from the 

following relations: 

 

Reflection (S11) = (E1
-
/E1

+
)                  (2)                                                       

Transmission (S21)  = (E2
-
/E1

+
)                                               (3)  

 

The above scattering parameters relations can be illustrated in 

Fig.2. 

 

 

 

 

Fig.2. Electric field waves in waveguides 

     For some flat lens antenna unit cell designs using 

waveguides to evaluate the performance of the elements 

would probably be the most precise and cost effective solution 

compared to full array measurements. However, the most 

shortcomings may occur if the element under test is not 

compact in structure or if the unit cell is unfit in the 

waveguide flanges.              

III. UNIT CELL MEASUREMENT SETUP 

 

A set of sample unit cells have been fabricated and 

measured. Two waveguide simulators were used to measure 

the performance of the unit cells. The waveguide simulators 

represent the symmetry of the elements and replicate the 

characteristics of an infinity array of the unit cells [3]. The 

rectangular walls of the waveguide simulators act like an 

infinite periodic boundary condition ( PEC) that are around the 

edges of the unit cell. 

A pair of standard rectangular WR-90 waveguides of 

dimensions 22.86 x 10.16 mm
2 

are used and were setup as 

shown in Fig 3 (a). 

 

 
 

(a) 

 

 
 (b) 

 

Fig.3. (a) waveguide simulators with network analyzer setup and (b) 
Waveguide flange dimensions. 

 

 

    There is a possibility of simulating several incident wave 

angles employing higher order TE and TM propagation 

modes. However, in this experiment, only the fundamental 

TE10 dominant mode is measured.The scan angle of the 

incident wave cannot be easily identified as the element under 

measurement is covered by the waveguide flanges on both 

sides.Theoretically, at 10 GHz, the dominant mode (TE10) of 

the WR-90 waveguide simulator can scan an incident wave 

angle of 41º [7, 8]. 

 

   The inner cavity structure of these rectangular waveguides is 

shown in Fig.4. As the incident wave is propagating on Z-

direction, the electric fields are aligned with the Y-direction 

while the magnetic fields are excited in the X-direction. 
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Fig.4. Inner cavity structure of the waveguides. 

 

 

   In order to measure the scattering parameters of the 

fabricated unit cell samples, a ZVB-14 vector network 

analyzer are used. Two WR-90 waveguide to coaxial adapters 

are used to connect the waveguide simulators to the vector 

network analyzer. The element under test was inserted in 

between the apertures of the two waveguide simulators as 

shown in Fig. 5. 

 

 
 

Fig.5. Complete measurement setup. 

 

 

IV. RESULTS 

Several unit cell samples with different patch slot lengths 
for phase error correction have been fabricated and measured 
to investigate the performance of each element. The 
transmission loss, reflection loss and transmission phase of the 
designed unit cells were measured and compared with CST 

Microwave studio simulations. The scattering parameters 
measurements and simulations of one unit cell sample are 
compared as shown in Fig.6. 

The resonant frequency can be observed to vary from 9.90 
GHz to 10.15 GHz, representing a frequency shift of 250 MHz 
on either side of the operating frequency as illustrated in Fig. 
6a. There are some slight differences between simulation and 
measurement results and these are due to fabrication or 
experimental tolerances and the glue applied to join the unit 
cell layers together. Relatively, the simulated and measured 
results are in good agreement. 
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Fig. 6. S-parameters of the unit cell: (a) Reflection Loss, (b) Transmission 

Loss, (c) Transmission Phase. 
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V. CONCLUSION 

    A unit cell measurement technique of compact flat lens 
antenna in X-band is presented in this paper. A set of unit cell 
samples have been fabricated and measured in WR-90 
waveguides. To confirm the accuracy and reliability of the 
measurement, CST Microwave studio simulations have been 
compared with the obtained results. The acquired 
experimental results validate that waveguides are precise and 
cost-effective method of measuring the scattering parameters 
of flat lens antenna unit cells. 
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Abstract-This paper present an investigation into two designs of 

12Slot-10Pole Hybrid Excitation Flux Switching Machine 

(HEFSM) which consists of permanent magnet (PM) and field 

excitation coil (FEC) as their main flux sources. The advantages 

of this machine are easy cooling of all active parts is housed in the 

stator and robust rotor structure that makes it better and 

suitable for high speed applications. The design construction and 

the basic operation principle of HEFSM are overviewed. Initially, 

coil arrangement test is analyzed to all armature coil slots to 

confirm the polarity of the phase. Furthermore, flux interaction, 

back-emf, cogging torque and average torque are observed based 

on 2D finite element analysis (2D-FEA).  

 
Index Terms—permanent magnet, filed excitation coil, Hybrid 

Excitation Flux Switching Machine (HEFSM), high speed 

applications.  

I. INTRODUCTION  

Developments of power electronics devices and permanent 

magnet (PM) materials, brushless machines generated by PM 

and DC FEC flux are increasing drastically for a variety of 

application. As the PM flux is always constant, the DC FEC 

provides variable flux control capabilities in term of field 

strengthening or field weakening conditions. These machines 

are called hybrid excitation machines (HEMs) which generally 

categorized into four groups. For the first groups, both PM and 

DC FEC embedded in rotor part while the armature coil is 

located in stator body, such as combination rotor hybrid 

excitation machines (CRHEMs) and PM hybrid synchronous 

machines[1-3]. The second group consists of PM in the rotor 

while DC FEC in the stator [4], while the third type consists of 

PM in the rotor and DC FEC in the machine end [5-6]. 

Finally, the fourth HEMs are the machine with both PM and 

DC FEC placed in the stator [7-9]. Among several HEMs, it 

should be located at rotor body and can be named as “hybrid 

rotor-PM with DC FEC machines” while the fourth machines 

can be referred as “hybrid stator-PM with DC FEC machines”. 

The fourth HEMs are also known as “hybrid excitation flux 

switching machines (HEFSMs)” become more practical 

recently. 

When compared with “hybrid rotor-PM with DC FEC 

machines” and conventional IPMSM [10], hybrid stator-PM 

with DC FEC machines have many advantages such that all 

the active parts (PM, FEC, armature coil) are located in the 

stator and make the rotor robust. This will help to provide 

cooling system for heat dissipation which makes it suitable to 

be applied in high current density condition, as well as 

variable flux capabilities from DC FEC similar as switch 

reluctance machines (SRMs). 

Hybrid excitation flux switching machines (HEFSMs) is 

that type of machine in which PMs is used as primary source 

of excitation and DC FEC as a secondary source located in the 

stator. Typically, in PMFSMs if the armature winding current 

is controlled, then the machine can be operated beyond base 

speed in the flux weakening region. PM flux can be 

counteracted by applying negative d-axis current. However it 

also suffers with several disadvantages of high copper loss, 

less power capability, less efficiency and potential permanent 

demagnetization of the PMs. Therefore, HEFSM is an 

alternative option which combines the benefits of both PM 

machines and DC FEC synchronous machines. As such 

HEFSMs have the potential to improve torque and power 

density, flux weakening performance, efficiency and variable 

flux capability which have been researched broadly over many 

years [11-14].  
This paper compares analysis of two different designs 

which are 12S-10P with bridge and 12S-10P with radial 
direction HEFSM having toothed-rotor structure and non-
overlap armature and field windings. Design feasibility, 
working principle and performance analysis of different slot 
and rotor pole number are compared on the basis of coil 
arrangement test, peak armature flux linkage, back emf, 
cogging torque and average torque. FEA simulations, 
conducted via JMAG-Designer ver. 13.0 released by Japan 
Research Institute (JRI) are used to study various 
characteristics of design. 

II. DESIGN METHODOLOGY OF THE PPROPOSED HEFSM  

In this paper, design study and performance of 12S-10P 

with bridge and 12S-10P with radial direction are studied. The 

configurations and dimensions for both designs are described 

in Fig.1, Fig.2 and Table I, respectively. For high speed 

applications, different arrangements of rotor pole and stator 

slot for HEFSM motor have been developed. For Fig.1 (a), 

12S-10P motor has been proposed such as in [15-16] whereas 

the machine in [16] has insufficient power and torque 

production at high current density condition. This is because of 

inadequate width of stator yoke between armature coil slots 

and FEC that creates problem of negative torque production 

and magnetic saturation. However, the machine in [17] having 

separated C-type stator core and PM makes it complex to 
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manufacture, and the optimization techniques is not so far 

applied to the design for HEV applications. To overcome, the 

topologies of hybrid-excited flux-switching machines 

incorporating iron flux bridges to enhance the effectiveness of 

the field coil excitation [18].   
The cross-sectional view of the main machine part of the 

initial 12S-10P with bridge HEFSM motor is illustrated in 
Fig.1 (b). In Fig.1 (b), initial design of three phase 12S-10P 
HEFSM with two iron bridges is proposed which consist of 10 
salient rotor pole numbers while the stator core consists of 12 
modular C-Type laminated segments placed next to each other 
with circumferentially magnetized PMs and FE coils placed in 
between them. Moreover, the proposed machine was added 
with the 1 mm outer iron flux bridges. In addition, this design 
has build up of 12 DC FEC coil slots and 12 armature coil 
(AC) slots. Both of FEC and AC are wound in counter-
clockwise (CCW).  

Hybrid excitation machine (HEMs) consists of permanent 

magnet (PM) and field excitation coil (FEC) as their main flux 

sources. It has several attractive features compared to interior 

permanent magnet synchronous machines (IPMSM) which 

conventionally employed in hybrid electric vehicles (HEVs).  

The comparison between the previous design of 12S-10P 

HEFSM and a new design of proposed HEFSM are illustrated 

in Fig. 2(a) and Fig.2 (b), respectively. Among various types 

of HEM, the machine with theta direction have problem of 

flux cancellation. To eliminate flux cancellation effect in 

HEM, a new HEFSM having 12S-10P arrangement has been 

proposed. Other than that, a design is added 1mm layer on the 

upper FEC which is to reduce the flux saturation and generate 

more flux in stator. It has also characteristics of improving the 

torque as compare to the machine having theta direction. Both 

permanent magnet and excitation coil located in stator has the 

advantage of robust rotor structure similar with switch 

reluctance machine (SRM) which is suitable to be applied for 

high speed motor drive systems. In this research, a new 

structure of 12S-10P HEFSM in which arrangement of FEC in 

radial direction with 1mm layer in stator is proposed for HEV 

applications. 
Furthermore, the component part that involved  for both 

designs likes PMs, FEC and AC are rectangle in shape thus can 
make the proposed motor has a very simple structure. It is 
clearly shown that both FEC and AC are wounded separately at 
their own slots. The PM used in this design is NEOMAX-
35AH with residual flux density and coercive force at 20° are 
1.2T and 932kA/m, respectively, whilst electromagnetic steel 
35H210 is used for the rotor and stator body. The target 
performances of the proposed machine are maximum torque of 
303Nm and maximum power is 123kW. The PM weight is set 
to 1.3kg. The rotor structure is mechanically robust to rotate at 
high-speed because it consists of only stacked soft iron sheets, 
so that the target maximum operating speed is elevated up to 
20,000r/min.  

The number of turn of armature coil is investigated to set in 

the circuit. The number of turn of armature coil is defined as in 

(1), where Ja is armature coil current density, set to maximum 

of 30Arms/mm
2
, Na is number of turn of armature coil, αa is 

armature coil filling factor (set to 0.5) and Sa is the armature 

coil slot area. Similarly for the number of turn of FEC coil, Ne 

is determined by using (2) where the maximum current density 

of FEC, Je is set to 30 A/mm
2
. 

 

 

 

 

 

 

 

 

III. PERFORMANCE ANALYSIS OF INITIAL DESIGNS 

BASED ON 2D FEA 

 

 A. Coil arrangement test 

Coil arrangement tests are conducted in order to examine 

the generated flux of each armature coil. It is important to 

ensure that the proposed machine is valid for the position of 

each armature coils phase during no load analysis and has the 

good magnetic flux characteristic. Besides, the rotor must 

properly align on zero rotor position. To make sure that 

condition, the U flux must be 0 at the intercept of 90° and 

270° or U flux will be at the maximum at 180°. In addition, 

the sequence of each phase or armature coil supply must be set 

correctly in order to give a sinusoidal profile of generated 

magnetic flux. 

Since the generated flux from PM is always constant, PM 

flux linkage is firstly investigated under zero FEC current to 

be in the same phase or called as PM only. The result for flux 

linkages at each coil are compared according to the 

conventional 120° phased shifted between all phases or called 

as U, V, and W flux as shown in Fig.3. From Fig.3, it is 

clearly show that 12S-10P with bridge produced more flux 
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Fig.1. Initial design of 12S-10P HEFSM  
(a) without bridge (b) with bridge 

 

 
 

Fig.2 Initial design of 12S-10P HEFSM  

(a) theta direction (b) radial direction  
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linkage compared with the 12S-10P with radial direction. 

Because of that, 12S-10P with bridge has possibility to 

produce higher torque and power. 

 

B. Back Emf  

The induced voltage or also called as back-emf is 

generated at the speed of 1200r/min. The predicted result 

obtained for the different current density is illustrated in Fig.4.  

This condition is investigated under PM with maximum FEC 

that means Je of 30A/mm
2
. Based on the Fig.4, the amplitude 

of 12S-10P with bridge and 12S-10P with radial direction are 

approximately 279.82V and 66.20V, respectively. From the 

result, it is obvious show that the amplitude of 12S-10P with 

radial direction is lower and slightly sinusoidal. 

 

C. Cogging Torque  

The cogging torque profile for both machines HEFSM 

under the condition of PM with maximum FEC is 

demonstrated in Fig.5. Obviously, 6 cycles of cogging torque 

are generated in electric cycle. 12S-10P with bridge has highest 

peak-peak cogging torque compared with 12S-10P with radial 

direction that approximately 28.03Nm and 9.31Nm, 

respectively. Since the cogging torque values produced must 

not exceed 10% of the average torque, the generated cogging 

torque of the proposed HEFSM is unnecessary for the 

performance of the machine due to production of high 

vibration and noise. Thus, further design refinement and 

optimization should be conducted to get the target torque and 

reduce cogging torque. 
 

 
(a)  

 
(b) 

Fig.3 UVW for 12S-10P HEFSM 
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Fig.4. Back-emf at rated speed 1200r/min 

 
Fig.5 Cogging torque 

 
Fig.6 Torque vs Ja at various Je for 12S-10P with bridge 

 
Fig.7 Torque vs Ja at various Je for 12S-10P with radial 

direction 
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D. Torque vs. armature current density, Ja at various field 

excitation current density, Je 

Torque versus Ja at various Je characteristic is obtained in 

short circuit analysis. Fig.6 and Fig.7 explains the drive 

performances of the initial design machine in terms of torque 

versus FEC current density characteristics for both designs, 

correspondingly. Fig.6 shows that with increasing in Je, the 

torque also increased linearly with the same pattern at 0 

Arms/mm
2
 until 20 Arms/mm

2
. Meanwhile, the similar torque 

pattern is attained at 25 Arms/mm
2
 and 30 Arms/mm

2
. The 

maximum torque is approximately to 187.96Nm when Ja of 

30Arms/mm
2
 and Je of 30 A/mm

2
. This is due to low armature 

coil flux that limits the force to move the rotor. 

Furthermore, Fig.7 plots the torque versus Ja at various Je 

for 12S-10P with radial direction. From the graph, it can see 

that the torque is increased with the increasing of Je. The 

torque increased linearly with the same pattern at 0 Arms/mm
2
 

until 30 Arms/mm
2
. The maximum torque is gained at 30 

Arms/mm
2
 and 30 A/mm

2
 that approximately 193.89Nm. 

IV. CONCLUSION 

In this paper, 12S-10P HEFSM for traction drive in the 

target HEV with PM, FEC and armature windings located in 

the stator are proposed based on the flux switching topology. 

The novelty of the proposed design is the arrangements of 

FEC in radial direction in contrast with traditional HEFSM 

with the FEC arrangements in theta direction. The other 

design is the cross-sectional view of the main machine part of 

the initial 12S-10P with bridge HEFSM motor. Initially, the 

coil arrangement and zero rotor position tests have been 

carried out to recognize shape and phase of armature coil and 

identify initial position of the rotor. Then, the comparison 

peak armature flux linkage, back emf, cogging torque and 

torque characteristics of both machines are analyzed. 
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Abstract- This paper presents the performance analysis of 12Slot-

14Pole for hybrid excitation flux switching machine (HEFSM) 

and field excitation flux switching machine(FEFSM) with outer-

rotor configuration. Nowadays, research on flux switching 

machines (FSMs) become an attractive research topic due to 

several excessive advantages of robust rotor structure, high 

torque and power capability, and low manufacturing cost that 

suitable for heavy applications. The FSMs that constructed with 

two flux sources namely permanent magnet (PM) and flux 

excitation coil (FEC) which also known as hybrid excitation flux 

has additional advantage of high fixed flux compared to FEFSM 

which do not require PM but flux variable. Furthermore, the 

outer-rotor configuration of the machines can provides higher 

torque density and appropriate for in-wheel direct drive 

application. Based on 2-D finite element analysis (FEA), the 

design improvement has beenmade on the initial design machine 

shows that there is great enhancement on torque and power.  

 

I. INTRODUCTION 

 

Electric motors with high torque density capability are 

essential for heavy applications such as in aerospace and 

automotive area[1]. Previously, permanent magnet (PM) 

brushless machines are widely used for these heavy 

applications due to their advantages of high torque capability. 

Nevertheless, due to the main flux source of PMs are located 

on the rotor, the machines are suffer from demagnetization 

effects which resulting in eddy current loss in the rotor. The 

main reason on this issue is difficulty to dissolve heat from the 

rotating part.  

In recent years, flux-switching motors (FSMs) become an 

attractive research topic due to several advantages of higher 

torque density and efficiency. With all active components such 

as PM, DC field excitation coil (DC FEC), and armature coil 

are located on the stator, the machine is said very robust in 

which only consist single piece of rotor. Various applications 

of FSM have been reported, ranging from wind power 

generation, automotive, aerospace, power tools and etc [2-5]. 

Generally FSMs can be classified into three groups, namely 

permanent magnet (PM) FSMs, hybrid excitation (HE) FSMs, 

and field excitation (FE) FSMs as shown in Fig. 1. Both 

PMFSMs and FEFSMs have only single excitation flux source 

which come from PM and FE coil, respectively, while in 

HEFSM the magnetic flux source is generated from both the 

PM and FECs [6]. 

However, most of research have been reported are mainly 

focused on inner-rotor configuration [7-13]. It is quite difficult 

to find any report on outer-rotor FSM. Lately, a report on 

outer-rotor PMFSM has been published in 2010 and the target 

of the proposed machine is used for light traction EV 

applications [14-15]. Nonetheless, with single magnetic flux 

source of constant PM, it also may suffer from 

demagnetization effect and uncontrollable flux. Thus, this 

paper presents a design study on 12S-14P outer-rotor for 

hybrid excitation flux switching machine (HEFSM) and field-

excitation flux switching machine (FEFSM) to meet the 

requirement of in-wheel drive electric vehicle (EV). 

Previously, the authors have proposed an outer-rotor HEFSM 

and FEFSM with 12Slot-10Pole configuration in which the 

initial design has been described in [16]-[17]. Based on 2-D 

analysis demonstrated, the proposed machine has good torque 

and power density capability to be applied on various speed 

condition of EV. 

The rest of the paper is organized as follows; The FEA-

based design investigation on the initial design machine of 

12slot-14pole outer-rotor HEFSM and FEFSM is discussed in 

Section II. The improved design machine and the performance 

enhancement are explained in Section III. Finally, a short 

conclusion is explained in Section IV. 

 

 

 

 

 

 

 

 

Fig. 1: Classification of flux switching machines 

 

II.  FEA-BASED PERFORMANCE ANALYSISON INITIAL 

DESIGNOF 12SLOT-14POLE HEFSM WITH OUTER-ROTOR 

CONFIGURATION 

 

A.    Finite Element Analysis (FEA) Design 

Initially, the proposed 12slot-14pole HEFSM and FEFSM 

with outer-rotor configuration is designed using JMAG-

Designer 13.0 software. This software is used as 2-D finite 

element solver along the design studies. The initial structure of 

Flux Switching Machine (FSM) 

PMFSM HEFSM FEFSM 
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the proposed machine is shown in Fig. 2 and the coil turns for 

armature coil and excitation coilare examined by equation (1). 
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Fig. 3: Initial design 12slot-14pole outer-rotor FEFSM 

 

Table I shows the proposed machine’s specifications, 

conditions, and the calculated value of Na, Ne, Ja and Je. 

 

 

From equation (1), subscript a ande are representing armature 

coil and excitation coil components, respectively. N is the 

number of turns of coil winding, α is the filling factor, R is the 

coil resistance (Ω), S is the coil slot area (mm
2
), and L is the 

average coil length (mm). 

Furthermore, current density of armature coil (Ja) and 

current density of excitation coil (Je) for the proposed machine 

can be determined by equation (2). 
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B.    Design Limitations and Conditions for outer-rotor 12S-

14P HEFSM and FEFSM 

The design limitations and conditions of the proposed outer-

rotor HEFSM are set similar with the conventional interior 

permanent magnet synchronous motor (IPMSM) installed on 

Toyota Lexus RX400h as described in [17]. The torque and 

power of 333 Nm and 123 kW, respectively is set as the 

maximum target performances. On the other hand, the total 

PM volume is reduced to 1.0 kg in order to reduce the 

manufacturing cost. Furthermore, 30 A/mm
2
 is set as the 

maximum current density of both armature coil and excitation 

coil, while the voltage and current limitation for the inverter is 

650 V and 360 Arms, respectively. 

With all the active components are in rectangle shape 

make it easy for manufacture and all coils are non-overlap 

between armature coil and DC FEC that offer for shorter end 

winding. Consequently, the proposed machine is expected has 

low copper loss resulting for higher efficiency. Finally, the 

proposed machine is expected to have 11.1 Nm/kg and 

4.1kW/kg of maximum torque and power density, 

respectively.In general, the variable parameters involve in this 

design are separated into stationary and rotating parts. On the 

stationary part, there are PM slot parameters, DC FEC slot 

parameters, and armature slot parameters, while on the 

rotating part only consist of rotor pole width, open rotor pole 

width and rotor pole depth.  

In this study, the initial machine dimensions are depicted 

in Table 1.Furthermore, the material used in this study for PM 

is NEOMAX-35AH with the residual flux density and 

coercive force at 20ºc 1.2T and 932 kA/km, respectively, 

while the electromagnetic steel, 35H210 is used for the rotor 

and stator core 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE I 

THE INITIAL MACHINE’S SPECIFICATIONS 
 

Armature Excitation 

αa 0.6/0.5 αe 0.6/0.5 

Ra 1 Ω Re 1 Ω 

Sa 147.08 mm2 Se 197.51mm2 

ρ 1.673E-08 Ωm ρ 1.673E-08 Ωm 

Na 7 turns Ne 44 turns 

Ja 30 A/mm2 Je 30 A/mm2 

 

 
 

 

 

TABLE II 

INITIAL MACHINE’S DIMENSION FOR HEFSM 

 
Parameters Initial Design 

Inner radius of rotor (mm) 111.4 

Depth of rotor pole (mm) 10.3 

Width of rotor pole arc (º) 12.86 

Depth of PM (mm) 30 

Width of PM (mm) 2.63 

Depth of FEC (mm) 23.88 

Width of FEC (mm) 8.25 

Depth of armature coil  (mm) 28.35 

Width of armature coil (mm) 4.95 

Radius of shaft (mm) 30 
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Fig. 2: Initial design 12slot-14pole outer-rotor HEFSM 
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C.    Armature Coil Arrangement Test 

Initially, it is essential to perform the operating principle of 

the proposed machine by conducting a coil arrangement test 

on each of the armature coil. The correct polarity and coil 

phase of armature coil must be examined and identified to 

confirm the proposed machine be able to operate properly. 

Firstly, the polarity of all the armature coils are set in counter 

clockwise direction, while the DC FEC and PM polarities are 

set in alternate direction in order to provide 12 north and 12 

south poles, respectively. By injected zero current into DC 

FEC in which the FEC current density is 0 A/mm
2
, the flux 

linkages on each armature coil are analyzed. Simultaneously, 

the generated magnetic fluxes on each armature coil are 

compared. Then, the fluxes profiles that have same pattern and 

phase angle are categorized into a same phase. The three-

phase of 12 armature coils are examined based on normal 

balance three-phase 120º phase shifted. 

 From the coil arrangement test, it is found that the 

armature coils labeled as C1, C4, C7 and C10 represent the V-

flux, while the armature coils labeled as C2, C5, C8, and C11  

represent the U-flux, and armature coils labeled as C3, C6, C9, 

and C12 represent for W-flux of the machine as shown in Fig. 

2. The fluxes linkage with the same phase are then combined 

into one phase making a three phase flux as illustrated in Fig. 

3. All the generated flux are considered sinusoidal and has a 

maximum amplitude of 0.011 Wb. Thus, the three phase 

system and principle operation of the proposed machine has 

been performed through coil arrangement test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D.    Flux Path at 9°, 18º, 27º and 0/36º. 

The flux path due to PM source for HEFSM is also 

investigated at different rotor position. Fig. 4 shows the flux 

path of PM at 0º and 9º rotor position. It is obvious that, 50% 

of the PM flux flows from stator to rotor while the remaining 

flux flows around the DC FEC slot to form a complete 12 

cycles of flux. However, very high flux density occurs 

between the adjacent of FEC slot and between the lower edge 

of armature coil and upper edge of DC FEC slots which results 

in flux saturation. Therefore, the appropriate distance between 

them needs to be examined to minimize the flux saturation 

effect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
(a)    (b) 

 
(c)    (d) 

 
Fig. 4: Three-phase flux linkage generated by PM 
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Fig. 5: Open circuit field distribution of the proposed motor (a) 0º rotor 

position (b) 9º rotor position 

P2 

P1 

P2 P1 

TABLE III 
INITIAL MACHINE’S DIMENSION FOR FEFSM 

 
Parameters Initial Design 

Inner radius of rotor (mm) 110.36 

Depth of rotor pole (mm) 10.82 

Width of rotor pole arc (º) 11.35 

Depth of FEC (mm) 53.04 

Width of FEC (mm) 2.77 

Depth of armature coil  (mm) 53.04 

Width of armature coil (mm) 3.17 

Radius of shaft (mm) 30 
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Fig. 6: Flux path for 12S-14P outer-rotor FEFSM motor (a) 0º/36º rotor 

position (b) 9º rotor position (c) 18° rotor position (d) 27º rotor position 

 

 
(a)   (b) 

 
(c)   (d) 

Fig. 7: Flux path for 12S-14P outer-rotor HEFSM motor (a) 0º/36º rotor 

position (b) 9º rotor position (c) 18° rotor position (d) 27º rotor position 

 

E. Flux Distribution  

This test shows about the flux distribution around the 

motor. It is classified into many types of color in determining 

its density. The highest value of the parameter is the one that 

being set during the plot. From the Figure 8, the highest set 

value is 2.4T while the maximum value during the operation 

of the motor is 2.3199T. The condition for this flux 

distribution is when current density, Je=30A/mm
2 

and 

Ja=30Arms/mm
2 

. As for 12S-14P of outer-rotor HEFSM 

highest is set to 2.3T and with maximum value get is 2.88T. 

 

  
 

Fig. 8.Illustration of flux distribution of the outer-rotor 12S-14P FEFSM 

 

 
Fig. 9.Illustration of flux distribution of the outer-rotor 12S-14P HEFSM 

 

F.  Cogging Torque 

The cogging torque of the proposed machine in open circuit 

condition is illustrated in Fig. 9. It is observed in 36º of rotor 

position which is one electric cycle; there is six cycles of 

peak-to-peak cogging torque. From the figure, it is clearly 

shown that the cogging torque is considered low because the 

cogging is less than 10 percent of the maximum torque get 

with the maximum peak-to-peak is approximately 7.99 Nm for 

HEFSM while 4.11Nm for FEFSM . Thus, the cogging torque 

has ability to be reduced by conducting design optimization 

and improvement of the motor especially on the distance of 

armature coil and DC FEC slot. 

 

 
Fig. 9.Illustration of flux distribution of the outer-rotor 12S-14P FEFSM 

 
 

G.    Flux Characteristics at Various Current Densities 

The flux linkage of PM and various DC FEC current 

densities are demonstrated in Fig. 10. It is obvious that when 

DC FEC current density, Je start increased, the flux linkage 

also increasing and reach to maximum when Je set to 10 

A/mm
2
. The maximum flux linkage at this condition is 

approximately 0.051 Wb which is increased more than three 

times when compared with flux linkage come from PM only. 

When further increased of Je, the flux linkage starts to reduce 

and finally when Je is set to maximum of 30 A/mm2, the 

magnitude of flux linkage is approximately 0.028 Wb. This 

phenomenon is expected due to flux saturation when higher Je 

is injected to the system beyond 10 A/mm
2
. However, this 

analysis has proved that the additional DC FEC can improve 
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the generated flux from PM and offers variable flux control 

capability. 

 

 

 
(a) 

 
(b) 

 

Fig. 10: Flux linkage at various DC FEC current densities 

 

H.    Torque Characteristic at Various Current Densities 

 

The torque characteristics at various armature current 

density and DC FEC current density are also investigated. The 

results obtained is plotted in Fig. 11 and Fig. 12, in which the 

armature coil and DC FEC current densities are varied from 0 

to 30 A/mm
2
. 

 

The graph show that the maximum average torque of 

243.52 Nm of initial design machine for HEFSM is obtained 

when armature and FEC current densities are set to 30 

Arms/mm
2
 and 25 A/mm

2 
while the average torque at the 

same condition for FEFSM is 112.95 Nm, respectively, 

whereas the maximum power obtained for the initial design 

machine HEFSM is 83.03 kW and 72.10kW for FEFSM. 

These results indicate that the torque and power of the 

machine can be controlled by varying the current densities of 

DC FEC and armature coil. 
 

 

 
 

Fig. 11: Torque versus FEC current dentisy at various 

armature current density for FEFSM 
 
 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

IV.   CONCLUSION 

This paper has discussed and demonstrated the initial design 

of 12slot-14pole outer-rotor HEFSM and 12Slot-14pole outer-

rotor FEFSM. The research goal is to determine the initial 

result such as flux linkage, cogging torque, average and 

maximum torque, flux line and power has been achieved. It 

can be concluded that a HEFSM initial result have a higher 

average torque and power, hence suitable for a high torque 

application such as HEV. As for the flux distribution, HEFSM 

is higher and smoothly distributed compared to FEFSM. The 

main factor of a motor such as HEFSM is the permanent 

magnet contained at the stator because it produce its on 

magnetic flux and increase the average torque respectively. 

For the cogging torque, average torque and power, it can be 

improve in future through optimization process although it 

still in initial value. Therefore, further design investigation and 

improvement will be conducted in order to achieve a better 

performance of torque and power. 
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Fig. 12: Torque versus FEC current dentisy at various 

armature current density for HEFSM 
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Abstract—The objective of this research is to optimise the 

injection moulding parameter to control shrinkage and warpage 

of snap fit product throughout Taguchi Method in practical 

injection moulding. In this practice, the selected parameters were 

barrel temperature, holding pressure, injection velocity and 

injection holding. The material that was selected for this project 

was a mixture of polypropylene and nanoclay with the addition 

of 15 wt.% of Polypropylene Grafted Maleic-Anhydride as the 

compatibilizer. Two formulations were chosen, which was 0 wt% 

and 4 wt% of nanoclay loading. The design of experiment for this 

project had used the L94
3 Orthogonal Array. By using the Signal 

to Noise Ratio responses, the optimum parameter for each 

formulation has been obtained. Analysis of Variance was used to 

define the most influential factor that contributes towards the 

quality of samples. Based on the results,  the optimum 

parameters to control warpage and shrinkage have been 

rectified. The most influential factor that affecting warpage is 

injection holding with 37.30% of the contribution. As for 

shrinkage, this factor need to be closely monitored as well, 

whereby it contributes 68.54% towards shrinkage .The findings 

of this experiment shall be useful for future manufacturing 

process which was related to this sample and material. 

Keywords—Parameter setting, Polypropylene-Nanoclay, snap 

fit, Taguchi Method, injection moulding.  

I.  INTRODUCTION 

In plastics manufacturing progression, injection molding is 
one of the most exploited industrial processes. In terms of 
injection moulding quality control, shrinkage and warpage 
behavior of a molded plastic part plays an important role in 
determining final dimensions of the part. However, several 
processes parameters such as barrel temperature, mould 
temperature, holding pressure, injection velocity, injection 
time, and cooling time need to be monitored due to the 
potential effects towards the quality of injection moulded 
plastic artefacts. Thus, choosing suitable parameters that 
concurrently satisfied part qualities are imperative to produce 
good quality product. Usually, these parameter settings were 
obtained either based on statically experimental methods, 
computer aided simulations or operator's experiences [1, 2].  

The task becomes more difficult when the product used for 
this process involving intricate parts like a snap fit sample. 

Therefore, the objective of  project was design to optimise the  
injection moulding parameter setting, towards the quality of a 
snap fit product made from polypropylene.  

II. LITERATURE REVIEW 

A. Optimisation in injection moulding 

Taguchi Method was chosen as the optimisation method, 

based on a comprehensive review regarding the applications 

of this method in quality control and design optimization of 

plastic products. This review has provided more than enough 

information about past research which relates to this design of 

experiment approach. It was concluded that Taguchi method is 

very suitable to solve the quality problem in injection 

moulding of thermoplastic parts [3].  

Several researches have successfully achieved good control 

in reducing defects by using Taguchi optimisation  method. 

For instance, Ozcelik [4] had used this method to study the 

influence of injection parameters and weld line on the 

mechanical properties of polypropylene during plastic 

injection. In his research, he had found that in general the 

mechanical tests were increased under optimum conditions.  

As for another example, Oktem et al. [5] have applied the 

Taguchi optimization technique to reduce warpage problem 

which were related to shrinkage variation that were depended 

on process parameters.  This project was focused on producing 

good samples of thin-shell plastic components for orthose part. 

The S/N and ANOVA are used to find the optimum levels and 

to indicate the impact of the process parameters on warpage 

and shrinkage.  The results show that warpage and shrinkage 

are improved by about 2.17% and 0.7%. Meanwhile, 

Urzurumlu et al.[6] have minimized warpage and sink index 

by controlling the process parameters of the plastic parts with 

different rib cross-section types, and rib layout angle by using 

Taguchi optimization method. This method was used by 

exploiting mould analyses to find optimal levels and the effect 

of process parameters on warpage and sink index. Another 

researchers, Mehat et al.[7] have studied the mechanical 

properties of product made from recycled plastic by utilizing 
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the Taguchi optimization method. The results reveal that the 

product made of 25% recycled polypropylene (PP) and 75% 

virgin PP exhibits a better flexural modulus compared to the 

virgin form. The same products exhibits a 3.4% decrease in 

flexural strength. 

In terms of shrinkage and warpage studies, more 

researchers have come out with several findings which are 

good to be reffered. As for an example,  a research has been 

carried out by Chang and Tsaur [8] by applying an integrated 

theory and computer program for producing a simulation of 

shrinkage, warpage, and sink marks of crystalline polymer 

injection moulded parts. Both the qualitative results for the 

theoretical prediction correlated sufficiently with the 

experimental data. Prashanta et al. [9] have focuses on the 

effect of multi-walled carbon nanotube addition on shrinkage 

and warpage properties of polypropylene injection moulding 

products before and after annealing, while  Huang and Tai 

[10] have determined the effective factors in the warpage 

problem of an injection-moulded part with a thin shell feature. 

Kramschuster et al. [11] have investigated the effects of 

processing conditions on the shrinkage and warpage behaviour 

of a box-shaped, polypropylene part using conventional and 

microcellular injection moulding,whereby the result shows 

that the supercritical fluid content and the injection speed 

affect the shrinkage and warpage of microcellular injection 

moulded parts the most, whereas pack/hold pressure and 

pack/hold time have the most significant effect on these 

defects [11].  

Therefore based on these previous findings,  the needs of 

optimising the parameter settings in injection moulding is vital 

and important for futher research towards various selection of 

materials and products. In this project, a snap fit product made 

from Polypropylene-Nanoclay was the chosen condition.  

B. Polypropylene-Nanoclay nanocomposites 

Polypropylene (PP) was chosen as the matrix material for 

this experiment, because of its good mechanical properties and 

wide range of applications in the market of polymer. Besides 

that, Polypropylene is also one of the high applied general 

thermoplastic since its well balanced properties, and the most 

important is it has a very good heat resistance [12]. By adding 

fillers such as Nanoclays (NC), these advance composites 

shall give several advantages such as good modulus and 

barrier properties. NC’s are nano particles of layered mineral 

silicates. These organoclays comes with potential uses in 

polymer nanocomposites, as rheological modifiers, gas 

absorbents and drug delivery carriers. In addition, nanoclay is 

one of the most suitable fillers that have successful results in 

combination with polypropylene. Besides that, it is good 

availability, relatively easy surface modification possibilities 

and low price among several nanofillers, as compared with 

carbon nanotubes or other expensive fillers [13]. 

The author also has carried out several researches about 

injection moulding processing conditions by utilizing injection 

moulding simulation with different type of samples, material 

and responses. The inputs from these projects were used as 

guidance for this project. An attempt also has been made by 

optimising the test sample made from polypropylene and clay, 

without using any compatibilizer [14]–[17].  Therefore, this 

project was conducted as the extensive version of previous 

research conducted by the author.  

III. RESEARCH METHODOLOGY 

A. Equipment, Cavity shape and Materials 

This research started from the mixing process using 

Brabender Plastograph with melt temperature setting of 165 

ºC, speed at 200 rev/min and 10 minutes of mixing time. The 

mixtures then have been crushed and turns into pellets before 

performing the injection moulding process.The cavity shape 

selected in this study was a snap fit product, as displayed in 

Fig. 1.  The base and the cover should be able to snap and fit 

together as a product. This sample will be used to investigate 

the effects of injection moulding parameters toward the 

quality of this sample through practical injection moulding. 

The injection moulding machine used in this project was JSW 

75 Tonne E11 Plastic Injection Moulding Machine (Fig.2), 

located at Material Processing Lab, School of Mechanical and 

Aerospace, Nanyang Technical University, Singapore. The 

material used in this research was copolymer Polypropylene 

(PP) from TitanPro. The nanoclay used for this project was 

Nanoclay-Cloisite 20A, gained from the courtesy of Wilbur-

Ellis Company, Connell Bros. Company (Malaysia) Sdn. Bhd. 

 

 
Fig. 1: Snap fit samples for injection moulding. 

 

 
Fig. 2: JSW E11 75 tonne injection moulding machine. 

B. Factor and Level selection. 

Based on the Taguchi optimization method, four most 

significant factors that affect part quality were selected. Three 

 

 

Base Cover 
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levels of each parameter had been chosen for analysis, as 

stated in Table I.  Based on the value in Table I, 'Level 1' 

indicate the lowest value of parameter, 'Level 2' means 

medium value and 'Level 3' means the highest value of 

parameter selected. In this research, the (L93
4
) orthogonal was 

chosen as an orthogonal array because it is suitable for three 

levels and four factors. The value for the barrel temperature, 

holding pressure, injection velocity and injection holding was 

obtained based on the previous studies [15]. Table II shows 

the detail orthogonal array for this experiment.  

TABLE I.  SELECTION OF FACTORS AND LEVELS 

Factor Label Level 1 Level 2 Level 3 

Barrel Temperature (ºC) BT 230 240 250 

Holding Pressure (%) HP 10 15 20 

Injection Velocity (%) IV 5 10 15 

Injection Holding  (s) IH 5 7 9 

TABLE II.  ORTHOGONAL ARRAY WITH RESULTS  

Trial BT(ºC) HP(%) IV(%) IH (s) 
Z 

(mm) 

S 

(%) 

1 230 10 5 5 0.1900 4.1337 

2 230 15 10 7 0.2367 3.7782 

3 230 20 15 9 0.2250 3.5943 

4 240 10 10 9 0.2183 3.4503 

5 240 15 15 5 0.2650 4.4830 

6 240 20 5 7 0.3617 4.3911 

7 250 10 15 7 0.3133 4.2471 

8 250 15 5 9 0.2400 3.7659 

9 250 20 10 5 0.2950 4.3942 

C. Measuring Warpage 

In this research, after ejection of plastic part from the 

mould, the flashing and runner were removed.  The thickness 

of specimen was measure at 10 different places with equal 

length by using micrometre. The readings and average 

thickness of specimen were recorded by using dial gauge. Fig. 

3 illustrated the definition for symbols h, ta and Z.  

 

 
Fig. 3: Warpage measurement 

 

Warpage was calculated by using formula [18]: 

                                         Z = h-ta                                         (1) 

Where   Z = Warpage/ deflection of the plate (mm) 

 h = Maximum height of the plate (mm) 

 ta= Average plate thickness (mm) 

D. Measuring Shrinkage 

Shrinkage is a reduction in linear size that occurs when a 

polymer is cooling down to room temperature after being 

inject at moulding temperature.  Shrinkage of specimen for 

each trial or experiment in this research was found by using 

the following simple equations.  The actual mould cavity 

length Lc is [18]: 

 

                              Lc=L[1+α(Tmould-Tambient)]                        (2)                    

 

Where:   α           = Coefficient of thermal expansion for steel  

                               mould (6.45×10
-6

 1/°F) 

Tmould      = Mould temperature in °F 

Tambient   = Ambient temperature in °F 

 

Thus, the shrinkage for the polymer S is: 

 

                     𝑆 =
𝐿𝑐−𝐿𝑎𝑣𝑒

𝐿𝑐
 𝑥 100%                                         (3)  

                           

Where: Lc    = actual mould cavity length (mm) 

             Lave = average of actual sample length (mm) 

E. Signal to Noise ratios. 

Signal to noise (S/N) ratio for mechanical properties will 

obtained and optimum levels of the injection parameters will 

determine through S/N values to achieve maximum 

mechanical result. In this study, the smaller the better quality 

characteristic is chosen to solve warpage and shrinkage. The 

S/N values shall be calculated by using statistical software 

which was Minitab 16. The response graphs shall be generated 

through this software, and the peak value for each factor shall 

be chosen as the optimum setting to control the defects.  

F. Analysis of Variance (ANOVA) 

In this research, the aim of using the Analysis of Variance 

(ANOVA) is to determine the significance of process 

parameters on warpage and shrinkage. The most significant 

parameter was determined by calculating the percentages of 

pure sum. From the analysis results, the higher percentages 

pure sum of factor will contribute more affects from these 

factors to the samples or product. The ANOVA was calculated 

by using statistical software which was Minitab 16. 

IV. RESULTS AND DISCUSSIONS 

After the experiments have been carried out based on the 

selected parameter setting in the orthogonal array, values of 

average warpage and shrinkage was gained, as stated in Table 

II. These data were measured as the average value for both 

base and cover of the samples. Before the measurement took 

place, a snap and fit test shall be conducted to ensure that the 

samples were in good condition. The lowest value obtained 

from this experiment was 0.1900 mm for warpage and 3.4503 

% for shrinkage.  

A. Results of Signal to Noise Ratios 

Fig.4 shows the main effect plots for S/N ratios, specifically 
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for warpage case. From this figure, the optimum value of 

parameter setting that should be able to reduce warpage is 

stated in Table III. By using this setting, a validation test has 

been carried out and the value of warpage was 0.1539 mm.  

 

 
Fig. 4: Main Effect Plot for SN Ratio (Warpage) 

TABLE III.  THE OPTIMUM PARAMETER FOR WARPAGE 

Factor BT(ºC) HP(%) IV(%) IH (s) Z (mm) 

Value 230 10 10 9 
0.1539 

Level 1 1 2 3 

 

Fig.5 shows the Main Effect Plots for S/N ratios, specifically 

for shrinkage. The optimum value to control shrinkage was 

displayed in Table IV. The shrinkage value obtained from 

using this optimum setting was 3.1776 %.   

 

 
Fig. 5: Main Effect Plot for SN Ratio (Shrinkage) 

TABLE IV.  THE OPTIMUM PARAMETER FOR SHRINKAGE 

Factor BT HP IV IH S (%) 

Value 230 10 10 9 
3.1776 

Level 1 1 2 3 

B. Findings of ANOVA 

The ANOVA test was applied to determine the influence of 

each parameter in the designed experimental study. The P (%) 

value or the pure summary value percentage for each data was 

monitored. The result for ANOVA for the snap fit samples can 

be summarized in the Table V for warpage and Table VI for 

shrinkage. Based on the results of ANOVA in Table V, The 

most influential factor that affecting warpage is injection 

holding with 37.30% of the contribution. As for shrinkage, 

this factor need to be closely monitored as well, whereby it 

contributes 68.54% towards shrinkage. For warpage, injection 

velocity was pooled. Meanwhile for shrinkage, the pooled 

factor was holding pressure. These factors were pooled 

because it has less significant impact toward responses. 

TABLE V.  ANOVA FOR WARPAGE 

Factor f S V F S' P (%) 

BT(ºC 2 0.0085 0.0042 16.1272 0.0079 34.1224 

HP(%) 2 0.0051 0.0025 9.6678 0.0045 19.5520 

IV(%) Pooled 

IH (s) 2 0.0092 0.0046 17.5371 0.0087 37.3027 

Pooled 
error 

2 0.0005       9.0228 

Total 8     100.0000 

TABLE VI.  ANOVA FOR SHRINKAGE 

Factor f S V F S' P (%) 

BT(ºC 2 0.1653 0.0827 3.2100 0.1138 9.6062 

HP(%) Pooled 

IV(%) 2 0.1044 0.0522 2.0276 0.0529 4.4666 

IH (s) 2 0.8637 0.4319 16.7687 0.8122 68.5407 

Pooled 

error 
2 0.05151       17.3865 

Total 8     100.0000 

 

The findings of this experiment was quite contradict with 

[5] and [10]. Based on the finding of [5], injection holding had 

most significant parameters on shrinkage, and it was the same 

results achieved from this project. However, they found that it 

is apparent that holding pressure was most important 

parameter on warpage which is contradict with the findings of 

this experiment. According to [10] the results of their research 

showed that the holding pressure had the greatest influence on 

the warpage, followed by mould temperature, barrel 

temperature, and injection holding. The warpage was only 

slightly controlled by injection holding in thin shell injection 

moulding. In the other hand, the author aggred with [5] and 

[10], whereby, applying the experimental design of Taguchi 

method is a quite effective method to deduce the optimum set 

of effective factors in injection moulding to produce plastic 

parts with minimum warpage and shrinkage. 

Barrel temperature was found to be the second influential 

factor to control warpage. The control of temperature was very 

important, because based on [19], as the temperature 

increases, the viscosity decreases and the shear rate required to 

break the clay aggregate may reduced. In the same time the 

250240230

13

12

11

201510

15105

13

12

11

975

BH

M
e

a
n

 o
f 

S
N

 r
a

ti
o

s

HP

IV IH

Main Effects Plot for SN ratios (Warpage)
Data Means

Signal-to-noise: Smaller is better
 

250240230

-11.0

-11.5

-12.0

-12.5

201510

15105

-11.0

-11.5

-12.0

-12.5

975

BH

M
e

a
n

 o
f 

S
N

 r
a

ti
o

s

HP

IV IH

Main Effects Plot for SN ratios (Shrinkage)
Data Means

Signal-to-noise: Smaller is better
 

229

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

diffusion can be improved whereas a better polymer 

intercalation and migration of exfoliated platelets shall 

achieved.  The bad point of high temperature was it may cause 

degradation of clay surfactants, collapsing the inter layers 

galleries and leading to a loss of clay efficiency, thus resulting 

to a dispersion of unintercalated tactoid particles [19]. 

However, with regards to the effects of barrel temperature, this 

parameter cannot be considered independently of another 

factor such as injection holding and injection velocity[10]. 

V. CONCLUSION  

To summarize the findings, the optimum setting that should 

be followed to control shrinkage and warpage in producing a 

snap fit samples have been achieved. The most influential 

factor, that affecting warpage is holding pressure with 33.68% 

of the contribution, followed by injection holding (IH) with 

25.71% of P value. In the other hand, injection holding with 

the contribution of 44.25% need to be closely monitored if we 

want to reduce shrinkage and then followed by holding 

pressure. The findings of this project shall be good enough to 

be used as reference in producing similar product in future. 
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Abstract— This paper explains about the development of 

intelligent expert systems for health and safety 

environment (HSE) in different oil and gas and petroleum 

industries for hazard analysis and avoidance, to advise the 

user on the extent of particular health and safety risks  by 

using a detailed literature review and categorization of 

articles from last ten years with a keyword index and 

article abstract in order to investigate by what method and 

technique expert systems applications have been developed 

during this epoch. Five bibliographic databases covering a 

broad series of health and safety fields were searched in 

various manufacturing and oil and gas industries related 

researches. Twenty six met the study’s relevance criteria. 

Fifteen of these met the methodological quality standard, 

this article review and classifies expert system 

development by using these mentioned classifications 

expert system utilizing rule base inferences, expert system 

utilizing knowledge base inferences, expert system utilizing 

neural networks inferences, expert system utilizing fuzzy 

logic inferences, expert system utilizing case-based 

reasoning inferences, with their functions and applications 

for different research and problem domains in 

manufacturing industries. A key advantage of expert 

systems in Health and safety in hazard analysis and 

avoidance is delivery of domain-specific expertise to people 

who are not specialists and who therefore might not avoid 

those hazards without interactive guidance. Conclusion 

that can be made from this systematic review paper is that 

ES development and implementation techniques are 

growing to develop in pursuit of expertise orientation 

implying that ES application development is an issue 

derived area. Methodology studies may increase our 

understanding on this domain. Lastly, the power of ES 

applications includes possibility to change continually and 

obtain new awareness which makes ES an application of 

future implementation.  

 

Keywords— Expert systems; Utilization of Expert system;Oil and 

Gas Expert Systems;Systematic review,Health And Safety Expert 

Syatem. 

I.  INTRODUCTION  

The phrase “expert system” was coined in the 1970's to reflect 

the target of a group of researchers to replicate by computer 

the problem solving expertise of human specialists in narrow 

areas of application. An Expert System is a computer-based 

system designed to respond like a human expert in a given 

field (Encyclopedia Britannica, Inc., 2006). An Expert System 

operates as a computer application that uses specialist domain 

knowledge to suggest solutions to problems in a particular 

discipline like oil and gas industries.[3] For example, expert 

systems can help to diagnose human illnesses, make financial 

forecasts and identify workplace risks and hazards. These 

types of tools may also be known as knowledge-based 

systems, decision-making tools and computer-aided learning. 

These intelligent systems offer dominant and flexible way for 

extracting solutions to a variety of problems and issues 

indifferent fields and industries. 

 Over the last seven years, an average of nearly 150 people has 

died and 4,000 have suffered a major injury annually as a 

result of various incidents in oil and gas and manufacturing 

industries. Falls from height, Fire, slip and trip, hazardous 

chemical and other such incidents are the most common cause 

of major injuries for workers in oil and gas industries (2010-

2012 NHIS-OHS,). Evaluating the success of HSE, 

organizations use intelligent expert systems to manage risks at 

work in a number of areas and it can provide important 

lessons. In reducing workplace risk and hazards, intelligent 

expert systems play very effective and major role and also 

facilitate the workers and decision makers to follow the safety 

measures in sufficient way in this modern era of technology 

by using different Expert opinions and recommendations.[5] 
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Table 1 explain the brief discussion and application of ES.  

Fig 1 shows block digram of intelligent expert system. 

Fig 1. Block Digram Of Expert System. 

II. EXPERT SYSTEMS UTILIZING RULE BASED INFRENCE 

 

Rule base expert system can be explained as, system which 

obtained and gathered knowledge from experts of that field, 

and represents that knowledge in the form of rules, such as IF 

and THEN. This rule can then be used to perform operations 

on data for implication in order to reach suitable conclusion or 

recommendation.[8] These inferences are essentially a 

computer program that provides a methodology for reasoning 

about information in the rule base or knowledge base, and for 

formulating conclusions. Development of rule-based expert 

systems for health and safety in oil and gas and petroleum 

industries is carried out for following utilizations and 

applications: consultative system, knowledge verification/ 

validation, forecast strategy, knowledge acquisition, 

knowledge demonstration, bio separation, resource utilization, 

biochemical, Permit Control & Monitoring, working at height 

to confined spaces ,training system, geosciences, Risk 

assessment system. Fig 2 shows block digram of rule base 

expert system. 

Fig 2. Block Digram Rule Base  

III. EXPERT SYSTEMS UTILIZING KNOWLEDGE BASED INFRENCE 

 

Knowledge base expert system is human centered. This 

accentuates the fact that Knowledge base expert system have 

their extraction in the field of artificial intelligence and that 

they are attempts to understand and initiate human knowledge 

in computer systems (Wiig, 1994). Knowledge based system 

on the other hand is the engine which uses such information 

processes it in to rules and facts which can be used in 

archiving a specified goal.[5] The four main components of 

knowledge base systems are usually distinguished as: a 

knowledge base, an inference engine, a knowledge 

engineering tool, and a specific user interface (Dhaliwal & 

Benbasat, 1996). The term KBS includes all the organizational 

information technology applications that may prove helpful to 

manage the knowledge assets of an organization, such as ESs, 

rule based systems, groupware, and database management 

systems of any industry (Laudon, 2002).[6] 

 

Development of knowledge-based expert systems is done for 

health and safety in oil and gas and petroleum industries  for 

following utilizations and applications: Fire Safety Advisor 

,workplace risk analysis, decision support, knowledge 

management, knowledge representation, buildings 

environment evaluation, chemical hazard incident 

management, Fire risk assessment , climate forecasting, HSE 

strategic management, environmental protection, wastewater 

treatment in industries, workplace decision making and 

learning, chemical process and incidents controlling.Fig 3 

shows block digram of knowledge base expert system. 

 

 

Fig 3. Block Digram Of Knowledge Base 

 

IV. EXPERT SYSTEMS UTILIZING FUZZY BASED INFRENCE 

 

For the development of Fuzzy expert systems the method with 

is used is called fuzzy, A fuzzy expert system is an expert 

system that uses a collection of fuzzy membership functions 

and rules, instead of Boolean logic, to reason about data. The 

rules in a fuzzy expert system are usually of a form similar to 

the following equation(1) : 

 

If A is low and B is high then C = medium      (1) 

 

If x is low and y is high, then z = medium, where x and y are 

input variables (names for known data values), z is an output 

variable (a name for a data value to be computed), low is a 

membership function (fuzzy subset) defined on x, high is a 

membership function defined on y, and medium is a 

membership function defined on z [11]. The antecedent (the 

rule's premise) describes to what degree the rule applies, while 

the conclusion (the rule's consequent) assigns a membership 

function to each of one or more output variables. Most tools 

for working with fuzzy expert systems allow more than one 

conclusion per rule. The set of rules in a fuzzy expert system 
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is known as the "rule base" (or knowledge base). Some 

advancement in development of fuzzy expert systems for 

health and safety is growing in oil and gas and petroleum 

industries for following utilizations and application, chemical 

hazards identification, uncertainly reasoning, HSE knowledge 

integration, wastewater treatment, water supply forecast, 

medical consultation system, workers performance indexing, 

system security, gesture recognition, and health and safety 

analysis, Fire fighting.Fig 4 shows block digram of fuzzy base 

expert system. 

 

Fig 4. Block Digram Fuzzy Base 

 

 

V. EXPERT SYSTEMS UTILIZING NEURAL NETWOK INFRENCE 

 

From  the  point  of  view  of  expert  systems,  neural       

networks  are  important  mainly  because  of their  learning  

abilities.  In  expert  system  development,  construction  of 

knowledge  base  is  the  most  time  and  money  consuming  

task.  Neural  networks  are  considered  as  devices  that  can  

minimize  this  charge  by  acquiring necessary  knowledge 

from examples of the  domain.  Expert  systems  with  neural  

network knowledge base are called neural expert systems. 

Neural  network  consists  of  a  set  of  nodes  and  links 

between  nodes [17].  Nodes  have  ability  to  take  an  input,  

execute  some  function  and  give  an  output  (activation).  

Activation  of  a  node  follows  a  path  defined by links and 

become an input for another node. Links between nodes are 

weighted. Therefore,  effect of one node on another is defined 

by the strength of the weight between these nodes. Each node 

takes input from (and gives output to) many other nodes. 

Group of nodes that are connected to others  in  a  similar  way  

are  called  layer  of  nodes.  The  simplest  neural  network  

architecture  has  two  layers:  input and output.   A group of 

two layered networks are universal computers because each of 

them is capable of  implementing  and ,  or   and  not   gates  

(Mehrotra  et.  al.,  1997).  On  the  other  hand,  two  layered  

neural  networks  can  implement  only  linearly  separable 

functions.  For  functions  that  are  not  linearly  separable,  

we  need  at  least  three  layers:  input,  hidden  and  output.  It  

was  shown  that  a  three  layered  network is a universal 

computer (Mehrotra et. al., 1997).   The most important 

property of neural networks is their learning ability. Learning 

is achieved  by  exposing  a  network  to  a  set  of  training  

examples  and  executing  a  learning  algorithm.[13] 

 

Development of rule-based expert systems for health and 

safety in oil and gas and petroleum industries  for following 

utilizations and applications: ,workplace risk analysis, 

decision support, knowledge management, knowledge 

representation, buildings environment evaluation, chemical 

hazard incident management, Fire risk assessment , climate 

forecasting, HSE strategic management, environmental 

protection, wastewater treatment in industries, workplace 

decision making and learning, chemical process and incidents 

controlling [15].Fig 6 shows the block digram of neural ES. 

 

Fig 5. Block Digram Of Neural Expert System 

 

 

VI. EXPERT SYSTEMS UTILIZING CASE BASE BASE INFRENCE 

 

Often human problem solving doesn't laboriously follow 

chains of reasoning from assumptions through to conclusions 

but seems to work form recollections of past situations which 

are then Reinterpreted to suggested solutions for similar 

problems. The idea of case based reasoning is to Automate 

this style of reasoning by collecting a library of formal 

descriptions of past problems along with their solutions [21]. 

New problems are then described in a similar formal language 

and a matching algorithm is used to compare features of the 

new problem to features of past problems in the library. The 

best matching past problem and its solution is then retrieved 

and automatically adapted to show its relevance to the new 

problem. If it is considered appropriate, the solution is then 

refined and the new problem-solution pair is stored in the case 

library where it may be reused. Development of Case-based 

reasoning expert systems for health and safety in oil and gas 

and petroleum industries for following utilizations and 

applications: manufacturing process design, knowledge 

management, power system restoration training, ultrasonic 

inspection, medical planning, medical application, fault 

diagnosis, e-learning, and knowledge modeling. .Fig 6 shows 

block digram of case base reasoning expert system.   
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Fig 6. Block Digram Case Base Reasoning 

 

VII. DISCUSSIONS 

Development  techniques  and  utilization of  expert  systems 

inferences for health and safety environment in oil & gas and 

petroleum Industries are a broad category of research. Several 

detailed methods are techniques discuss in this paper as an 

examples for understanding the development solutions and 

recommendations to particular health and safety expert 

system. Consequently, Development techniques and utilization 

of expert system are attracting much concentration and 

efforts.. During this briefed review researcher analyze that 

most of the expert system used appropriate required methods 

and techniques for solving the health and safety issue and 

problems. On the other side, some methodologies have 

common concepts and idea and also types of 

methodology.[25] For example , RBS and KBS. This may 

indicate that the development of ES in health and safety 

domain of petroleum industries techniques and methods is 

directed toward expertise orientation. In this paper articles 

discussed were from HSE oil and gas industries resources 

from reputed and authentic databases. After this review we 

can easily understand about the importance and effectiveness 

of intelligent expert systems in health and safety field to 

reduce the workplace risk and hazards and provide a safe and 

comfortable environment to the work force with the help of 

expert systems technology in this modern and advance era. 

Table 1 shows that the brief discussion and applications of 

different Health and safty in oil and gas sector expert systems. 

 

 

 
 

 

TABLE 1:                 Breif  Discussion On HSE Based Expert Sytems with Application and Utilization 
 

Name Of ES County Industry Type Industrial Domain Utilization And 

Application 

System 

Avalibility 

Lemgth Of 

Time system 

Excistence 

Techniques 

 

Permit 

Control & 
Monitoring 

System 

(PCMS) 

 

UK 

 

Oil And Gas, 

Pharmaceuticals. 

 

The system covers a 

range of safety 
domains from 

working at height to 

confined spaces, and 
excavation to 

electrical work. 

 

This system identifies 

workplace risks and 
hazards.  It ensures that 

the permits are correctly 

completed in a user-
friendly workflow set-

up. 

 

Purchased from 

company 

  

6 years 

 

Rule Base 

 

SPONCOM 

 

USA 

  

Mining work & 
Oil and Gas 

 

Fire prevention 

 

Design for mining and 
oil and gas industries 

toaccess causes by fire 

and heat. 

 

Purchased from 
company 

website. 

 

10 Years 

 

Knowledge 
Base 

 

Confined 

Spaces 
Advisor 1.1 

 

USA 

 

Oil and gas and 

chemical 
industries apply 

the OSHA Permit 

Required Confined 
Spaces Standard. 

 

Confined spaces that 

have hazardous 
conditions 

 

The OSHA Confined 

Spaces Advisor was 
designed to provide 

users with interactive 

expert help to apply the 
OSHA ‘Permit Required 

Confined Spaces 

Standard. 

 

It is available for 

download from 
the internet and 

Purchased from 

company 

 

10 years 

 

Rule Base 

 

Fire Safety 

Advisor 1.0a 

 

USA 

 

Oil and gas and 

chemical 
industries apply 

the OSHA Permit 

Required fire 
safety Standard. 

 

Fire Safety 

 

OSHA’s Fire Safety 

Advisor provides users 
with interactive expert 

help to apply OSHA’s 

Oil and gas and 
chemical industries 

Standards’ for fire 

safety and emergency 
evacuation. 

 

It is available for 

download from 
the internet in a 

software format 

and is 
downloaded 

approximately 

600 times per 
month. 

 

7 years 

 

Knowledge 

Base 

 

DUST-

EXPERT 

 

UK 

 

This system was 

produced by 
Adelard for the 

 

Explosive dusts 

 

The system provides 

information on the safe 
design and operation of 

 

Purchased from 

company 

 

10 years 

 

Rule Base 
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Health and Safety 

Executive. 

plant that are subject to 

dust explosions. 

 

Hand-arm 
Vibration 

Calculator 

 

GB 

 

Health and Safety 
Executive (HSE) 

 

Vibration 

 

It identifies workplace 
risks by assisting in 

calculating exposures 

for whole-body 
vibration. 

 

Free, 
downloadable 

software from the 

HSE website. 

 

7 years 

 

Fuzzy 

 

Hazard 
Awareness 

Advisor 1.0 

 

USA 

 

Oil and gas and 
chemical 

industries apply 

the OSHA Permit 
Required fire 

safety Standard. 

 

Hazard Awareness 

 

This is a hazard 
identification tool, 

which advises on a 

range of areas such as 
slips and falls, noise, 

ventilation and 

radiation. 
 

 

It is available for 
download from 

the internet and 

Purchased from 
company 

 

8 yaers 

 

Knowledge 
Base 

 

Preventing 

falls from 

slips and trips 

 

Canada 

 

Oil and gas and 

chemical 

industries apply 

the OSHA Permit 

Required falls 
from slips and 

trips safety 
Standard. 

 

Preventing falls from 

slips and trips 

 

This system an online 

expert system on how to 

prevent injuries in the 

workplace that are a 

result of slips, trips or 
falls from the same 

level. 

 

It is available for 

download from 

the internet 

 

6 years 

 

Rule Base 

 

CSHM 

 

China 

 

Constructionand 

oil Gas Industries  

 

Construction & Oil 

Gas 

 

This expert system 

identifies workplace 
risks in the Chinese 

construction industry by 

monitoring and 
assessing construction 

safety and health 

performance.   

 

It is available for 

download from 
the internet and 

Purchased from 

company 

 

7 years 

 

Knowledge 

Base 

 

Action 

Checkpoints 
for 

Comfortable 

Work 

 

Japan 

 

National Institute 

of Industrial 
Health (NIIH) 

(Japan) 

 

Workstation Interface 

and genral work 
industries. 

 

This expert system 

identifies workplace 
risks and their solutions. 

 

It is available for 

download from 
the internet and 

Purchased from 

company 

 

8 years 

 

Case 

Resaoning 

 
EASE System 

 
UK 

 
‘This system was 

produced by the 

Artificial 
Intelligence 

Applications 

Institute (AIAI) 
for the Health and 

Safety  

 
Hazardous 

Substances 

 
This tool guides risk 

assessment by providing 

both authorities and 
manufacturers with 

computer based 

guidance from the 
Regulator. 

 
Computer 

software which 

can be used in 
Windows 

applications 

 
10 years 

 
Neural  

 
Hearing 

Protector 

Device 
Compendium 

 
US 

 
The National 

Institute for 

Occupational 
Safety and Health 

(NIOSH) 

 
Noise 

 
This system is a search 

engine which helps you 

to search for different 
types of noise protectors 

by selecting different 

manufacturers and 

models. 

 
Free, internet 

based. 

 
6 years 

 
Knowledge 

Base 

 

Oil and gas 
well drilling 

and servicing 

e-tool 

 

US 

 

Occupational 
Safety and Health 

Administration 

(OSHA), U.S. 
Department of 

Labou 

 

Oil and gas industry 
work 

 

supports regulatory 
compliance by  

providing you with 

information on to how 
to go about oil and gas 

drilling. 

 

Free, internet 
based. 

 

7 years 

 

Knowledge 
Base 
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VIII. CONCLUSION 

 

In this review paper of development techniques and utilization 

of expert systems inferences for health and safety environment  

in oil & gas and petroleum Industries are discussed, from ten 

years with a keyword index and article abstract in order to 

investigate by what method and technique expert systems 

applications have developed during this epoch. Five 

bibliographic databases covering a broad series of health and 

safety fields were searched in various manufacturing and oil 

and gas industries related researches. Conclusion that can be 

made from this systematic review paper is that ES 

development and implementation techniques are growing to 

develop in pursuit of expertise orientation implying that ES 

application development is an issue derived area. 

Methodology studies may increase our understanding on this 

domain. Lastly, the power of ES applications includes 

possibility to change continually and obtain new awareness 

which makes ES an application of future implementation. 

After this review we can easily understand about the 

importance and effectiveness of intelligent expert systems in 

health and safety field to reduce the workplace risk and 

hazards and provide a safe and comfortable environment to the 

work force with the help of expert systems technology in this 

modern and advance era. 
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Abstract—This paper proposes a new low voltage direct 

current (LVDC) wiring system design and the modification of 

conventional residential LED lighting application. Nowadays, the 

residential lighting system used the supply from the authorized 

energy supplier to power up all the electrical appliances at home. 

In Malaysia, the voltage distributed to residential area is 230V 

AC. The motivation of this study is the application of 12V low 

voltage direct current (LVDC) can improve the efficiency of 

performance of electrical appliances that run on DC. As we 

know, the electrical appliances that driven by DC requires 

AC/DC converter to operate. But the conversion process of the 

converter creates losses due to the switching of the device. This 

study focused on the consideration of wiring design of DC system 

in residential for LED lighting application especially the size of 

cable. Maximum number of load than can supports in a point 

with particular breaker rating is discussed. 

Keywords— DC, residential lighting, LED, green technology, 

wiring design, cable sizing. 

I.  INTRODUCTION 

Nowadays, the rigid development on LED lighting makes 

brings the development in DC system as well. The advantages 

of using LED as lighting has big potential to replaced CFL as 

residential lighting [1-3]. Furthermore, for residential 

application DC system are said better than AC system. 

Moreover, LED is DC driven device and the development in 

LED technology improved it efficiency and thermal problem 

to be better performance cooling methods using seebeck effect 

method [4-9]. The losses evaluation on DC and AC system for 

residential have been observes and the loss calculation result 

shows the total losses in DC system are 15% lower than the 

losses in AC system [4].  
 

II. CASE STUDY DESCRIPTION 

This study are conducts the design for residential in LED 

lighting application. Figure 1 shows the typical Malaysian 

double storey house plan layout. It has about 22 total lighting 

points in a house and each point controlled by one switch. 

 

 
Figure 1: Typical Malaysian double storey house plan 

layout 

Figure 2(a), 2(b) and 2(c) below shows single line diagram 

of residential conventional lighting system which operates in 

240V AC system. Driver that used at LED lamps makes the 

240V AC system differs to each other. Existing of the driver 

prevents the LED lamps to operate efficiently because the 

conversion process of the converter creates losses due to the 

switching of the device.  The new proposes system that applies 

12V DC for residential LED lighting application single line 

diagram shows in figure 2(d). It shows that the proposes 

system has reduced the number of driver used for conversion 

process. 

 

 
(a) 

 

 

(b) 

 

237

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 

 

(c) 

 
(d) 

 

 

Figure 2: Single line diagram of four different system 

A. Case 1: Conventional System Design 

Single line diagram for conventional system shows in 

figure 2(a) and 2(b) which applies CFL  and compact LED 

lamp as the standard device for lighting. The calculations that 

represent the design of conventional residential lighting 

system that refers as case 1 are shown below. Long time ago, 

the standard maximum power that sets for lighting is 100w 

which is applicable for incandescent lamps. However, the 

100w incandescent lamps are equivalent with 25w CFL and 

12w LED lamps which are current standard type of lamps 

used in residential [10]. From the calculation below, the 

maximum number of load can be supported at one miniature 

circuit breaker (MCB) are 30 lamps. The suitable size of cable 

for 6A MCB rating is 1.0mm
2
 which are the minimum size of 

cable. However, the current standard has sets the minimum 

size of cable for lighting purposes is 1.5mm
2
 [11-13]. 

 

So, the number of current requires for each CFL in this case 

are: 

     (1) 

 

 
 

Each lamp requires 0.1957A. Hence, the number of lamps can 

fit at 6A rating of circuit breaker are: 

     (2) 

 
 

 

While the number of current requires for each compact LED 

lamp in this case are: 

 

 
 

 

Each lamp requires 0.09391A. Hence, the number of lamps 

can fit at 6A rating of circuit breaker are: 

 

 

 
 

B. Case 2: Conventional System Design Modification 

Case 2 discussed about the conventional residential 

lighting modification as shown in figure 2(c). In order to 

modify the conventional AC lighting system to a new DC 

lighting system, the same breaker that used in conventional 

system still can be used for the 12V DC system if the breaker 

used is dual rated circuit breaker. The same cable can be used 

for the 12V DC system too since the standards size of cable 

refers for designs can be used for DC system. There is only 

one additional equipment that need to be added in the system 

is the switching mode power supply (SMPS) which functions 

as the 230V AC to 12V DC converter. Calculation that 

performs below shows the maximum number of loads can be 

supported under a 6A MCB. 

So, the number of current requires for each compact LED 

lamps in this case are: 

 

 

 
 

Each lamp requires 1.0A. Hence, the number of lamps can fit 

at 10A rating of circuit breaker are: 

 

 

 
 

C. Case 3: Proposed System Design 

The new 12V DC microgrid wiring system design 

conventional residential LED lighting application which refers 

as case 3 shown in figure 2(d). From the figure, the number of 

converter used has been eliminates from the system. The loads 

directly connected to the supply. The new proposed system 

design is almost the same with the conventional with CFLs. 

Conventionally, the LED lamp that operates in AC requires 

converter for every loads but not in the proposed system. 
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Table 1 below shows the load calculation for two different 

voltage levels of DC system which is 12V DC and 48V DC. 

Table 1: Load calculation for two different voltage levels 

of DC system 

12V DC Proposed System 48V DC Proposed System 

Load rating: 12w 

MCB rating: 6A 

Size of cable at load: 1.5mm
2
 

MSB rating: 25A 

Size of cable at supply: 

2.5mm
2
 

 

Current consumes by each 

load: 

            (3) 

 

 
 

At 6A MCB, the maximum 

number of load can be are: 

 
 

Load rating: 12w 

MCB rating: 6A 

Size of cable at load: 1.5mm
2
 

MSB rating: 25A 

Size of cable at supply: 

2.5mm
2
 

 

Current consumes by each 

load: 

 

 

 
 

At 6A MCB, the maximum 

number of load can be are: 

 
 

 

III. CASE STUDY DISCUSSION 

Table 2 has concludes the wiring design for three systems. 

As the conclusion, in order to make modification or change 

the residential lighting system there is not that complicated. 

Most of the components in the existing system can be used. 

Refers to Table 2, case 1(a) and case 1(b) differs in term of the 

the load rating. Since case 1(b) apply compact LED lamps 

operating in AC the current flow in the circuit will be lower 

than in case 1(a) refers to the previous calculation. Hence, it 

affects the number of maximum loads can be supported in a 

breaker where case 1(a) can brings until 30 while case 1(b) 

can bring 63 loads. Case 2 has almost the same condition with 

case 3(a), the difference between case 2 and case 3(a) is case 2 

is not connect directly to DC supply as in case 3(a). In case 3, 

the first condition are using 12V DC supplies. The maximum 

number of loads can be increased by increasing the voltage 

level to 48V. At 48V voltage level, the number of maximum 

loads increased to 24 loads. Furthermore, the maximum 

number of loads still can be increased by increasing the rating 

of the breaker. 

Table 2: Comparison of conventional system and it 

modification and the proposed system 

System Case 1 Case 2 Case 3 

(a) 

230V 

AC 

(b) 

230V 

AC 

230V 

AC 

(a) 

12V 

DC 

(b) 

48V 

DC 

Load 

Rating 

(watts) 

25 12 12 12 12 

Size of 

Cable at 

Load 

(mm
2
) 

1.5 1.5 1.5 1.5 1.5 

MCB 

Rating (A) 

6 6 6 6 6 

Maximum 

Load at 

each MCB 

30 63 6 6 24 

 

IV. SUMMARY 

This paper has suggested the modification of conventional 

residential lighting system which applies 230V AC to a new 

12V DC system for LED lighting application. Besides, the 

new LVDC system wiring design has been proposes for two 

different voltage levels which are 12V DC and 48V DC. This 

study can be supports by the previous studies which examine 

the comparison between AC lighting system and DC lighting 

system for residential application. From the previous study, 

DC lighting system has many advantages than the AC lighting 

system [9]. Hence, this paper shows clearer picture in order to 

convert the conventional lighting system to DC system. 
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Abstract — Flux switching machines (FSMs) become an attractive 

research topic recently due to their distinct advantage of single 

piece robust rotor structure and suitable for high speed 

applications. In addition, the machines have a capability to 

produce high torque and power density similar as interior 

permanent magnet synchronous machine (IPSM) that 

conventionally employed in electric vehicles (EVs). This paper 

describes design refinement and improvement of 12-Slot 10-Pole 

FSM with outer-rotor configuration. In this study, JMAG-

Designer ver. 13.1 is used as two dimensional (2-D) Finite 

Element Analysis (FEA) solver. Under some design restrictions 

and specifications for the target electric vehicle (EV) drive, the 

performances of the machine show good improvement in term of 

torque and power density. Finally, it is expected that the 

proposed machine has ability to achieve the target performances 

by implementing 'deterministic optimization design approach'.  

 

Keywords-component; Outer-rotor hybrid excitation flux 

switching machine; field excitation coil;  electric vehicle 

I.  INTRODUCTION 

In this decade, a lot of government agencies and private 

companies put more attention on preventing global warming 

issue. As well known, vehicle emission is among of the factor 

that contributes on this issue and it conventionally come from 

internal combustion engine (ICE) vehicles. They did a lot of 

research to help reducing this issue with practical approaches.  

In automotive field, the most practical solution to avoid 

emission is implementing fully electric vehicle (EV) widely. 

The zero-emission vehicle has a great potential to dominate the 

future vehicle market due to the constraint regulations have 

been made on vehicle emission and fossil fuels. On a EVs 

system, the propulsion system is among of the essential parts to 

propel the vehicle. In-wheel direct drive is the latest technology 

on EV propulsion system which giving advantages of low 

noise, high efficiency, and less maintenance due to the 

elimination of gearing and belting system as conventionally 

employed in single motor drive of EV.  Previously, the most 

suitable machine for direct drive application is permanent 

magnet (PM) brushless machine that commonly known as 

permanent magnet synchronous machine (PMSM). This is due 

to their distinguish advantages of high torque density, excellent 

efficiency, and overload capability.  

 In recent years, flux-switching motors (FSMs) have been 

extensively investigated due to their several advantages of 

robust rotor structure, higher torque density, and efficiency. 

With all the excitation sources such as PMs and coil windings 

are located on the stator body, the generated heat on the stator 

along the operation is easily dissipated through a cooling 

system management. On the other hand, with the machine only 

has a piece of salient rotor, it’s like a combination advantages 

of PMSM and switched reluctance motor (SRM). The first 

single phase FSM was introduced in 1955 as an alternator and 

used for airborne application. Then, a three-phase FSM has 

been developed in 1997 with 12-slot 10-pole configuration. 

Afterward, a lot of improvement and development have been 

made on FSM and various structure of FSM was proposed for 

wide range of application such as in domestic electric power 

tools, wind power generation, automotive, as well as for 

aerospace applications. There are three categories of FSMs and 

can be classified into permanent magnet (PM) FSMs, hybrid 

excitation (HE) FSMs, and field excitation (FE) FSMs. Both 

PMFSMs and FEFSMs have only single excitation flux source 

either come from PM or FE coil, while in HEFSM the 

magnetic flux source is generated from PM and FECs. The 

HEFSM and FEFSM has additional advantage of variable flux 

control capability when compared with PMFSM and more 

fortunately it can be used at various speed conditions. 

In the most researches done on FSMs, the attention given 

from industrial and academic researchers are on conventional 

inner-rotor machine, only recently several researchers are 

focusing on outer-rotor configuration. The outer-rotor structure 

is more suitable for direct drive applications and potentially can 

be applied for in-wheel drive of EV. The first outer-rotor 

PMFSM has been introduced in 2009 and specially designed 

for urban electric vehicle. Then, in 2012 field wound 

segmented outer-rotor FSM and outer-rotor HEFSM has been 

proposed for aerospace and EV applications, respectively. This 

paper describes design refinement and improvement of 12-slot 

10-pole HEFSM with outer-rotor configuration that firstly has 

been proposed by the authors as reported in []. Based on two-

dimensional (2-D) analysis, the performances of the machine 

M.Z. Ahmad is with Universiti Tun Hussein Onn Malaysia, Johor, 86400 
Malaysia (e-mail: zarafi@uthm.edu.my) 
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are analyzed and investigated.  The structure of the original 

proposed machine is shown in Fig. 1.  

The rest of the paper consists of the following; Section II 

will discuss the design requirements, restrictions, and 

specifications of the proposed motor. The design improvement 

methodology is presented in Section III, while the results and 

performances of the improved design motor are given in 

Section IV. Finally, Section V gives a conclusion on this 

design refinement and improvement study.   

II. DESIGN REQUIREMENTS, RESTRICTIONS AND 

SPECIFICATIONS 

The design requirements, restrictions and specifications for 

the proposed HEFSM with outer-rotor configuration are similar 

as interior permanent magnet synchronous motor (IPMSM) 

employed in LEXUS RX400h and listed in Table I. The target 

maximum torque and power are set to be more than 333 Nm 

and 123 kW, respectively. The PM weight is set to 1.0 kg, 

which less by 0.1 kg compared with the PM used in IPMSM. 

The corresponding electrical restrictions to the inverter such as 

maximum DC bus voltage and maximum inverter current are 

set to 650 V and 360 Arms,  respectively, while the limit of both 

armature current density, Ja and FEC current density, Je is set to 

30 A/mm
2
. The proposed motor has very simple structure 

where the shape of each component is in rectangle form and all 

coils are wounded in concentrated form. In addition, its offers 

non-overlap winding between the FEC and armature coil that 

makes shorter end winding and can contribute to reduce copper 

loss effect. The target weight of the proposed motor is set to be 

less than 30 kg. Therefore, the proposed motor is expected to 

achieve the maximum torque density and power density of 11.1 

Nm/kg and 4.1 kW/kg, respectively. 
In this proposed motor, for the motor rotation through 1/10 

of a revolution, the flux linkage of armature has one periodic 
cycle and thus, the frequency of back-emf induced in the 
armature coil is ten times the mechanical rotational frequency. 
In general, the relation between the mechanical rotation 
frequency, fm and the electrical frequency, fe for the proposed 
machine can be expressed by 

fe = Nr.fm                        (1) 

where fe is the electrical frequency, fm is the mechanical 

rotation frequency and Nr is the number of rotor poles 

respectively. 

 

The commercial FEA package, JMAG-Designer ver.12.0, 

released by Japan Research Institute is used as 2D-FEA solver 

in this design. The material used for PM is NEOMAX 35AH 

with residual flux density and coercive force at 20 º are 1.2T 

and 932 kA/m, respectively. Whereas for the stator and rotor 

body, the material used is electrical steel, 35H210. 

Initially, the 30º mechanical angle of stator yoke is 

designed with the following assumptions;  

(i)   The inner radius is set to 30 mm for the motor’s shaft while 

the outer radius is set to 110.6 mm, making the stator 

depth of 80.6 mm which is 61% of 132 mm motor radius 

and within the range of general machine split ratio,  

(ii) The PM volume is set to 1.0 kg, which is less 0.1 kg 

compared with the PM used in IPMSM. The reason is to 

reduce the PM cost due to the increasing price of PM since 

2011,  

(iii) By expecting that the higher of the PM depth will give 

more flux to flow and increase the motor performances, 

therefore the PM depth is set to 29.7 mm which is 

approximately one third of stator depth. However, 

demagnetization effect needs to be taken into 

consideration when higher PM depth is applied especially 

at the edge of the PM,  

(iv) The FEC slot area is set to 197.01 mm
2
 to give a maximum 

current density, Je of 30 A/mm
2
 with 44 turns of FEC 

winding. The FEC slot depth is less than the PM depth to 

give an appropriate distance between two FEC slots area 

for the flux to flow in this area,  

(v) The depth of armature slot area is set similar to the PM 

depth in order to avoid overlapping between armature coil 

winding and FEC winding. Therefore, it is expected that 

the motor will use shorter coil end winding and so reduces 

copper loss effect. 

Besides that, the initial for 36º mechanical angle of rotor 

iron is designed with the following assumptions;  

 
Fig. 1  Sectional view of original HEFSM with outer-rotor 

TABLE I.  OUTER-ROTOR HEFSSM DESIGN RESTRICTIONS AND 

SPECIFICATIONS 

Descriptions IPMSM 

Outer-

rotor 

HEFSM 

Max. DC-bus voltage inverter (V) 650 

Max. inverter current (Arms) 360 

Max. current density in armature coil, Ja 

(Arms/mm2) 
30 

Max. current density in FEC, Je (A/mm2) 30 

Motor diameter (mm) 264 

Motor stack length (mm) 70 

Shaft diameter (mm) 60 

Air gap length (mm) 0.8 

Armature coil slot 12 

FEC slot 12 

Armature coil turn 7 

FEC turn 44 

PM weight (kg) 1.1  1.0 

Total weight of machine (kg) 35 <30 

Maximum speed (r/min) 12,400 >12,400 

Maximum torque (Nm) 333 >333 

Maximum power (kW) 123 >123 
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(i)   The air gap is set similar as the IPMSM which is 0.8 mm, 

hence the inner rotor radius becomes 111.4 mm and this 

gives a rotor depth of 20.6 mm,  

(ii)   The rotor pole depth is set to 10.3 mm which is half of the 

rotor iron depth to allow the flux flow easily through the 

outer rotor pitch,  

(iii) The rotor pole arc width is set to be similar with the rotor 

pole gap to allow optimal flux flows into the rotor pitch.   

 

III. IMPROVED DESIGN METHOLOGY 

Initially, the performances of the original structure machine 

as shown in Fig. 1 have been computed and evaluated. The 

results obtained show that the maximum power and torque of 

original design machine is 70.4 kW and 205.6 Nm, 

respectively. Since, it is far from the target performances, it is 

required to be optimized by implementing parameters 

refinement and optimization.  

 Thus, the motor parameters are divided into two categories, 

namely, those related to stator iron core and rotor iron core. On 

the stator iron core, it is subdivided into three components 

which are the PM shape, FEC slot shape, and armature slot 

shape. The rotor parameters involved are the inner rotor radius 

(D1), rotor pole depth (D2), and rotor pole arc width (D3). The 

distance between airgap and PM is (D4). The PM slot shape 

parameters are the PM depth (D5), and the PM width (D6), 

while for the FEC slot parameters are FEC slot depth and FEC 

slot width, (D7) and (D8) respectively. Finally, the armature 

coil parameters are armature coil slot depth (D9) and the 

armature coil slot width (D10). The motor design parameters, 

from D1 to D10 are demonstrated in Fig. 2. Based on the motor 

parameters have been identified, the deterministic design 

optimization method is used and implemented using 2-D FEA 

solver to obtain the optimal performances of the proposed 

motor at different . Since, the torque is proportional to the 

square of rotor radius D1 under the condition that the specific 

electric and magnetic loadings are kept constant; the rotor 

radius D1 is firstly treated as the most sensitive parameter to 

increase the torque. On the other hand, the others parameters 

from D2-D10 are fixed but must be shifted according to the 

displacement of D1. Then, with the optimal value of D1 that 

producing the highest torque, the rotor pole width and depth D2 

and D3, respectively, are adjusted in order to get the optimal 

parameters.  

Consequently, the second step is executed by changing the 

parameters of PM D4, D5, and D6 while keeping D1, D2, and D3 

at optimal value. Then, the best combination of D4, D5, and D6 

are selected to give the optimal performance in terms of torque. 

The same procedures are applied for the rest machine 

parameters up to D10. The procedures are repeated until the 

maximum torque and power are satisfied. In summary, the 

motor parameters D1 to D10 are changed repeatedly until the 

target performances of torque and power are achieved. In this 

study, the initial design and improved design parameters of the 

proposed outer-rotor HEFSM are depicted in Table II. The 

improved design structure of outer-rotor HEFSM is illustrated 

in Fig. 3. In this design improvement, the simple structure of 

the proposed motor is retained and overlap between armature 

coil and FEC coil windings avoided. However, the shape of the 

armature coil slot became a trapezoidal shape to allow the flux 

flow to the rotor smoothly and reduced flux leakage.  

 

 
 

 

 

 

TABLE I.  THE DESIGN PARAMETERS FOR THE PROPOSED ORHEFSM  

 

Parameter Description Initial Improved 

D1 Rotor inner radius (mm) 110.6 108.4 

D2 Rotor pole depth (mm) 10.3 12.3 

D3 Rotor pole arc width (o) 9 13 

D4 
Distance between airgap 

and PM (mm) 
0.2 0 

D5 PM depth (mm) 30 20 

D6 PM width (mm) 2.63 3.95 

D7 FEC slot depth (mm) 23.88 40.60 

D8 FEC slot width (mm) 8.25 5.03 

D9 
Armature coil slot depth 

(mm) 
29.7 17.2 

D10 
Armature coil slot width 

(mm) 
4.95 8.14 

 

 

 

Fig. 3  Improved design structure of ORHEFSM 

 

IV. RESULTS AND PERFORMANCES OF THE IMPROVED 

DESIGN 

A. Open circuit analysis 

Initially, the magnetic flux linkage in open circuit 

condition of the proposed motor is investigated. The flux 

linkage of the initial and improved design at various condition 

of Je is plotted in Fig. 4 and Fig. 5, respectively. From these 

two figures, it is clearly demonstrated that the magnitude of 

flux linkage of the improved design at maximum Je of 30 

A/mm
2
 has increased from 0.03 Wb to 0.05 Wb. Thus, it is 

D1 

D2 

D3 

D5 
D6 

D7 

D8 

D9 

D10 

Stator 

Shaft 

PM 
Armature coil 

Rotor 

FEC coil 

D4 

Fig. 2  Design parameters defined as D1 – D10 
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expected that the performances of the machine will have 

enhancement. 

 
Fig. 4  U-phase flux linkage at various conditions of Je for initial design motor 

 

 
Fig. 5  U-phase flux linkage at various conditions of Je for improved design 

motor 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6  Flux path of PM in open circuit condition (a) Initial design                  

(b) Improved design  

 

 

Besides that, the field distribution for PM of initial design 

and improved design ORHEFSM are also investigated and the 

results obtained are shown in Fig. 6. From the diagram, it 

shows that for initial design 50 % of PM flux flows to the 

rotor causing higher generated induce voltage, while for the 

improved design, there is a great reduction of flux flow to the 

rotor which is approximately 10 % of generated flux. 

Consequently, it provides less cogging torque and reduces the 

amplitude of back-emf at open circuit condition. The 

comparison of back-emf of initial and improved design 

ORHEFSM at the speed of 3000 r/min is illustrated in Fig. 9. 

It is clearly shown that the amplitude of back-emf for the 

improved design motor has significantly been reduced from 

82.44 V to 70.78 V, which is approximately 14% reduction. In 

addition, the back-emf of the improved designed motor looks 

more sinusoidal compared with the initial design motor.   

 Furthermore, the cogging torque of the improved design 

ORHEFSM compared with the initial design is exemplified in 

Fig. 10. From the graph, the improved design motor shows 

great reduction in peak-to-peak cogging torque ripple where it 

has reduced 76.7% from 10.2 Nm to 3.6 Nm. Therefore, it is 

expected that the motor has the potential to be applied for high 

speed applications.  

B. Load Analysis 

In load analysis, the torque versus FEC current density at 

maximum Ja and the average torque of the initial and 

improved design is compared and plotted as depicted in Fig. 

11 and Fig. 12, respectively. The average maximum torque 

obtained for the initial design is 205.6 Nm, whilst the 

improved design ORHEFSM is 271.5 Nm. It is shown that the 

improved design motor has produced higher torque with 32% 

improvement compared to initial design motor and has 

achieved 81.5 % from the target value. The torque obtained at 

various conditions of Je and Ja for improved design 

ORHEFSM are also analyzed and plotted as shown in Fig. 13. 

From the diagram, when Ja is set at maximum of 30 Arms/mm
2
, 

the torque keeps increasing as Je is increased from 0 A/mm
2
 to 

30 A/mm
2
. Whereas, when Ja is set between 10 Arms/mm

2
 to 

25 Arms/mm
2
, the output torque is maintained constant for Je 

greater than 25 A/mm
2
.
 
This phenomenon is due to the flux 

saturation effect and an investigation on magnetic flux 

distribution is required to overcome the problem. 

Consequently, with the improvement of the maximum 

torque of the improved design ORHEFSM, the maximum 

power also has been increased and obviously it has achieved 

beyond the target value. Previously, for the initial design 

motor the maximum power achieved was 70.4 kW, while for 

the improved design motor, it has increased dramatically to 

143.6 kW, since the target maximum power is only 123 kW. 

Although, the target performance for the maximum torque was  

not achieved, further design refinement and optimization will 

be conducted in future and it is expected the target 

performance will be achieved. 
 

 

V. CONCLUSION 

In this paper, design refinement and improvement study of 12-

Slot 10-Pole HEFSM with outer-rotor configuration have been 

presented. The simulated performances of the proposed motor 

has achieved 81.5% from the target value of maximum torque, 

whilst for the maximum power has achieved beyond the target 

performances. Thus, it is expected that the target performance 

for the maximum torque can be achieved by further design 

refinement and optimization in future. 

  

(a) (b) 
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Fig. 9  The fundamental back-emf at 3000 r/min 

 

 
Fig. 10  Cogging torque of the proposed ORHEFSM 

 

 
Fig. 11  Torque versus Je at maximum Ja  

 

  
Fig. 12  Avaerage torque of initial and improved design ORHEFSM 

 

  
Fig. 13 Torque vs Je at various Ja 
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Post-Cyclic Behaviour of Soil – A Critical Review 
 

 

 

 
Abstract— An analytical study for determining the post-cyclic 

behavior effect on shear strength of the soil has been carried out 

previously.  It is well known that the static and dynamic loading 

results in build-up of strains that are manifested as excess 

strength in the soils.  This paper is rooted in the past studies by 

many researchers in static and dynamic loading and the main 

purpose of this paper is to describe the presentable data and 

method were used in case studies to show how the cyclic loading 

may play a role in development of shear strength by critically 

examining and documenting the current state of practice.  The 

proposed laboratory frequencies approximately incorporate with 

the real or undergo dynamic cyclic loadings.  This paper are 

discussed the variation in strength of post-cyclic sample from 

peat, clay and sand in variety of several case histories are 

presented.  Further analyzes the stress-strain response of these 

samples in undrained triaxial loading.  A dynamic triaxial testing 

concurrently was used to investigate the soil behavior.  The 

results after cyclic loading may be an important parameter in 

determining the subsequent stress path under static and dynamic 

loading tests to enhance the knowledge method in designing the 

infrastructure and comprehensive technique. 

 

Keywords— cyclic loadings, triaxial test, static and dynamic 

test, post-cyclic. 

I.  INTRODUCTION 

 
Malaysia, comprising the regions of Peninsular Malaysia, 

Sabah, and Sarawak, supports some of the most extensive 
tropical peatlands in the world.  Tropical peat forest is found 
mainly in Southeast Asia (Phillips, 1998) and was estimated at 
about 20 million hectares, two-third of the total area of the 
world’s tropical peat swamps (Kyuma, 1992).  The synthesis 
of problem faced in development on unstable lands is a major 
concern in some affected areas and research on soft soil is 
fundamental to overcome this issue.  A factual study, method 
and analysis isolates the relevant implementation to solve 
numerous cases have held soil engineers to the same standard 
of effective design.  Therefore, it is essential to find an 
alternative to improve the strength of soil since the post-cyclic 
was introduced as one of the improvement technique. 

          The post-cyclic studies were undertaken to gain 
insight into the effectiveness of two mechanisms of shear and 
stress on soil.  This study is essentially a comprehensive 
review of available academic literature on post-cyclic 
behaviour on peat soil utilizing this approach.  Furthermore, 
applications of these methods are illustrated in a variety of 
conditions and several case histories are presented.  There are 
three types of soils was presented in this paper from peat, clay 
and sand while comparison between each type performed  to 
enable a more practical design to be carried out. 

           According to Kramer (2000), cyclic triaxial testing 
indicated that the modulus reduction and damping behaviour 
of peat was significantly influenced by strain amplitude and 
effective confining pressure and was weakly influenced by 
loading frequency and over consolidation ratio.  Apart from 
that, Das (2011) elaborated the type of dynamic loading in soil 
or the foundation of a structure depends on the nature of the 
source producing it.  Moreover, dynamic loads vary in their 
magnitude, direction or position with time.  Furthermore, the 
characteristic of static load differ than dynamic loading 
whichever static loading produced from foundation carried 
load in large amount of a structure in a constant magnitude 
and direction generated from dead weight of the structures. 

           Previous study have shown that, the effective stress 
paths under post-cyclic monotonic loading may take on 
different forms depending on the mean effective stress state of 
the specimen at the end of the cyclic loading phase (Goh and 
Lee, 2013).  In this paper, based on the study to examine the 
soil properties and identify the effect of post-cyclic loading 
exerts a key role in soil stability the following objectives 
therefore set out for this paper to determine the effect of 
mechanical behaviour of soils cyclically or dynamically 
loaded when large strains as well as a large spectrum of 
frequencies take into consideration and shear irreversible 
strains is analysed.  

       This paper also discussed on how to examine the post-
cyclic test as a rational way to make a reliable measurement of 
dynamic soil properties for unstable soil and determine 
dynamic properties of soils as key parameters in predicting the 
response of soils to dynamic loading. 
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II. TESTING METHOD 

 
There are 3 types of soils were used in this comparison 

paper from various researchers.  A combined triaxiall cell test 
and dynamic actuator being applied.  This study is essentially 
a comprehensive review of available academic literature on 
post-cyclic behaviour on peat soil utilizing this approach.  
Furthermore, applications of these methods are illustrated in a 
variety of conditions and several case histories are presented.    

III. STATIC TEST 

 
The review of soils in this study carried out by various 

researcher and  several tests in context with extracting general 
properties and intrusive data.  Researcher was performed and 
expand command to observe and determine the shear strength 
of soil by using triaxial test.  Whitlow (2004) concludes that, 
the triaxial test is commonly used for determining the shear 
strength of soil and suitable for all types of soil except for very 
sensitive clays and allows a number of different test method.  
Consolidated Undrained Triaxial test has been used as reliable 
method to this test for determining shear strength parameters. 

 

IV. CONSOLIDATED UNDRAINED TRIAXIAL TEST 

 
Farrel (2012) stated that, laboratory methods used to 

determine the strength properties of peat are generally the 
same as for mineral soils, without special consideration given 
to the fibre content, high compressibility or relatively high 
permeability and gas content of fibrous peats.  Kelly and 
Zhang (2013) stated that,  triaxial  testing is one of the 
routinely used methods in practice because its repeatability is 
generally good.  They also mentioned that, standard triaxial 
testing arise difficulties in applying on peat soil.  However, the 
triaxial apparatus provides close control of the specimen stress 
and boundary conditions, and it is also possible to measure 
pore-water pressure and other parameters. 

Landva and LaRochelle (1983) in its study and reported 
that, triaxial compression of fibrous peats produces very high 

values of the effective angle of shearing resistance (
'in the 

range of 40
o
 to 60

o
and comparison has been made by using 

soft clay and silt compositions by others researchers it has 
stated less than 35

o
. 

The assessment of shear strength of peat soil extended by 
many researchers.  In a review of the subject on the shear 
strength of peat, Hanrahan (1987) concluded that the structure 
of remoulded peat was unlikely to be representative of 
undisturbed peat and the shear strength of peat was of a 

cohesive nature ( ′ = 0).  Moreover, Hanrahan and Walsh 
(1967) reported on a comprehensive tiaxial shear test on 
remoulded peat samples, it was concluded that the qualitative 
behaviour of peat was frictional (c′) ranges from 5.5 kPa to 6.1 

kPa and affective angle for shear resistance (
'ranges from 

36.6
o
 to 43.5

o
. 

Subsequently, normal compression of peat in the vertical 
direction mobilizes internal tensile reinforcement provided by 

the presence of peat fibres (Hendry et al. 2012).  Farrel and 
Hebib (1998) had an investigation due to the presence of 
fibres in peat that developed under consolidated-undrained 
(CU) triaxial test compression of high excess pore-water 
pressures at failure and approximately equal the magnitude of 
the confining pressure.   

Farrel 2012 once again concluded that, the induced pore-
water pressures increase very rapidly under compression and, 
at axial strains (εa) beyond 5% to 10% in fibrous peat and 
approximately aqual to the applied cell pressure on account of 
the low Poisson’s ratio of fibre content.  These responses 

make any interpretation of  ′ from CU triaxial compression 
testing of fibrous peat difficult. 

The parameters determined in undrained triaxial tests with 
pore pressure measurements for relatively low organic 
contents were considerably higher in compression than 
extension and also considerably higher than those determined 
from the shear box test according to Grever (1987). 

A study on triaxial test for peat has been carried out by 
Zainorabidin and Bakar (2003) for Original Hemic peat (VHP) 
and Modified Hemic peat (MHP) where the researchers 
concluded that, the shear strength parameters of triaxial test 
which are effective cohesion and angle of internal friction for 
both types of samples as shown in Table 1.  Table 1 shows the 
engineering properties of Natural Hemic peat(VHP) and 
Modified Hemic peat (MHP). 

The effective-stress strength parameters c′ and ′ 
determined and post-cyclic behaviour of soil which after in 

results will define the ccyc and cyc that appropriate for soil and 
that these parameters can be obtained from CU triaxial 
compression tests.  

Table 1 shows the engineering properties of Natural Hemic 
peat (VHP) and Modified Hemic peat (MHP) presented by 
Zainorabidin and Bakar (2003).  This result showed the 
comparison between MHP and VHP that obviously indicated 
that natural Hemic Peat has the highest cohesion compared to 
the Modified sample.  This samples clearly stated by 
Zainorabidin and Bakar (2003) undergone through the 
agricultural activities and have been grinded and mechanically 
compressed by agricultural machineries to form a stable soil 
structures, this is the major cause of the higher reading in 
result.  Long (2005), concluded that one geotechnical 
peculiarity of the shear strength of peat is the effect of fibres.  
The shear strength parameters of peat vary according to the 
type of test used.  The triaxial test tends to yield higher angles 
of shearing resistance than the direct simple shear and this is 
believed to be due to the reinforcing effect of fibres. 

Figure 1 above showed, the Vane tests and UC triaxial 
tests on macerated peat of different water contents and 
empirical relationship for peat strength briefed by Long 
(2005).  The researcher found that, the results of vane tests 
were very similar to laboratory tests which is triaxial tests 
conducted when the fibre effect was eliminated as shown in 
figure 2.3.  In fibrous peat, where wstands for the water 
content, works well for peat and sample used in Swedish peat. 
While, the particular water content (su) values are estimated 
lower. 
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V. DYNAMIC LOADING TEST 

 

The increasing need for regional development has led 
engineers to find safe ways to construct the infrastructure of 
transportation on soft soils. Soft soil is not able to sustain 
external loads without having large deformations.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In pavement engineering, highway or runway as an 
infrastructure, a pavement encompasses three important parts 
namely traffic load, pavement and subgrade. Traffic load 
generated from tire pressure of vehicle and or airplane 
wheelson the surface of the pavement.  On the traffic load, 
there are two types of load to take in consideration during 
designing and analysis stage in pertaining the problems that 
generally related to the static and dynamic loading.  
Significant rate dependent behaviour was also observed in 
lateral load test.  The understanding of the static and dynamic 
behaviour of peat is still embryonic and need intensive 
understanding to overcome the issue on peat soil. 

According to Kramer (2000), cyclic triaxial testing 
indicated that the modulus reduction and damping behaviour 
of peat was significantly influenced by strain amplitude and 
effective confining pressure and was weakly influenced by 
loading frequency and over consolidation ratio.   

Apart from that, Das (2011) elaborated the type of 
dynamic loading in soil or the foundation of a structure 

depends on the nature of the source producing it.  Moreover, 
dynamic loads vary in their magnitude, direction or position 
with time.  Furthermore, the characteristic of static load differ 
than dynamic loading whichever static loading produced from 
foundation carried load in large amount of a structure in a 
constant magnitude and direction generated from dead weight 
of the structures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Engineering properties of Natural Hemic peat (VHP) and Modified Hemic peat (MHP) 

(Zainorabidin and Bakar, 2003) 

 

 

Parameter 

 

Natural Hemic peat 

(VHP) 

 

Modified Hemic peat 

(MHP) 

Moisture Content, m (%) 460 236 

Von Post degree of Humification H5 H6 

Specific Gravity, Gs 1.38 1.51 

Organic Content (%) 91.5 83.5 

Fibric Content (%) 62 42 

Liquid Limit, LL (%) 224 137.2 

Compaction (OMC)2.5 = 55.2% 

(OMC)4.5 = 52.0% 

(□dmax)2.5 = 0.469Mg/m
3
 

(□dmax)2.5 = 0.615Mg/m
3
 

(OMC)2.5 = 55.2% 

(OMC)4.5 = 52.0% 

(□dmax)2.5 = 0.469Mg/m
3
 

(□dmax)2.5 = 0.615Mg/m
3
 

pH value 3 5 

Cohessionless Effective, c
’
 (kPa) 7.8 5.1 

Effective internal Angle,  ′ (deg) 23 30 

Column Friction Law,  (kPa) 7.8 + 
’
 tan 23

o 
5.1 + 

’
 tan 23

o
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Figure 1: Vane tests and UC triaxial tests on macerated peat of 
different water contents and empirical relationship for peat 
strength.  (Carlsten, 2000) 

It increases with increasing magnitude of cyclic shear 

strain, whereas shear modulus decrease with increasing 

magnitude of cyclic shear strain. It is also known that dynamic 

properties of soil are influenced by the plasticity index, void 

ratio, relative density and number of cycles (Cabalar and 

Cevik, 2008).  The foundation must be safe both for the usual 

static loads as well for the dynamic loads imposed by the 

earthquakes and therefore the design of either type of 

foundation needs special considerations compared to the static 

case.  The response of a footing to dynamic loads is affected 

by the nature and magnitude of dynamic loads, number of 

pulses and the strain rate response of soil.  

To account for the effect of dynamic nature of the load, the 

bearing capacity factors are determined by using dynamic 

angle of internal friction which is taken as 2
o
 less than its 

static value (Das, 1992).  Soil behaviour under dynamic loads 

has attracted the attention of several researchers. 

          The response of a footing to dynamic loads is 

affected by the nature and magnitude of dynamic loads, 

number of pulses and the strain rate response of soil. To 

account for the effect of dynamic nature of the load, the 

bearing capacity factors are determined by using dynamic 

angle of internal friction which is taken as 2
o
 less than its 

static value (Das, 1992).  Soil behaviour under dynamic loads 

has attracted the attention of several researchers. 

Comparison of the behaviour of peat suggests a trend of 

response analysis indicated strong response at low frequencies 

with spectral shapes that needed more understanding.  Saran 

(1999) describes that, the pattern of vibrations that stimulated 

from dynamic loading are varies on its frequencies and 

different frequencies induced different impacts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Traffic vibration is experienced by many people living 

alongside heavily trafficked roads, and there is a need to 

understand the nature of this problem so that predictions of 

nuisance can be made and remedial treatments can be devised.  

Yang and Tze (2011) reveals, in the triaxial test, sample is 

consolidated under hydrostatic conditions and then subjected 

to a cyclic deviatoric stress, which alters between positive and 

negative values of the same magnitude. 

As shown in figure 2 (a), cyclic deviatoric stress alters in 

positive and negative values of the same magnitude. Yang and 

Tze (2011) through the experimental study investigated the 

undrained behaviour of soil in non-symmetrical cyclic 

loading, and clarify the role of initial static shear in 

liquefaction resistance under triaxial conditions.  On the plane 

of interest in soil sample, superposition of a cyclic shear stress 

cyc then produces a cyclic loading that is non-symmetrical 

about the hydrostatic stress state in figure 2 (b) and figure 2 

(c).  Yang and Tze (2011) summarized that, the figure 2 (b) is 

the proven and it is evident that shear stress reversals will 

occur if the magnitude of the cyclic shear stress is greater than 

the initial static shear stress  that can called as post-cyclic.  In 

figure 2 (c) researchers stated that there are no stresses 

reversals will appear. Yang and Tze (2011) in their study also 

stated that the symmetrical loading represents level ground 

conditions in the free field, where no initial static shear 

stresses act on the horizontal planes of the elements of soil.  In 

many major projects involving earth dams, embankments or 

slopes, however, soil elements are subjected to static, driving 

shear stresses on the horizontal planes before the earthquake 

loading effect is developed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       Figure 2: Cyclic loading conditions in the laboratory to simulate level ground and sloping ground conditions: (a) 

symmetrical loading; (b) non-symmetrical loading with stress reversal; (c) non-symmetrical loading without 

stress reversal.  (Yang and Sze, 2011). 
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VI. POST-CYCLIC ON PEAT SOIL 

 
Soil structures are often comprised or supported by soils 

that are mixtures of cohesive and granular geomaterials that 
explained by Soroush and Jigheh (2009).  Peat soil samples 
from Sherman Island, California was taken as study materials 
and have through laboratory testing in order to investigate the 
volume change characteristic in their study under static 
condition including consolidation for secondary compression 
and post-cyclic conditions.  The researcher used triaxial 
testing.  In their study, the strain-controlled cyclic triaxial 
testing of the peat soil found the generation of cyclic pore 
pressures for cyclic shear strain levels beyond approximately 
0.5-1.0% with largest residual pore pressure ratios (rur) or 
more clearly stated as cyclic residual pore pressure normalized 
by pre-cyclic consolidation stress being approximately 0.2-0.4. 

Shafiee, Brandenberg & Stewart (2013) stated that, post 
cyclic volume change occurs from pore pressure dissipation 
and secondary compression.The level of post-cyclic secondary 
compression increases with (rur).  Many of these phenomena 
have not been documented previously and suggest the 
potential for seismic freeboard loss in levees due to 
mechanisms other than shear failure.Shafiee, Brandenberg & 
Stewart (2013) in their study also introduced new concepts on 
the ‘resetting’ of secondary compression as a result of loading 
that generates pore pressure and the effects of cyclic pore 
pressure generation on post-cyclic volume change.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Incremental consolidation tests indicate the material to be 

highly compressible (Cc = 3.9, Cr = 0.4) and prone to 
substantial ageing from secondary compression (Ca/Cc = 0.05 
following virgin compression) presented by Brandenberg et al. 
(2013).     

     Table 2 showed the testing plan for undisturbed and bulk 
samples taken from a depth of 1.3-3.0 m that conducted by 
Shafiee, Brandenberg & Stewart (2013).  In table 2.5, various 
types of samples testing used are summarized.  Index tests 
indicate water contents ranging from 410% to 700% and 
specific gravity of 1.85.  Cyclic triaxial (CTX)] was performed 
in several stages. In the first stage, the peaty organic soils were 
consolidated to the stresses indicated in Table 2.5, which are 
either the in situ free-field effective stresses at the sample 
depth (σvc′ ) or the 32 estimated consolidation stress beneath 
the crest of Sherman Island peat. These consolidation stresses 
correspond to anisotropic conditions for the DSS tests and 
isotropic conditions for the CTX tests. 

     In the stage of consolidation, they were performed strain- 
controlled multi-stage cyclic shearing in stages having shear 
strain amplitudes ranging for axial strains of 1.3×10-3 to 2.4% 
in the CTX tests to equivalent shear strains of 1.9×10-3 to 
3.6%.Each stage of loading consisted of 15 uniform strain 
cycles at a loading frequency of 0.1 Hz.  Undrained conditions 
were maintained during shearing for the CTX tests by closing 
the drain taps to the specimen (Shafiee et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2:  Testing plan for undisturbed and bulk samples taken from a depth of 1.3-3.0 m. 

                                    (Shafiee, Brandenberg & Stewart, 2013) 

 
 

Specimen 

 

Borehole 

 

Organic 

content 

(%) 

 

Test 

 

specific 

gravity 

(Gs) 

 

σ c 

′* 

(kPa) 

 

Time allowed for 

post-cyclic 

volume change 

measurement 

 

3-1a 

 

3 

 

70 

 

1 D-Consoliddation 

 

1.85 

 

13 to 195 

 

8-1a 8 63 1 D-Consoliddation 1.85 13 to 195  

8-3a 8 58 1 D-Consoliddation 1.85 13 to 195  

8-4a 9 55 1 D-Consoliddation 1.85 13 to 195  
9-3b 8 53 1 D-Consoliddation 1.85 13 to 195  

9-4a 8 52 1 D-Consoliddation 1.85 13 to 195  

8-3c 8 58 Cyclic CTX  
(after 1 week consolidation) 

1.85 8 40 min 

9-3a 9 53 CTX 1.85 9 24 hrs 
9-3a 9 53 CTX 1.85 18 40 min 

9-3a 9 53 CTX 1.85 42 40 min 

 

Note:- 
CTX = cyclic triaxail 

  DSS = direct simple shear 
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For each stage of cyclic shearing, the specimen was 

allowed to reconsolidate to its initial consolidation stress and 
volume changes were monitored.  Strain controlled tests were 
preferred over stress controlled tests to be able to relate post-
cyclic volume change values to the cyclic shear strain 
amplitude. 

Figure 3 shows Cyclic behaviour of specimen 9-3a under 
cyclic loading in cyclic triaxial device.  The results showed of 
typical cyclic triaxial test sequences.  According to (Shafiee, 
Brandenberg & Stewart, 2013) during cyclic loading, pore 
pressure ratio u vc ru σ ′= ∆ increases and the soil stiffness 
degrades as evidenced by reductions in the shear stress to 
achieve the uniform strain amplitude.  The researcher also 
found and concluded that the pore pressure generation 
markedly increases for cyclic strain amplitudes larger than 
0.5-1.0% and tend to be higher for the direct simple shearing 
than in the cyclic triaxial shearing. 

Zainorabidin (2011) and Das (1992) expressed that, the 
dynamic loading or known as cyclic loading are depends on 
the stresses and frequencies imposed during the loading onto 
the soil.   Saran (1999) presented that, there are large strain 
and small strain amplitude response in dynamic loading 
whereby the large strain amplitude responses are from the 
strong motion such as earthquakes, blast, nuclear explosions 
and fast moving traffic and cause the strain amplitude ranging 
from 0.01% to 0.1%. 

Figure 4 showed the results at the end of cyclic loading for 
post-cyclic behaviour of the tested peat soil.                    

The volume change was allowed by restoring the original 
vertical load   direct simple shear test specimens while the 
drain valve was opened in cyclic triaxial specimens and post-
cyclic volumetric strain was monitored as a function of time. 

Figure 5 indicated the post-cyclic volume change from 
primary consolidationaccording to the (Shafiee, Brandenberg 
& Stewart, 2013).  This results which shows a match due to 
the observed volumetric strain data attributed to primary 
consolidation and the triaxial specimens were not completely 
saturated.   

     On the other hand, Masawi (2004) was conducting an 

investigation on peat soilto the effect of organic content on 

coefficient of consolidation and then the researcher concluded 

that, the organic content in peat soil also influences the 

parameters of consolidation.  The low value of compression 

also influence the physical properties that show in coefficient 

of secondary compression, coefficient of compression index 

and coefficient of volume compressibility is higher.  While, 

the workability of peat soil has a low compaction 

characteristic. 

      A study conducted by Vucetic and Dobry (1985) stated 

that, the higher plasticity soils generally exhibit a more liner 

cyclic stress-strain response.  A study was carried out by 

Bakowska (2008) on dynamic triaxial testing system was used 

to investigate the undrained shear resistance of undisturbed 

soil samples taken from the Nowoursynowska, Warsaw.  The 

finding on that study was presenting cyclic loading causes a 

substantial decrease in the shear resistance of tills.  Post-cyclic 

shear stress decreases with increasing the number of cycles of 

stress application.  The researcher also concluded the values of 

pore water pressure change in the monotonic shearing phase 

decrease with the number of cycles of stress 

application.Bakowska (2008) widely discuss the values of 

cohesion c’ get reduced with the numbers of cyclic loads, 

while the values of angles of internal friction ’ increase. 

      Testing programme conducted by Bakowska (2008) on 

post-cyclic study shear strength to investigate a particular 

effect of the undrained static and post-cyclic behaviour of the 

Nowoursynowska, Warsaw peat.  The results presented in 

figure 6 where the Relationships between deviator stress σ1–

σ3, pore water pressure   change     ∆u.  The researcher had 

conducted several series of tests, but in this study, there two 

(2) results are used in comparison as shown in figure 6 (a) 

series I and figure 6 (b) series II.   The specimens were 

consolidated isotropically with a desired effective stress and 

the consolidation loading was applied monotonically in the 

static test and cyclically in dynamic test. 
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Figure 3:  Cyclic behaviour of specimen 9-3a under cyclic 

loading in CTX device.  

(Shafiee, Brandenberg & Stewart, 2013) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6 on undrained static shear test are shown for the 

relationships deviator stress σ1–σ3 versus axial strain ε, 
principal stress ratio σ'1 / σ'3 versus axial strain ε, and pore 
water pressure change ∆u versus axial strain ε for each series.  
According to Bakowska (2008), the shear strength parameters 
for each series were derived from a set of points representing 
the moment of failure in terms of effective stresses for each 
series. 

A study on cyclic behaviour by Head (1986), the 
researcher considered that for each specimen the maximum 
value of principal ratio σ'1 / σ'3 was located and denoted as a 
moment of failure by (σ'1 / σ'3)f.The values of the pore water 
pressure change in the monotonic shear test phase, as shown in 
figure 2.8 for series I and II.  The researcher found in the test 
and set the values where decrease with the number of cycles of 
stress application. In the static conditions (series I) the pore 

water pressure change is up to 100 kPa, after 20,000 cycles 
(series II) the pore water pressure change is not higher than 25 
kPa. 

In cyclic triaxial shear test study highlighted by Erken, 
Kaya & Sener (2008), the researcher come up with presentable 
testing study on post-cyclic shear strength in order to 
determine the shear and strain behaviour of Adapazar, Turkey 
soils under cyclic loading conditions, test was conducted on 
undisturbed soils.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Post-cyclic behaviour of the tested peat 

(a) Residual pore pressure 

(b) Post-cyclic volume change at end of primary consolidation. 

                (Shafiee, Brandenberg & Stewart, 2013) 
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Figure 5: Post-cyclic volume change from primary  consolidation 

                  (Shafiee, Brandenberg & Stewart, 2013) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Several criteria of the study a set to determine the 

behaviour of soil samples.    The specimens isotropically 
consolidated at 100 kPa and test have been conducted in 
triaxial test apparatus where the stress controlled in dynamic 
test at 0.1 Hz frequency wereperformed under different cyclic 
axial stress ratios.  Ansal and Erken (1989) discuss the cyclic 
yield strength level as having a critical cyclic shear strain level 

which soils undergo rapidly large deformations at every cycle. 

  

            

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        Figure 6:  Relationships between deviator stress σ1–σ3, pore water pressure change ∆u, and principal stress ratio σ’1 / σ’3 versus axial 

strain ε for Series I& II. σ’c  – effective stress at consolidation. 
(a) Series I included the undrained triaxial monotonic shear test. 

(b) Series II included the undrained triaxial cyclic test followed by the undrained triaxial 

monotonic shear test. 20,000 cycles were applied in the dynamic phase.  
                     (Bakowska, 2008). 
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Table 3 shows the index properties of soils tested and   the 

fines content of undisturbed soils are between fibre content 56 
to 99 % and plasticity index values change from undefined to 
28 %.  Samples taken out from near surface to depth 3.00m to 
3.50m ground level.  Overconsolidation ratio (OCR) was in 
the range between 2.75 to 3.85.Table 4 showed cyclic triaxial 
shear test properties of undisturbed fine grained soils.  The 
diameter and height of the samples were 50mm 100mm 
respectively.  Samples isotropically consolidated in 100 kPa 
effective confining stress and cyclic test performed at 0.1 Hz 
frequency.  The frequency used under different cyclic shear 
stress ratios to eliminate the effects of consolidation pressure 
and loading frequency.  The test conducted in undrained cyclic 
triaxial test at different cyclic stress ratio that applied to 
specimens for 20 loading cycles and strain rate 0.20mm/min. 

     Based on the Erken, Kaya & Sener (2008) the researcher 
reported that, regarding the cyclic and the post-cyclic 
behaviours using cyclic triaxial test apparatus, monotonic 
undrained axial stress of undisturbed fine grained soils 
depends on the cyclic axial strain and decreases by increasing 
of cyclic axial strain level.  While other researcher, the organic 
content in peat soil also influences the parameters of 
consolidation.  Peat shows the higher value of coefficient of 
consolidation compares to clay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VII. POST-CYCLIC ON CLAY SOIL 

 

 
Soils vary enormously in characteristics.  The 

measurement and selection of soil parameters for geotechnical 
design is very important and poorly determined parameters 
can have significant safety and economic consequences.  Clay 
classified as soft soil in itself class.  The behaviour of soft 
alluvial soils is influenced by the source of the parent material, 
depositional processes, erosion, redeposition, consolidation 
and fluctuations in groundwater levels (Tan et al., 2004).  In 
addition, Tan, Ng & Lee (2004) stated, there are two (2) main 
geotechnical problems in soft clay engineering, namely 

settlement and stability.  Huat (1994), describe the definition 
of soft clays are of low strength and high compressibility, 
sensitive and, in their strength is reduced by disturbances.  
Review of the basic and engineering properties of some of 
these deposits have been widely discussed by Ting et al., 
(1987) where thick deposits of soft clays in coastal areas and 
major river valleys and varying thickness from 5m to 30m. 

Previous studies have shown that, during undrained 
compression loading, the effective stress path of a normally 
consolidated clay after cyclic loading is similar to the effective 
stress path of an overconsolidated clay (Hyde and Ward, 1985. 
Matsui et al., 1992, Yasuhara et al., 1992). 

Figure 7 shows the cyclic undrained test results of the 
reconstituted and undisturbed silty clays performed by Erken 
and Ulker (2008).  The specimens conducted in cyclic and 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
monotonic tests on reconstituted and undisturbed silty and 

clayey soil.  Figure 7 (a) indicated as reconstitute sample with 
plasticity index is 18 and figure 7 (b) using undisturbed 
sample with plasticity index 9.  At the first step of the study, 
researcher stated all samples were isotropically consolidated to 
100kPa effective confining stress and cyclic tests were 
performed at a frequency of 0.1Hz under different cyclic shear 
stress ratios in order to eliminate the effects of consolidation 
pressure and the loading frequency. 

     However, Ho, Goh and Lee (2004) has explained that one 
possible limitation in past studies is the relatively fast rates of 
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cyclic loading used which typically ranges from 0.5 Hz to 1 
Hz.  In this situation, figure 7 (a) shows the relationships 
between shear strains versus the number of cycles, and pore 
water pressure versus the number of cycles (N) of 
reconstituted soil specimens and a plasticity index (PI) stated 
of 18 and under τd/σc = 0.185 cyclic shear stress level.  
Researcher found the end conclusion during the procedure of 
test where, Shear strain increases by the  

number of cyclic loadings, and exceeds a failure limit in 17 

cycles with 5% DA shear strain, allowing the pore water 

pressure (∆u/σc) an increase of only 33kPa and 44 at the end 

of the test. 
         Apart from the post-cyclic undrained shear strength, 

the induced apparent overconsolidation ratio from cyclic 
loading was also used to determine how the subsequent 
monotonic effective stress path approaches the critical state  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

line (Yasuhara et al., 1992).  In figure 7 (b) it shows, the 

typical cyclic test result of undisturbed silty soil specimen 

with a plasticity index of 9.  With allowable pore water 

pressure to remain at 50kPa, Shear strains increase rapidly 

with the number of cycles.Monotonic loading was applied at a 

0.50mm/sec loading rate, and lasted till the soil specimens 

exhibited a shear strain of 10%.  The porepressure behaviour 

of undisturbed soil, with an anisotropic soil structure, was 

compares and different from reconstituted soilsamples. 

 The figure 7 (b) of undisturbed sample has shown 

different behaviour rather than reconstitute sample.  From the 

pattern of amplitude till the pore water pressure.  Thus, when 

the excess pore water pressure increased steadily with each 

cycle and reached 50kPa, that issmaller than the effective 

confining pressure, shear strain was 2%. Pore pressure 

remained constant even shearstrains already exceeded the 

failure limit of 5%. 
The silty undisturbed specimens have considerably more 

cyclic strength resulting from reconstituted specimens with a 
plasticity index of 18.  The researcher describes when the ratio 
of natural water content to liquid limit (wn/wl) exceeds 0.90, 
undisturbed soils become more collapsible due to strain 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
The silty undisturbed specimens have considerably more 

cyclic strength resulting from reconstituted specimens with a 
plasticity index of 18.  The researcher describes when the ratio 
of natural water content to liquid limit (wn/wl) exceeds 0.90, 
undisturbed soils become more collapsible due to 
strainsoftening within 20 cycles with a pore pressure ratio 
ranging from 0.52 to 0.60. 

Figure 8 shows and presented data from cyclic undrained 
test results of the reconstituted and undisturbed clays 
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                 (a) Reconstitute sample PI=18 τ⁄ σ=0.185                                       (b) Undisturbed sample PI=9 τ⁄ σ=0.240 

 

Figure 7: Cyclic undrained test results of the reconstituted and undisturbed silty clays 

                                             (Erken and Ulker, 2008) 
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specimen performed by Erken and Ulker (2008).  The 
researcher are compared in between two cities specimens 
obtained from Adapazari and Izmir to determine the cyclic 
behaviours of undisturbed soils.  The undisturbed specimens 
had fines content between 52% and 95%, and the plasticity 
index ranged from 5 to 13.  The increased cyclic shear stress 
ratio can be seen in figure 2.10 (b) causes it to reach the 
failure limit of shear strain of 5% in less loading cycles.  
During initial cycles, Shear strains increase rapidly and the 
undisturbed soil specimen loses its cyclic strength through the 
test. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   Table 5: Cyclic torsional shear test properties of reconstituted (R) and undisturbed (U) specimens 
                                                   (Erken and Ulker, 2008) 

 

Specimen 

 

Test Noa 

 

wn 

(%) 

 

wn/wl 

 

PI (%) 

 

γkc 

(kN/m3) 

 

τd/σc 

 

N (γ=±2.5%) 

 

 

U  

 

DO2  

 

37  

 

0.99  

 

13  

 

13.9  

 

0.327  

 

1  

U  DO3  19  0.61  5  14.6  0.208  760  

U  DSO1  30  0.97  9  14.4  0.240  10  

U  DSO2  29  0.85  8  14.4  0.227  3  

U  DSO3  28  0.90  6  14.0  0.170  20*  

R  DG4  15  0.38  18  15.2  0.185  5  

R  DSG1  17  0.43  18  14.9  0.175  20  

R  DG1  16  0.40  18  15.2  0.163  35  

 

 
Note:- 

         The test is continued till 0.18 % DA strain  

         Symbols define the test conditions; D denotes cyclic test, DS denotes cyclic and post cyclic monotonic test. 

 

                  (a) Reconstituted samples                           (b) Undisturbed samples 

 

     Figure 8: Cyclic undrained test results of the reconstituted and undisturbed clays specimen 

                            (Erken and Ulker, 2008). 
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TABLE 6: COMBINATION OF PARAMETERS FOR TRIAXIAL TESTING ON  

SOLANI SAND 

                                          (Suresh et al., 2010) 

Test No. Cell Pressure Frequency 

1 to 7 100 kPa 1.0 Hz 

8 to 14 100 kPa 1.0 Hz 

15 to 21 

100 kPa 

0.5 Hz 

22 to 28 1.0 Hz 

29 to 35 1.5 Hz 

36 to 42 150 kPa 1.0 Hz 

43 to 49 200 kPa 1.0 Hz 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
At the early stage of the test for reconstituted samples as 

shown in figure 2.10 (a), the cyclic shear stress ratio of 0.175 
as a corresponding stress value of N=20 cycles, the researcher 
stated it was considered for an earthquake magnitude with 7.5 
at it was determine from the relationship of cyclic shear stress 
versus number of cyclic (N).  The cyclic shear stress level was 
applied at different number of cycles to each specimen. 

At the final study, the researcher have concluded the 
findings.  There are some criteria cyclic behaviours and post 
cyclic monotonic shear strength of reconstituted and 
undisturbed fine grained soils have been studied in triaxial test 
apparatus.  Erken and Ulker (2008) concluded that, the cyclic 
undrained shear strength of undisturbed soft silty soil is 
considerably higher than that ofreconstituted specimens 
depending on the aging and initial fabric and the monotonic 
undrained shear strengths of reconstituted and undisturbed 
specimens decrease with the cyclic shear stress history.  The 
researcher also presented that, the reduction is significant 
when the soil specimen exceeds a certain yield strain level 
under the same shear stress amplitude prior to static undrained 
test, and reaches nearly 40% in silty soil. 

         According to Ho et al., (2012), when undrained 
cyclic triaxial tests on clays are conducted at a sufficiently 
slow rate for pore pressure equilibration, intrinsic strain rate 
effects on pore pressure measurements, effective stress paths 
and stress-strain relationships are negligible.  On the other 
hand, when the normalized mean effective stress state of the 
clay specimen at the start of post-cyclic monotonic loading 
falls below 0.5, stress reversal becomes evident and the 
effective stress path becomes similar to that of heavily 
overconsolidated clays (Ho et al., 2012). 

 

VIII. POST-CYCLIC ON SAND 

 

Loose cohesionless materials can collapse during either 
static or dynamic loading, resulting in a rapid build-up of pore 

pressure and associated reduction in shear resistance.  Gupta, 
Negi & Ashok (2013), describes the sand as a 
 natural granular material composed of finely divided rocks an
d mineral.  The composition of sand varies according to the 
parent rock and the mode of transportation.  Sand is 
transported by various agents like wind and water, and it is 
form of beaches, dunes, sand spits, sand bars and river. 

          Behaviour of sand also defined by Castro (1969) and 
classified as “soil liquefaction” as the behaviour of saturated, 
loose sand where increasing pore pressures due to undrained 
shear decrease the effective stresses resulting in a reduction in 
the shear resistance to a constant value, called steady state.  
There are many studies conducted in many years and 
experimental test series were performed to describe and 
highlighting the mechanical behaviour of sand soils under 
cyclic and dynamic loads both in drained and undrained 
conditions. 

         The experimental works in the present investigation 
inviting many researchers to established data were collected.  
With regard to that, the paper is concentrated at reviewing the 
results of previous laboratory investigation on sand behaviour 
under cyclic and dynamic loading related to this study is 
Suresh, Maheswari and Kaynia (2010).  The researcher has go 
through the dynamic properties of Solani sand under cyclic 
loads.  The samples Solani sand are investigated by a series of 
cyclic triaxial tests. 

         The researcher presented the effect of parameters 
such as relative density, amplitude of cyclic shear strain, 
confining pressure and frequency of cyclic loading on 
dynamic soil properties.  Samples collected from bed of Solani 
River and cyclic triaxial test were carried out and conducted 
by varying different parameters that primarily concern such as 
number of cycles applied, confining pressure, relative density, 
frequency of loading and shear strain amplitude.  Researcher 
in that study were used three types of sampling procedure 
techniques for triaxial testing on saturated sand called moist 
placement method or wet tamping, dry deposition and water 
sedimentation method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

257

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 
 

 

 

 

 

Table 6 shows the combination of Parameters for Triaxial 
Testing on Solani Sand(Suresh et al., 2010).  There are three 
types of cell pressures 100 kPa, 150 kPa and 200 kPa with 
three different frequencies 0.5 Hz, 1 Hz and 1.5 Hz.  Sample 
43 to 49 imposed with 200 kPa and 1.0 Hz as the highest cell 
pressure used.  Porous stone and filter paper was placed on top 
of the sample.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

     

 

 

                                

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a)  b)  

 
Figure 9: Undrained cyclic compression triaxial test on a Toyoura dense sand specimen:  

                                                     a) and b) numerical simulation, c) and d) experimental data  

                                                      (Prisco and Zambelli, 2003) 

 

            a) σa =0.059 kPa/s                        b)σa =0.59  kPa/s 

 

                                 c) σa =5.9  kPa/s 

 

Figure 10: Numerical simulation of a standard undrained triaxial cyclic test on 
Fuji River loose sand specimen at varying loading rate. 

                                                             (Prisco and Zambelli, 2003) 
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These findings are in close agreement with the results 

reported by Choudhary et al., (2010) where the researcher 
concluded, when the confining pressure is increased, there is 
increase in shear strength of the soil sample.  Pore water 
pressure builds up slow and there is triggering of liquefaction 
at higher cycles. 

 Prisco and Zambelli (2003) was observed that, the 
increase in the pore pressure is inhibited by the increase in the 
effective stress level and a sort of phenomenon of stabilisation 
takes place.  Figure 9 shows the undrained cyclic compression 
triaxial test on a Toyoura dense sand specimen. (a) and (b) 
expressed the numerical simulation of sand while (c) and (d) is 
the end result of experimental data performed.In fact, on the 
contrary, when a loose sand specimen is cyclically loaded, 
liquefaction takes place. 

Figure 10 shows the numerical simulation of a standard 
undrained triaxial cyclic test on Fuji River loose sand 
specimen at varying loading rate presented by Prisco and 
Zambelli (2003).  Some numerical simulations of a standard 
undrained triaxial cyclic compression test performed at 
varying stress rates are shown in figure 10.  Researcher 
considers that, these observations become very important 
when large strain cycles are triggered by seismic actions. 
According to Tatsuoka et al., (1998), there are some triggers 
that can be observed by time effect during laboratory 
experimental tests on sand specimen as follows:-  

a) Creep deformation at constant effective stress state,  

b) Strain relaxation at constant axial strain,  

c) Temporary overshooting and undershooting in stress         

immediately after change in constant strain rate. 

d) Volumetric instabilities, sudden collapses, of loose 

sand specimens tested in load controlled conditions. 

 

 

CONCLUCIONS  

 
       Based on the review of a number of available research 

about post-cycling loading results, it is concluded in different 
intensity of soil as a sample.  There are many factors have to 
be considered.  This paper presents the results from various 
researchers of consolidated undrained tests as well as post-
cyclic triaxial compressions test on three sample peat, clay and 
sand.  The main conclusions of the review are summarized, as 
follows: 

 

1. Higher plasticity soils generally exhibit a more linear 
cyclic stress-strain response. 

2. Based on clay sample tested, an effective stress 
reduces by generating excess pore water pressure and 
induces apparent overconsolidation in the specimens. 

3. Post-cyclic monotonic tests showed that, the cyclic 
loading degrades undrained shear strength and secant 
deformation modulus of the clay and mixed 
specimens. 

4. The post cyclic behaviour on clay soil, is governed by 
the normalized mean effective stress after cyclic 
loading.  Independent of the effective consolidation 
pressure take in to account with cyclic strain 
amplitude and number of cycle that applied in the 
test. 

5. On sandy soil, when the number of cycle is quite 
large or the material considered granular and loosely 
compacted, the essential factor influencing the 
mechanical response known as the evolution of 
relative density are main concerned. 

6. Relative density for sand has significant effect on 
shear modulus values.  At the lower shear strain 
levels, it become not so significant to the effect of 
large strain levels effect.  

7. Shear modulus and the damping ratio of the sandy 
soil decreases when the number of cycles of loading 
increases. 

8. In peaty soil, the values of angles friction  ′ get 
increase when the cohesion c

’
 reduced. 

9. A substantial decrease in the shear resistance for 
cyclic loading.  Increasing number in cycles of stress 
application will result in decreases of post-cyclic 
shear stress. 
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Abstract— Biodiesel possess a great potential to help in reducing 

the dependence on non-renewable fuel which will run out in a 

near future. Moreover, problems regarding environmental 

pollution caused from the combustion of fossil fuel and volatile 

price of this valuable energy had escalated the research and 

development in production of biodiesel from various feedstocks. 

The research was conducted to study the effect of different 

solvent on extracted oil yield, and to compare the properties of 

biodiesel produced from Moringa oleifera seeds oil and palm oil. 

The Moringa oleifera seeds were crushed and the oil was 

extracted by solvent extraction process using three different 

solvent. The extracted Moringa oleifera oil and palm oil were 

converted into biodiesel through transesterification process in a 

presence of methanol and potassium hydroxide as catalyst. As a 

conclusion, n-Hexane was the best solvent which gives the highest 

oil yield with an average percentage of 34.3%. The biodiesel 

properties such as: cetane number was 66.7, 59.5, kinematic 

viscosity were 4.8 mm2/s, 5.04  mm2/s, cloud point were 18oC, 

16oC, pour point 12oC, 7oC, flash point 162oC, 155oC, and density 

875 kg/m3, 890 kg/m3 produced from Moringa oleifera seeds oil 

and palm oil, respectively. Biodiesel produced from Moringa 

oleifera had a potential to become a better feedstock as it possess 

a better properties compared to biodiesel produced from palm 

oil. 
 

Keywords— Biodiesel; Moringa oleifera; Palm oil; Solvent 

extraction; Transesterification  

I.  INTRODUCTION  

The world’s fossil fuel reserve is diminishing and become 

scarce [1] due to decades of continuous finding pockets of this 

valuable so called black gold or fossil fuel, pumping them dry 

and moving on to new finding.  As this trend continues and 

couple with the imbalance of fossil fuel consumption and 

production, shrink the amount of non-renewable fuel reserve 

from undiscovered oil well, make it even harder to discover 

and more expensive to produce [2].  
This current scenario had triggered scientific communities 

to seek the best alternative to cope with the problem and meet 
the ever increase fuel demand by reducing the dependence on 
petroleum derived fuel and shifting to renewable biofuel that 
are available, technically feasible, economically viable, and  

environmentally acceptable [3] which possess a characteristics 

of lower emissions of carbon monoxide, particulate matter, 

and total hydrocarbons which would help to reduce the air 

pollution.  

Biofuels is really an umbrella term and it can mean almost 

anything, from hydroelectric power, which is generated from 

waves to wind, solar and other forms of generated energy. 

However, for the most part the term “biofuels” is used to refer 

to that of alternative substitutes for petrol, diesel or aircraft 

fuel. Biofuel can be explained as transportation liquid or 

gaseous fuels that predominantly produced from biomass [4]. 

Biofuels are a viable alternative to fossil fuels and many 

varieties exist which vary significantly. Some examples are 

that of biodiesel, which entails growing crops that contain 

high amounts of natural oil then through a process of 

hydrogenation or refining a more compatible biodiesel, 

substitute is created. This creates a biodiesel, which can be 

mixed with mineral diesel or can be used on its own then used 

in any diesel-powered automobile. 

Biodiesel can be produced from numerous primary feed 

stocks of either vegetable oils or animal fats such as canola 

(rapeseed) oil, tobacco oil, jatropha oil, cotton seed oil, 

sunflower oil, soybean oil, palm oil, peanut oil, rubber seed 

oil, as well as variety of less common oil [5]. Nowadays, most 

of biodiesel being mass produced from same feedstock to 

produce food and this current situation pose a new threat to 

food security.  

As the demand for biodiesel is steeply rising, the 

feedstock to produce food is depleting and eventually causing 

a soar in food price burdening the poor. Hence this research is 

aimed to find a new feedstock from Moringa oleifera seeds oil 

to substitute today’s primary feedstock used by biodiesel 

producer to produce an environmental friendly biofuel. 

Different solvents were used to extract the Moringa 

oleifera seeds oil using thermo electrical soxhelt [6] to find 

optimum oil yield by using ethanol, methanol and n-hexane. 

Palm oil and extracted Moringa oleifera seeds oil was 

converted into biodiesel through transesterification process 

with the presence of methanol and potassium hydroxide as a 

catalyst [7]. Cetane number, kinematic viscosity, cloud point, 

The author would like to thank Research & Innovation department/ 
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pour point, density, and flash point of the produced biodiesel 

was analysed and compared with international standards.  

II. MATERIALS AND METHOD 

A. Moringa oleifera seeds 

Moringa oleifera seeds were obtained from Kota Bharu, 

Kelantan, Malaysia. The seeds were crushed to be used for oil 

extraction.  

B. Oil Extraction 

About 30 g of crushed Moringa oleifera seeds was placed 

into thimble of soxhelt extractor fitted with 500 ml round-

bottom flask and connected with condenser containing 200 ml 

n-hexane. A heating mantle is set at 60-70
o
C, the n-hexane 

was continuously evaporated and condensed back into thimble 

containing crushed seeds [8, 9]. This method was followed 

using methanol and ethanol. The oil was recovered by placing 

the oil mixed with solvent into rotary evaporator under 

vacuum at 70
o
C. The cake residue was collected and dried at 

50
o
C for 1 hour and the weight of the cake residue was 

recorded to calculate the produced oil yield. 

C. Preparation of Catalyst 

In this research, the molar ratio of vegetable oil to 

methanol was 6:1 [10]. In order to prepare the chosen molar 

ratio, about 0.5 g of potassium hydroxide was diluted in 50 ml 

of methanol. The mixture is heated up to 30
o
C until the 

potassium hydroxide was completely dissolved. 

D. Pre- treatment of Crude Palm Oil 

The crude palm oil was collected from (Kilang Sawit 

Lepar Hilir 3, Gambang, Pahang, Malaysia) with low grade. 

Therefore, pre-treatment was carried out to remove any 

unwanted solid particles; the crude palm oil was centrifuged at 

5000 rpm for 15 minutes. The pre-treatment continued with 

bleaching with 6 g of fuller earth bleaching agent which is 

poured into beaker containing palm oil and stirred for 30 

minutes at 100
o
C. The mixture was left to cool down and 

centrifuged once again at 5000 rpm for 15 minute to get a 

clean and clear palm oil. 

E. Transesterification 

The Moringa oleifera seeds oil was converted into methyl 

ester using methanol in a 1 litre round-bottom flask with a 

reflux condenser. The mixture was stirred using magnetic 

stirrer at 400 rpm and heated to 60
o
C for 1 hour. The same 

procedure was followed for palm oil transesterification 

process. 

After 1 hour of transesterification process, the mixture 

was poured into separator flask and left for at least 12 hours 

[11]. Two layers were formed in separating flask, the lower 

layer was glycerol and some unwanted product and the upper 

part was biodiesel.  

The washing stage was carried out to remove glycerol 

using deionized water heated at 55ºC. The mixture was left to 

settle in a separator funnel for 12 hours, two layers were 

formed (lower layer with water + glycerol and the upper layer 

was biodiesel). The lower part was removed and biodiesel was 

continuously washed until the drain water was clear with 

neutral pH. To remove excess water from biodiesel, it was 

stirred with 4 g of florosil for 30 minutes and centrifuged at 

5000 rpm for 15 minute.  

F. Biodiesel Properties 

The properties of biodiesel produced from Moringa 

oleifera seeds oil and palm oil were determined using specific 

methods. Cetane number is determined using American 

Standard Testing Methods D6890 (ASTM D6890). 

Implementing ASTM D445 and Cannon–Fenske viscometers 

is used to obtain the kinematic viscosity. Cloud and pour point 

determinations were conducted with a Phase Technology 

(Richmond, BC, Canada) cloud and pour point by freeze point 

analyser. Density was determined by ASTM D4052. Flash 

point was determined using Pensky-martens flash point – 

automatic NPM 440 (Normalab, France) by implementing 

ASTM D93 standard. 

 

III. RESULTS AND DISCUSSION 

A. Effect of different solvents on oil extraction 

The oil extraction from Moringa oleifera seeds was 

performed using three solvents (n-Hexane, Methanol, and 

Ethanol). Oil yield% was calculated using equation: Wo – W1/ 

Wo X 100, where: Wo is the weight of raw Moringa oleifera 

seeds, W1 is the weight of Moringa oleifera cake residue. It 

can be concluded that the highest oil yield was achieved using 

n-hexane with 34.3%, the oil yields are shown in Table 1. 
 

TABLE 1. OIL YIELD USING DIFFERENT SOLVENTS 

 

Batch 1 Batch 2 Batch 3 Average

Methanol 200 30 16.2 17.5 15.7 16.5

Ethanol 200 30 18.9 19.8 20.8 19.8

n-Hexane 200 30 33.2 34.5 35.1 34.3

Solvents Volume of

solvents (ml)

Weight of

seeds (g)

Percentage of oil yield (%)

 

B. Biodiesel Propeties  

The biodiesel produced from Moringa oleifera seeds oil 

 and palm oil is shown in Fig. 1 and 2, respectively. 
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         Fig 1, Moringa oleifera Biodiesel  

       
    Fig. 2, Palm Oil Biodiesel 

 

1) Cetane Number 

Cetane number was determined using Ignition Quality 

Tester. The test was repeated three times using 50 ml of 

biodiesel to get the average value and the result was tabulated 

in Table 2. Based on the results, biodiesel produced from 

Moringa oleifera seeds oil possessed a higher cetane number 

which was 66.7 compared to biodiesel produced from palm oil 

which was 59.5. This high cetane number will help to ensure 

low carbon release footprint, improved fuel efficiency and 

reduce tear and wear for both vehicle starter and batteries [12].   

2) Kinematic viscosity 

Kinematic viscosity was done to find out which biodiesel 

is able to flow easily under pressure. According to ASTM 

D445 standard, viscosity tube number of No. 350 was used to 

measure the kinematic viscosity and about 30 ml of biodiesel 

was needed to complete the test. The average kinematic 

viscosity for biodiesel produced from Moringa oleifera seeds 

oil and palm oil was 4.8 mm
2
/s and 5.04 mm

2
/s, respectively. 

Thus, it can be concluded that Moringa oleifera seeds oil had 

a lower kinematic viscosity value compared to palm oil 

biodiesel.  

3) Cloud and Pour Point 

The cold flow properties of biodiesel are characterized by 

Cloud Point (CP), Cold Filter Plugging Point (CFPP) and Pour 

Point (PP) [13]. The CP is the temperature at which the fuel 

shows a haze due to crystals formation. The CFPP is the 

temperature at which the crystals formed will cause the 

plugging of the filters. The PP is the lowest temperature at 

which the liquid will flow [14]. 

About 50 ml of biodiesel was poured into test tube until it 

reached the level indicator on the test tube. The sample was 

placed inside a refrigerator and observed for every one 

minutes until solid-crystals appeared. After the test, the cloud 

and pour point for Moringa oleifera biodiesel were 18
o
C and 

12
o
C and for palm oil biodiesel were 16

o
C and 7

o
C, 

respectively. Although cloud and pour point for Moringa 

oleifera biodiesel is slightly higher compared to palm oil 

biodiesel, the high content of saturated ester which possess 

higher melting point than saturated fatty acid in palm oil 

biodiesel seem to compensate as the cold flow properties for 

biodiesel are determined based on the amount of higher 

melting component and not their nature [15]. 

4) Flash Point 

Flash point was crucial to be tested to compare with the 

classification of the Department of Transportation (DOT) 

regulations. It is used in shipping and safety regulations to 

define      flammable and combustible material. The flash point 

was 162ºC and 155ºC for Moringa oleifera biodiesel and palm 

oil biodiesel, respectively, which were higher than that for 

petroleum diesel (approximately 70ºC). Therefore, it is much 

safer to handle and transport the produced biodiesel from 

Moringa oleifera biodiesel and palm oil biodiesel. Moreover, 

The Flash Point is also used to ensure the residual methanol 

left in the fuel after biodiesel processing which will not 

negatively affect combustion and other fuel system 

components. 

5) Density 

Density is a fuel property which directly affects the 

engine performance characteristics. Many performance 

characteristics, such as cetane number and heating value, are 

related to the density. On the other hand, diesel fuel injection 

systems measure the fuel by volume. So the changes in the 

fuel density will influence engine output power due to a 

different mass of fuel injected. The density and viscosity of 

the fuels affect the start of injection, the injection pressure, 

and the fuel spray characteristic, so that they influence the 

engine performance, combustion and exhaust emissions [16]. 

Density for Moringa oliefera biodiesel and palm biodiesel was 

875 kg/m
3
 and 890 kg/m

3
,
 
respectively as shown in Table 2.  

 

 

 

 
TABLE 2. BIODIESEL PROPERTIES FROM MORINGA OLEIFERA SEEDS OIL AND PALM OIL. 
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1 2 3 Average 1 2 3 Average

Cetane number 66.7 66.8 66.7 66.7 59 59.5 60 59.5

Kinematic viscosity 

(mm
2
/s; 40

o
 C)

4.8 4.7 4.8 4.8 5.06 5 5.06 5.04

Cloud point (
o
C) 18 18 18 18 16 16 16 16

Pour point (
o
C) 12 12 12 12 7 7 7 7

Flash point (
o
C) 160 162 163 162 154 155 155 155

Density (kg/m
3
) 875 875 876 875 890 890 891 890

Properties Moringa oleifera  biodiesel Palm oil biodiesel

The biodiesel properties (produced from Moringa oleifera 

seeds oil and palm oil) are compared with American standards 

and European standard as shown in Table 3.  

 
TABLE 3. THE AVERAGE RESULT OF BIODIESEL PROPERTIES FROM MORINGA 

OLEIFERA SEED OIL AND PALM OIL. 

Properties MOME
a

POME
b

ASTM D6751
c

EN 14214
d

Cetane number 66.7 59.5 > 47 > 51

Kinematic viscosity 

(mm
2
/s; 40

o
 C)

4.8 5.04 1.9–6.0 3.5–5.0

Cloud point (
o
C) 18 16 - -

Pour point (
o
C) 12 7 - -

Flash point (
o
C) 162 155 > 130 > 120

Density (kg/m
3
) 875 890 870-900 860-900

 
aMOME    - Moringa oleifera Methyl Ester 
bPOME     - Palm Oil Methyl Ester 
cASTM      - American Society for Testing and Materials 
dEN14214 - European Standard 

 

IV. CONCLUSION 

Based on result in Table 1, best solvent in Moringa 

oleifera oil extraction was n-hexane which yields about 34.5% 

of oil. The biodiesel properties of Moringa oleifera oil and 

palm oil such as: cetane number were 66.7 and 59.5, kinematic 

viscosity were 4.8 mm
2
/s, 5.04  mm

2
/s, cloud point were 18

o
C 

and 16
o
C, pour point 12

o
C and 7

o
C, flash point 162

 o
C and 155

 

o
C, and density 875 kg/m

3
 and 890 kg/m

3
, respectively. The 

better biodiesel can be derived from Moringa oleifera seeds 

oil which possesses a high possibility to become a main 

feedstock in the production of biodiesel with a competitive 

price. Biodiesel from Moringa oleifera seeds oil also will help 

to prevent foods crisis, palm oil-based food price hiking and 

reduce the tension to palm oil producer. Moreover, this study 

will help to start commercialise the plantation of Moringa 

oleifera tree in Malaysia thus generating sustainable income, 

with more job opportunities.  
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Abstract—Fiber were derived non-wood plant where is the 

demand for fiber raw material increasing from year to year. 

The objective of this study is to determine the potential of 

napier grass as alternative fibr for papermaking industry by 

chemical and physical properties. The chemical properties 

involved in this study (cellulose, hemicellulose and lignin) 

according to TAPPI test, Kurschner-Hoffener and Chlorite 

method. For physical characteristic were determined by TAPPI 

method. Result shows that Napier grass have high potential; 

high content of cellulose and lower lignin and good of 

mechanical properties.  Thus, it can be conclude that Napier 

grass shows a potential to substitute raw materials of wood in 

pulp and papermaking industry. 

Keywords—Napier grass; pulp; Chemical properties; 

Mechanical properties 

I.  INTRODUCTION  

Napier grass plant is a perennial grass, where it can be 
grow to 2-4.4 metres, with leaves 30-120 centimetres [1].  
Napier grass has their scientific name which is Pennisetum 
purpureum. Napier grass are include in Poaceae family and 
genus of Pennisetum . The plant gives a short, creeping 
rhizome from 15 to 25 cm long with fine roots at the nods. 
[11]. Napier grass also planted as hedgerows where it will 
avoid from erosion of soil. Napier grass considered to be high 
carbohydrate in structure cell wall that increase rapidly with 
advance in paper making [14].  Plant with high contain of 
carbohydrate also give a high contain of fiber [7]. Napier 
grass can lead a future of papermaking industry by analysis of 
chemical composition and mechanical properties 

II. METHODOLOGY 

A. Raw materials. 

Napier grass collected from Parit Sulong, Johor. The 
sampels were being prepared by TAPPI Method T264 om-97 
before analyses of chemical composition in napier grass.  

B. Chemical composition. 

Chemical composition in these samples were determined 

accordance with respective TAPPI standards method ; T 211 

om-07 (ash content), T 207 om-88 (hot water soluble), T 212 

om-88 (1% sodium hydroxide solubility) and T 222 om-88 

(lignin content). For cellulose and holocellulose, the method 

were different where cellulose content will be analyzed by 

following Kursher-Hoffener method and chlorination method 

for determination of holocellulose of the sample. 

 

C. Chemical pulping 

The cooking condition for both processes can be indicated in 

the table below in digester autoclave. The partially 

delignified pulps obtained were washed with water to 

neutralize the reaction. The formation of paper followed 

TAPPI Method 205 om-8. 

 

Table 1. Sodium Hydroxide (NaOH) Pulping Process. 

Item Soda Pulping 

Concentration (%) 15 

Cooking time (min) 90 

Cooking temperature (
o
C) 170 

Liquor to wood ratio 7 

 

D. Paper properties. 

A set of paper-sheets (60g/m2) were made from the pulp of 

sample in one attempt according to Tappi T205 and keep 

overnight in a conditioning room in accordance with Tappi 

T402. The tensile and tear index were measured according to 

Tappi T494 and T414. The burst index of papers was also 

measured according Tappi T403. Besides that, Tappi T511 

was used to measure the fold of the paper sample.  
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III. RESULTS AND DISCUSSION 

A. Chemical composition 

The ash contents of napier grass fibres are 14.6% where 

is more than canola straw and date palm rachis. In 

comparison with other non wood materials, from previous 

studied, napier grass fibre is higher than date palm rachis 

with 5% [10]. Besides date palm rachis, canola straw with 

6.6% [9] also lower than napier grass ash content. The 

composition of the ash indicates the presence or absence of 

any material napier grass. Table 2 shows the mean values of 

chemical composition of napier grass and its comparison 

with canola straw and date palm rachis. 

 

Table 2. The Chemical Composition of Napier grass between 

Canola Straw and Date Palm Rachis. 

 

Composition 

(%) 

 

Napier 

Grass* 

 

Canola 

Straw [10] 

 

Date Palm 

Rachis
 
[11] 

Ash Content  14.6 6.6 9.0 

Cellulose 

Content  

12.3 36.6 45.0 

1% NaOH 

Solubility 

Content  

52.0 46.1 20.8 

Lignin 

Content  

10.7 17.3 27.2 

 

Cellulose content of napier grass was in the lower range 

of canola straw (36.6%) and Date palm rachis (45%) about 

12.3% of napier grass fibre. High content of cellulose can 

give a string of the fibre and the quality of papermaking or 

pulp will be increased [2]. The lignin content of napier grass 

(10.73%) is fairly lower than canola stalk (17.3%) and date 

palm rachis (27.2%). Lower lignin content was functioning 

as an adhesive to bind the cellulose in fibre. Lower lignin 

content makes the fibre strength more strong and uneasy to 

break
 
[6].  As indicate in Table 2, napier grass has a high 

content of 1% NaOH Solubility Content (52%) where it will 

give significance to the screen yield of chemical pulp
6
.  

B. Mechanical properties 

The mechanical properties of pulp sheets are reported in 

Table 3. These properties include the measurement of tear 

index, tensile index, burst index, folding endurance and tear 

index. As seen from the Table 3, napier grass fibers have a 

good condition to become a quality paper production. Tensile 

index and tear index are probably the main used for the direct 

measurement of the paper strength. Tensile and tearing are 

some of the mostly used for testing the properties of natural 

fiber [13]. From this study, napier grass sheet of paper has a 

tensile index of 6.93 Nm/g, which is between the Date Palm 

rachis (1.09 Nm/g) and Palmyra fruit (13.8 Nm/g). besides 

that, napier grass shows of tear index (1.44 Nm
2
/g) compared 

Date Palm rachis (4.4 Nm
2
/g) and Palmyra fruit (1.12 

Nm
2
/g). The strength of properties of the sheets of paper was 

correlated to interfiber bonding [3]. The fiber strength is 

directly proportional to cellulose content for fiber pulp by 

cooking process where it determines the strength properties 

of the paper that were being produced [8]. 

 

Table 3. Properties of Pineapple Leaf Chemical Pulping fiber 

 

Sample 

Tensile 

Index 

(Nm/g) 

Tear 

Index 

(Nm
2
/g) 

Burst 

Index 

(kPa*m
2
/g) 

Folding 

(Nm) 

Napier 

grass* 

6.93 

 

1.44 4.69 2.45 

Date 

Palm 

Rachis 

[11] 

1.09 4.4 1.32 n.a. 

Palmyra 

fruit 

[12] 

13.80 1.12 n.a. n.a. 

   *n.a. Not available   

 

Napier grass papers gives a good of burst index 

about 4.69 kPa*m
2
/g rather but Date palm rachis was a little 

high about 1.32 kPa*m
2
/g. However, pineapple leaf paper 

properties still in a good range for a paper quality. The result 

from burst strength shows how strong the paper from 

pineapple leaf material. Bursting strength was done for 

rupture of the paper material when consistently increases the 

pressure as the maximum hydrostatic pressure [5]. For 

folding test, pineapple leaf gives 2.45 Nm the strength of 

folding endurance from the test pineapple leaf papermaking. 

High quality test of folding endurance shows how the paper 

can have a maximum of fold where have an advantage to 

become a tissue paper with a tiny density [4].    

 

IV. CONCLUSION 

Based on the result, napier grass fiber becomes a favorite 
to become a highly potential of substitute fiber in pulp and 
papermaking industry. Napier grass have a characteristic in 
becoming paper making production same as wood fiber. 
Favourable high amount of cellulose content and low lignin 
content could give a high quality of pulp and paper making 
production. Mechanical properties test (Tensile index, Tear 
index, Burst index and Fold test) shows a high of 
measurement where have a same property with wood 
materials. This Malaysia’s agro waste material can become an 
effective source and has a high potential for alternative fiber 
in paper making industry. This study give confirmation of the 
suitability of Napier grass as an alternative pulp for 
papermaking industry.   
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Abstract— This paper presents a waste cooking oil (WCO) 

transesterification using a continuous microwave assisted reactor 

(CMAR). The free fatty acid content and fatty acid methyl ester 

contents in the sample were determined using gas 

chromatography mass spectrometry (GC-MS). The results 

showed an efficient conversion (up to 97.0%) of WCO to 

biodiesel, and the highest biodiesel yield is about 92.5%. The 

highest conversion of 97.4% was achieved with catalyst loading of 

1.0 wt.%, methanol to oil molar ratio of 10:1, reaction 

temperature of 60°C and the flow rate of 308 ml/min 

corresponding to the reaction time of 6 minutes. The biodiesel 

produced in this work is within the limits of the specification 

described by ASTM D6751. 

Keywords—Biodiesel; WCO; CMAR; microwave; homogeneous 

catalyst; plug flow reactor 

I.  INTRODUCTION 

Biodiesel is a composition of long-chain fatty acid methyl 
esters (FAME) derived from triglyceride that meets the needs 
of the American Society for Testing and Materials (ASTM) 
D6751 [1] (Liao & Chung 2011). FAME is often produced by 
a transesterification process which is greatly influenced by the 
amount of free fatty acids (FFA) in the feedstock, type of 
catalyst and method of heating. 

According to Demirbas [2], more than 350 oil bearing crops 
can be used as feedstock for biodiesel. Oil from rapeseed, 
sunflower, soybean, Jatropha, palm oil, and peanut oil are often 
used for biodiesel production. With exception of Jatropha, all 
the above mentioned vegetable oils are edible, which is not 
favourable for biofuel production due to food vs. fuel issue. 
Alternatively, waste cooking oil can be used for production of 
biodiesel because they are often produced in large quantity as 
waste from restaurant and cannot be used for food preparation. 
Approximately, 900 million litres of WCO are available 
annually in Malaysia based on the national consumption of 
over 3 billion litters of cooking oil annually. 

Most of the previous work studied transesterification 
process using a batch reactor. However, industrial production 
of biodiesel is often performed using a continuous process. 
Thus, this work focuses on the continuous transesterification of 
waste cooking oil with the present of microwave irradiation 
called CMAR. Microwave energy is mainly absorbed by the 
sample material which flows through a tubular reactor. 

Microwave irradiation accelerates and enhanced chemical 
reaction because it delivers the energy directly to the reactant. 
The electromagnetism initiates rapid rotation of the molecules 
or ions, and heat is generated uniformly in a very short time 
due to molecular friction. So, the microwave irradiation 
accelerates the chemical reaction, and high biodiesel yields can 
be attained within a short reaction time [3]. 

This work aims to evaluate the performance of a newly 
developed continuous microwave assisted reactor to produce 
biodiesel from waste cooking oil with the presence of sodium 
methoxide (NaOCH3) catalyst. Sodium methoxide is chosen 
because it is an excellent catalyst and well researched for 
transesterification of waste cooking oil. The purpose of this 
study is not to study the catalyst, but rather to examine the new 
reactor system, CMAR. The influence of reaction time, 
temperature, and methanol to oil molar ratio and catalyst 
loading to the biodiesel yield was studied. The methyl ester 
produced was tested for compliance with ASTM D6751 
standard. 

II. MATERIALS AND METHODS 

A. Chemicals 

Sodium methoxide (NaOCH3), potassium hydroxide 
(KOH), fuller earth, florisil and n-hexane chromatography 
grade was obtained from Sigma-Aldrich (St. Louis, MO). 
Meanwhile, analytical grade methanol (97%) and ethanol 
(99.9%) was obtained from Merck (Darmstadt, Germany). The 
standard for gas chromatograph such as methyl laurate, methyl 
myristate, methyl palmitate, methyl palmitoleate, methyl 
stearate, methyl oleate, methyl linoleate and internal standard 
methyl heptadecanoate was obtained from Sigma-Aldrich (St 
Louis, MO).  

B. Feedstock 

The WCO in this work was obtained from Sri Melekek 
restaurants, Malacca, Malaysia. About 80 litres of waste 
cooking oil were collected in a large Jerry can for over a month 
period, and the same oil was used throughout this work to 
ensure a consistent feedstock. The WCO was found to have 
two distinct layers; the upper layer was much darker and more 
viscous than the lower layer most probably due to water 
contamination, which tends to settle at the lower layer. 
Therefore, only the upper layer was used in the experiments. 
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This layer was filtered through a 200 µm sieve before used. 
The chemical and physical properties of the oil were 
determined using ASTM D6751 method. 

C. Continuous Microwave Assisted Reactor (CMAR) 

The CMAR was developed according to the process control 
and instrumentation diagram shown in Fig. 1. A modified LG 
wavedom model (MS-2384B, South Korea) microwave oven, 
fitted with a temperature control relay (Shinko, JCS-33A, 
Japan) and poly-tetrafluoroethylene (Teflon) tube loop was 
used as a reactor. The reactor is connected to three tanks for the 
reactant and product. The feed flowrate is controlled using two 
solenoid metering pump (Prominent BT4b, Germany). Catalyst 
is mixed homogeneously in the reactant tank containing 
methanol using a stirrer (Heidolph RZR 2051 control, 
Germany). 

D. WCO Transesterification and Purification 

The transesterification process was performed using the 
CMAR. Firstly, the waste cooking oil was bleached with fuller 
earth and heated to a temperature of 80°C for 30 min and then 
centrifuged, 5810R (Eppendorf) model, to remove unwanted 
impurities before heated to the desired reaction temperature. A 
predetermined amount of sodium methoxide is mixed in a 
predetermined amount of methanol using a stirrer until 
homogeneous. Both WCO and methanol (with sodium 
methoxide) were pumped continuously to the CMAR using the 
dosing pump. Among the condition studied are the ratio of 
methanol to WCO (from 4:1 to 12:1 mol/mol), temperature 
(from 60

o
C to 70

o
C), irradiation power (from 180W to 900W), 

and reaction time (from 4 to 8 min). The reaction time was 
adjusted by carefully setting the dosing pump. 

The sample was decanted into the separator funnel and 
allowed to settle up to 24hr until two distinctive layers appear. 
The upper part of the sample contains waste cooking oil methyl 
ester (WCOME) whereas the bottom part contains glycerol, 
catalyst and other impurities. The residual methanol and 
glycerol were washed from WCOME using warm water 

(60
o
C). Subsequently, florisil (MgSiO3) was added to the 

WCOME and stirred vigorously at 40
o
C to remove any water 

residue before centrifuged. The WCOME was filtered through 
Whatman (125mm) filter papers and stored prior to chemical, 
physical and GC analysis according to ASTM D6751 standard. 

E. Analysis of WCO and WCOME Properties 

Compliance to ASTM D6751 standard is vital to ensure the 
biodiesel produced is readily usable for automobile engine 
without any operational issue. The oil was tested for its acid 
value (ASTM D664), kinematic viscosity (ASTM D445), 
density (ASTM D5002), flash point (ASTM D93), 
saponification value (AOCS CD3 1993), calorific value 
(ASTM D240), cloud point (ASTM D2500), pour point 
(ASTMD97), cetane number (ASTM D613), TAG (ASTM 
D6584) and moisture content (ASTM D2709). 

F. WCO and WCOME Composition Analysis 

Oil and FAME composition of oil was determined using 
gas chromatography mass spectroscopy (GC-MS) according to 
ASTM D6584. At first, sample was dissolved in HPLC grade 
n-hexane before injected into the GC-MS. Tri-acylglycerides 
(TAG) analysis was performed on Agilent 7890A GC system 
equipped with Agilent 7683B series injector, 5975C inert MSD 
and a DB-1(MS) column (30 m × 0.25 mm ID × 0.25 μm 
films), with a temperature range of 60 to 340°C, while the 
FAME produced were analyzed on HP-5 column (30 m × 0.25 
mm  ID × 0.25 μm) with a temperature range of 60 to 325°C. 
Identification of the peaks was performed by comparing the 
mass spectroscopy library and retention times with the standard 
analyzed under the same condition. Most of the fatty acids in 
the WCO are made up of 12 to 24 carbon atoms with different 
atomic bonding. The fatty acids displayed all double bonds in 
the cis and trans isomerism by one methylene group. The most 
common fatty acids found in WCO are shown in Table 1. The 
chain length and number of double bonds affect the physical 
properties of fatty acids. A higher number of double bonds 
decreases the fatty acid viscosity and hence may affect its 
rheological properties [4]. 
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Fig. 1. Schematic diagram of the CMAR. 

 

The yield and conversion of biodiesel were determined 
according to the methods described by Phan and Phan [5] and 
Shahbazi et al. [6] as follows; 

𝑌𝑒𝑠𝑡𝑒𝑟(%) =  
𝐶 𝑥 𝑚𝑒𝑠𝑡𝑒𝑟 

𝑚𝑜𝑖𝑙
 𝑥 100%               (1) 

where, Yester represents the yield of biodiesel (%); C is the ester 
content (wt.%); mester is the mass of ester collected (g); moil is 
the initial mass of oil sample (g). Conversion was calculated as 
follows; 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =  
𝑚𝑒𝑠𝑡𝑒𝑟

3(
𝑚𝑜𝑖𝑙

𝑀𝑊𝑜𝑖𝑙
)(𝑀𝑊𝑒𝑠𝑡𝑒𝑟)

 𝑥 100             (2) 

𝑀𝑊𝑒𝑠𝑡𝑒𝑟  =  ∑(𝑀𝑊𝑖  𝑥 %𝑚𝑖) + 14              (3) 

where; MWester represent the molecular weight of methyl ester; 
MWi is the molecular weight of fatty acid and %mi is the 
percentage of fatty acid. 

TABLE I.  FATTY ACID IN WCO 

Fatty acid  Short 

name  

Chemical structure Molecular 

weight 

Lauric C12:0 CH3(CH2)10COOH 200.32 
Myristic C14:0 CH3(CH2)12COOH 228.38 

Palmatic C16:0 CH3(CH2)14COOH 256.43 

Palmitoleic C16:1 CH3(CH2)5CH=CH(CH2)7COOH 254.41 
Stearic C18:0 CH3(CH2)16COOH 284.48 

Oleic C18:1 CH3(CH2)7CH=CH(CH2)7COOH 282.47 
Linoleic C18:2 CH3(CH2)4CH=CHCH2CH=CH 

(CH2)7COOH 280.45 

Linolenic C18:3 CH3CH2CH=CHCH2CH=CHCH2C

H=CH(CH2)7COOH 278.44 

Arachidic C20:0 CH3(CH2)18COOH 312.54 

III. RESULTS A DISCUSSION 

A. Effect of Catalyst Loading 

The catalyst loading is an important factor that affects the 
WCO conversion and yield. The NaOCH3 catalyst was varied 
from 0.5 to 1.5 wt.%, while other factor was set constant 
(temperature at 60°C, the ratio of oil to methanol 1:6, 6 min 
reaction time and microwave power of 720W). As shown in 
Fig. 2, the methyl ester content increased from 83.48% to 
96.61%, the yield increased from 69.43 to 92.24 wt.% and 
conversion increased from 81.72 to 97.36% when the catalyst 
loading increased from 0.5 to 1.0 wt.%. However, further 
increase in catalyst loading (from 1.00 wt.% to 1.50 wt.%), 
decreased the percentage of biodiesel due to increase in soap 
formation. Thus, catalyst loading of 1.0 wt.% gave the highest 
yield of WCOME and conversion of WCO 92.24% and 
97.36%, respectively. Similar findings are also reported by 
Barnard et al. [7] and Hernando et al. [8]. 

B. Effect of Methanol to Oil Molar Ratio 

Other important variables that affect the yield and 
conversion of methyl ester are the molar ratio of alcohol to the 
WCO. Generally, a stoichiometric required molar ratio of 
WCO to methanol is 1:3, although in practice this does not 
provide a complete reaction. Thus, a higher molar ratio 

required to force the equilibrium towards completion of 
reaction to produce higher yields of methyl esters [9]. In this 
work, the effect of methanol to oil ratio of 4:1, 6:1, 8:1, 10:1 
and 12:1 to biodiesel conversion and yield was studied. All 
other parameters were set constant, i.e. temperature of 60

°
C, 

1.0 wt.% of catalyst loading, microwave power of 720W and 
reaction time 6 min. The molar ratio of 10:1 was found to give 
the highest biodiesel yield and conversion at 92.49% and 
94.0.1%, respectively, as shown in Fig. 3. This finding is in 
agreement with the one reported earlier by Liao & Chung [1] 
who performed microwave assisted transesterification of 
Jatropha oil. 

 

Fig. 2. Effect of catalyst loading. 

 

Fig. 3. Effect of methanol to oil molar ratio. 

 

Fig. 4. Effect of temperature. 

C. Effect of Temperature 

The effect of temperature was studied by varying 
temperature from 50 to 70°C with all the other parameters set 
constant (catalyst loading 1.0 wt.%, methanol to oil molar ratio 
of 10:1, reaction time of 6 minutes and the microwave power 
720W). Fig. 4 shows the effect of temperature to the yield and 
conversion WCO of methyl ester. The result shows the yield 
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and conversion increases from 93.65% to 95.70% and 95.51% 
to 97.91%, respectively, when the temperature increased from 
50 to 60

o
C, however, further increase in temperature resulted in 

decrease of yield. This is due to evaporation of methanol at 
temperatures higher than 64.7°C (methanol boiling point) 
resulting in reduced yield and conversion at 65 and 70°C, 
consistent with the finding by Gimbun et al. [10]. According to 
Wang et al. [11], methanol produce bubbles in the solution 
above its boiling point that can inhibit the reaction. 
Furthermore, higher temperature accelerates the saponification 
of glycerides and increased production of glycerol. The result 
obtained in this study is consistent with the previous work [12, 
13]. 

D. Effect of Reaction Time 

The effect of time was performed by varying the reaction 
time from 4 to 8 minutes while all other parameters is set 
constant (catalyst loading 1.0 wt.%, methanol to oil molar ratio 
of 10:1, temperature 60°C and 720 watts of microwave power). 
Fig. 5 shows the effect of reaction time to the yield and 
conversion of biodiesel. The result shows that both yield, and 
conversion increased with the reaction time from 4 to 6 
minutes, up to a maximum percentage of 95.63% and 97.89%, 
respectively, but decreases as reaction time increased further. 
Prolonging the reaction time does not improve the conversion 
of free fatty acids and cause more soap produced from the 
hydrolysis of ester [14]. Therefore, the reaction time 6 min give 
highest yield and conversion of biodiesel will be used for the 
remainder of this work. 

 

Fig. 5. Effect of reaction time. 

 

Fig. 6. Effect of microwave power. 

E. Effect of Microwave Power 

The effect of microwave power to WCO transesterification 
was studied by adjusting the irradiation power from 180W to 
900W while all other parameters were set constant (i.e., 
catalyst loading 1 wt.%, reaction time 6 min, methanol to oil 
molar ratio of 10:1 and temperature of 60°C). The results of the 

experiment are shown in Fig. 7, which shows a significant 
enhancement of yield and conversion as the power increased. 
The highest yield (92.13%) and conversion (97.87%) of 
WCOME was obtained at microwave power of 720W. 
However, no further increase in yield and conversion as the 
microwave power increased further up to 900W. 

F. Properties of Methyl Ester from Waste Cooking Oil 

The fuel properties of WCOME produced in this work is 
compared with the previous work by Charoenchaitrakool and 
Thienmethangkoon [15], who studied biodiesel production 
from WCO through a two-step catalysed process. As shown in 
Table 2, the methyl ester properties are within the biodiesel 
specification described by ASTM D6751 and hence suitable for 
use for automobile engine without further treatment. Most 
notable the acid value for WCOME obtained in this work is 
less than 0.5 mg KOH/g 

The WCO and WCOME composition was determined 
using GC-MS according to ASTM D6584. The WCO 
composition and physical properties used in this work, as 
shown in Table 3 is comparable to those studied by Yaakob et 
al. [16] who also studied waste cooking oil. Although there are 
minor difference fatty acid compositions and iodine value due 
to the different prior use of the cooking oil. In this case, the 
WCO was collected from a restaurant that cook only small fish 
and chicken. Some fatty residual from the fish and chicken 
may be present in the WCO which accounts for the difference 
in oil composition. Yaakob et al. [16] did not specify the prior 
use of their WCO and hence may not be exactly comparable to 
the one used in this work. The GC-MS data shows that the 
most abundant FAME were palmitate (35.76 wt.%), oleic 
(41.06 wt.%), linoleic (8.78 wt.%) and stearic (4.60 wt.%). 

TABLE II.  PROPERTIES OF METHYL ESTER OF WCO 

Properties  Units ASTM Limits  This 

work 

Charoenchaitrakool & 

Thienmethangkoon [15] 

Density  g/cm3 D5002 0.82~0.9  0.89 0.88 
Kinematic 

Viscosity, 

40°C  

mm2/s D445 1.9~6.0  4.52 4.89 

Cloud point oC D2500 -3~12 12 11 

Pour point oC D97 -15~10 -2 -2 

Flash point   °C D93 > 130  128 120 

Acid value  mg KOH/g D664 < 0.50  0.87 0.43 

TABLE III.  PROPERTIES OF METHYL ESTER OF WCO 

Properties This work Yaakob et al. [16] 

Fatty acid composition (%) 

Palmitic acid C16:0 39.84 36.95 

Stearic acid C18:0 4.17 4.85 

Oleic acid C18:1 43.73 46.25 

Linoleic acid C18:2 7.87 10.51 

FAME content (%)   

Methyl laurate C12:0 0.52  
Methyl myristate C14:0 1.16  

Methyl palmitate C16:0 35.76  

Methyl palmitoleate C16:1 1.63  

Methyl stearate C18:0 4.60  

Methyl oleate C18:1 41.06  

Methyl linoleate C18:2 8.78  

Methyl arachidate C20:0 0.51  
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Chemical properties of WCO   

FFA (%) 1.14 1.01 

Iodine value (g/100g) 78.38 86.0 

Saponification value (mg/g KOH) 202.74 209.0 

IV. CONCLUSION 

Continuous microwave assisted reactor designed 
specifically in this work is capable to efficiently facilitate 
conversion of WCO to biodiesel. The highest yield (95.63%) 
and conversion (97.87%) of biodiesel was achieved at 720 W 
of microwave power, temperature of 60 °C, the molar ratio of 
oil to methanol of 1:10, catalyst loading of 1.0 wt.% NaOCH3 
and the flow rate of 308 ml/min corresponding to the reaction 
time of 6 minutes. The biodiesel produced in this work is 
within the limits of the specification described by ASTM 
D6751. 
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Abstract— This paper discusses about a performance study on 

object detection method and algorithm used in digital image 

processing. The method and algorithm were implemented in both 

software and hardware based. Object detection technique in 

digital image is very important for the surveillance and 

automation application. A total of six methods being focused and 

discussed in this paper which include fixed method, background 

subtraction method, new inter-frame difference method, optical 

flow method, temporal difference method, and artificial neural 

network method. They are the most common used method in the 

digital image object detection technique. The new interframe 

difference method has found to be the main method in vision 

cutter project. 

Keywords—object detection; background subtraction; optical 

flow; temporal difference 

I. INTRODUCTION  

Nowadays, a digital imaging becomes an important part in 
daily life. The convenience of the digital camera and camera 
phone has let the user to capture photo and video at any time 
anywhere. Image processing technique and video analysis 
technique are widely applied in these digital imaging gadgets to 
enhance its functionality.  Since then, computer vision becomes 
a popular research field for years. Computer Vision is able to 
substitute human vision for several tasks such as surveillance, 
product quality inspection, motion detection and medical 
imaging. This technology has a wide range of application and 
flexibility.  

This paper discusses about the techniques used to extract 
the data of the moving and non-moving object in digital image 
or video. These techniques are called object detection 
algorithm in general. Object detection technique in digital 
image is very important for the surveillance and automation 
application. By performing object detection technique on 
digital image, physical attribute of the object can be calculated. 
Those attributes include physical perimeter, distance, location, 
color, surface condition, direction and others. These extracted 
information are very useful for further process decision and 
operation which are conducted on the image or physical object 
directly. This is a usefulness of object detection algorithm in 
real life. 

The next section of this paper discusses about the 
fundamental of digital image and Red Green Blue (RGB) 
representation of digital image followed by the object detection 
technique for non-moving object, and then object detection 

technique for moving object in video. Last section will be the 
summary of this paper.  

II. DIGITAL IMAGE FUNDAMENTAL 

A. Gray scale digital image 

A basic gray scale digital image is constructed by a 2 
dimension (2-D) matrix. An element in the 2-D matrix is the 
pixels of the image [1]. The value for each pixel in the matrix 
is the intensity of the gray color which has a value range from 
0 to 255. Fig. 1 shows an example of gray scale image pixel 
grid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Gray scale image pixel grid 

 

Many of the image processing techniques used gray scale 

image as the input image source. The major benefit of 

performing image processing in 2-D gray scale matrix as 

compared to RGB matrix is that it requires less memory space 

and lower complexity.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

B. Red Green Blue (RGB) color scheme 

There are several color schemes for the color of digital 

image. The most common used color scheme is RGB. In this 

color scheme, a color digital image is formed by red, green 

and blue color matrixes and also by additional process [2]. The 

intensity for each color channel has a range from 0 to 255 

which requires 8 bits long in digital system. However, higher 

color range also available in the market which is 16 bits and 

24 bits long. When different proportion of the RGB color is 
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mixed together, a complete range of color is produced such as 

yellow, magenta and cyan [2]. Fig. 2 shows the component of 

the RGB image. 

 

 

 

 

 

 

 

 

 
Fig. 2. Red Green Blue color scheme 

 

If the RGB value of a pixel is all equal, then the color will 

become achromatic which is gray in color [2]. 

III. DETECTION TECHNIQUE FOR STATIC OBJECT 

This section discusses about the object detection technique 

in still image. 

A. Fixed method 

Fixed method is one of the algorithms used to track and 

detecting shape of the object in digital image. At the starting 

phase of this system, the required color object images is 

converted into gray scale images. The images are then 

downscaling into size of 8 x 8 pixels. A next step is to feed 

multiple binary training images with of size 8 x 8 pixels with 

different shape to the system. Then, the attributes and 

similarities are observed and recorded by the system [3]. Fig. 3 

shows the similarities of particular shape recorded by the fixed 

algorithm.  

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Similarities found in training image for triangle and star shape [3] 

 
According to Fig. 3, the darkest shade pixel is the most 

similarity of the object shape in the training image. When the 
image under test is matching the same spot of its 
characteristic, then the object is belonging to that shape [3]. 
After the object have been identified, the system will then 
return a code that represent the classification of shape. 

 This fixed method is only designed to detect a single shape 

at a time. There are four limitations for this method which are 

an input image must be clear, an object must be located at the 

center of the image, an object must not be rotated or flipped 

and an object shape must be included in the training shape. If 

either one of the mentioned criteria is not met, then the system 

will fail to detect the shape of the object. 

B. Background subtraction method 

Background subtraction method is one of the simple 

methods for object detection. This method makes use of gray 

scale image as the input image and has the same principal with 

temporal difference method. At the initial of this method, a 

camera needs to capture a static background image which will 

be used as the background reference. Then, the camera will 

start capture frame for object detection. The captured frame is 

then subtracted with the background frame in terms of pixel by 

pixel [4].  The moving object region is identified through 

segmentation.  

 

𝑑(𝑥, 𝑦, 𝑡) = {
1, 𝑖𝑓 |𝑓(𝑥, 𝑦, 𝑡) − 𝑏(𝑥, 𝑦)| > 𝑇𝑑

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒;
      (1) 

 

The region of the moving object can be represented by 

Equation (1). This can be explained as the moving pixel in 

image d(x,y,t) is marked as ‘1’ if the value from the 

subtraction of current frame pixel f(x,y,t) with background 

pixel b(x,y) is greater than the threshold value Td. This method 

is easier to implement in software as well as hardware and 

able to have high detection speed due to its simple 

computation steps. It also produces less intermediate image 

matrix, therefore requires less memory space. In contrast, this 

method is very sensitive to the background illumination and 

changing scene. It also has a problem of the object shadow 

casting. The shadow of the object also treated as the moving 

object since the shadow is moving along the object [5]. 

C. Artificial neural network (ANN) method 

Besides the convention image matrix manipulation 

method, ANN method is a different way to detect object and 

shape in digital image. The method proposed by [6] is utilizing 

ANN to decide the object type in the image. In the initial 

process of the system, the digital image is captured and go 

through cropping process to eliminate part of the image 

without any object information. Then, the remaining image is 

resized and fed to the ANN. 

 

 
 

Fig. 4. Architecture of neuron [12] 

 

The ANN used in [6] contains 52 input neurons, 20 hidden 

neurons and 5 output neurons. Fig. 4 shows the architecture of 

a neuron. Each neuron contains different weight value. During 

the initialization of the ANN, it requires learning and training 

process by providing the desire output with a set of possible 

input. Fig. 5 shows the ANN architecture. The output of the 

ANN is a group of 5 bits binary combination. The output is 
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then gone through an interpretation module to translate the 

object category.   
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Fig. 5. Architecture of artificial neural network  

 

By using ANN method, the accuracy is very high with a 

successful rate of recognizing the object is exceeding 99%. 

This method also has high tolerance for different position and 

orientation. 

IV. DETECTION TECHNIQUE FOR MOVING OBJECT 

This section discusses on few detection methods for 

moving object in the image. These methods mainly used in 

surveillance and target tracking.  

A. New interframe difference method 

New interframe difference method is proposed in [7]. This 
method is the combination of three-frame-difference with the 
background subtraction method. This method is used to detect 
moving target in a sequence of image frame. The flow of this 
method is started by capturing three consecutive image frames 
fk-1, fk, and fk+1. The middle frame is referred as current frame. 
The current frame subtracted the previous frame and the next 
frame separately. The subtraction result from these two 
operations is then added together to obtain a matrix Dkk. These 
operations are called three-frame-difference method.  

After performing a three-frame-difference method, the 

current frame will perform background subtraction method 

with a pre-capture background frame. Then, the result image 

of three-frame-difference and background subtraction method 

are added together to obtain image matrix Tk. Tk is which then 

go through thresholding, morphology filtering process, 

connectivity analyzing, and judging process.  

 

 

 

 

 

 

 
 

 

 
Fig. 6. The new interframe difference method flow [7] 

 

Fig. 6 shows the flow of a new interframe difference 

method. This method uses gray scaled image as the source 

image. The drawback of the implementation of this method is 

that it requires a large volume of memory space to store the 

input image, intermediate image matrix and result image. 

There are total of 10 image matrixes are produced in between 

this method. On the other hand, this method only contains two 

times addition and three times subtraction causes this method 

relatively simple to be implemented. Noise is filtered out by 

the morphology filter and left only the moving object in the 

binary image. [7] claimed that this method is better than the 

algorithm researched by Kim [8] and Wang [9] in terms of the 

cost, time and performance of the sensitivity to detect a small 

moving object.  

B. Temporal difference method 

Temporal difference method is a simple method to detect 

moving object in video. This method also requires gray scale 

image as the input image. The flow of this method is to 

calculate the difference of two consecutive frames. The 

difference image is then going through threshold process. 

Finally, the moving object image is obtained [10]. 

 

 

 

 

 

 

 

 

 

 
 

Fig. 7. Temporal difference algorithm 

 

Fig. 7 shows the process of the temporal difference 

method. This method has an advantage of simple and low 

computational complexity, insensitivity to noise and outside 

light changes [11]. but it has The drawbacks of this method is 

very sensitive to the threshold value [10]. If the threshold 

value set too small, it causes noise in the detection image and 

if threshold value too large then it will causes large amount of 

the detected object information eliminated. Furthermore, the 

other drawback is the limitation of the speed in the moving 

object. If the object moving is too fast, it will be identified as 

two object instead of one. 

C. Optical flow method  

The method discussed in previous section is suitable for 

the moving object detection of still background. What happen 

if the camera is moving and the target objects as well as 

background both also moving in the image. This situation 

occurs such as in the aerial surveillance application. The 

aircraft is continuous flying, thus the background also 

continuous moving. Hence, the previous mentioned method is 

no longer functioning. In order to overcome this challenge, 
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optical flow method is introduced. Optical flow method is 

using ‘pixel motion process’ instead of ‘pixel process’ [12]. In 

further explanation, ‘pixel process’ is the process or operation 

performs based on the value of the particular pixel. The ‘pixel 

motion process’ represents the motion changes of a particular 

pixel over time [12]. 

There are three categories of optical flow method including 

gradient-based, correlation-based and spatiotemporal-based 

method [13]. The optical flow is a vector describing the 

motion of features across the imaging matrix, in units of 

pixels/second. The optical flow vector f consists of two 

components, the pixel velocities u and v [11]. Each associated 

with one of the imaging matrix orthogonal coordinate 

direction. The optical flow in (2) is obtained by solving (3). A 

and b are represented by (4) and (5). 

 

f = [ 
𝑢
𝑣
 ]                        (2) 

 

Af = b            (3) 
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Where,   x and y - the coordination of the pixel, 

I - the intensity of the pixel, 

Ψ - the weighting function with the Gaussian 

      maximum weight at the center of the image. 

 

 After performing the optical value method, the moving 

object in the moving background is detected and shaded with 

different color indicating moving direction. Fig. 8(a) and 8(b) 

show the input video adjacent frame, Fig. 8(c) shows the result 

of the optical flow method and Fig. 8(d) shows the directional 

color plane. The color of the object in the output image 

indicates the moving direction of the object relative to the 

center of the directional color plane. 

 

 

 

 

 

 

 
 
Fig. 8(a). Input frame 1  Fig. 8(b). Input frame 2 

 

 

 

 

 

 

 

 

 
Fig. 8(c). Optical flow output  Fig. 8(d). Directional color plane 

 

This method able to overcome the moving background 

problem but it is very sensitive to the changes of the intensity 

and illumination of the background. The output will be noisy 

and fail to track if the illumination of the background changes 

rapidly.  

V. CONCLUSION 

There are total of well-known six techniques have been 

discussed in this paper as shown in Table 1. Each of them has 

its advantages and disadvantages.  Conclusion is too general 

 
TABLE I  OBJECT DETECTION TECHINIQUE PERFORMANCE 

COMPARISON 

 

Object 

Detection 

Method 

Object 

Condition 

Advantages Disadvantages 

Fixed 

method 
Static  Low calculation 

complexity 

 Able to recognize 
object shape  

 Input image must 

be clear 

 Object must be 

located at the 
center of the image 

 Object must not be 

rotated or flipped 

 Object shape must 
be included in the 

training shape  

Background 

subtraction 

method 

Static  Low calculation 

complexity 

 Low memory 
required 

 Very sensitive to 

the surround 
illumination and 

changing scene 

 Shadow problem 

Artificial 

neural 

network 
method 

Static  High accuracy of 

detecting object 

 High tolerance in 
the variations of 

the objects 

position or 
orientation 

 High accuracy of 
detection in all 

light intensity 

condition 

 Short recognition 

distance (<50 cm) 

New 

interframe 
difference 

method 

Moving  Noise and small 
region filtered by 

morphology filter 

 Two additions 
and one 

subtraction 

operation 

 More memory 
space required due 

to more matrix 

result to be stored 

Temporal 

difference 

method 

Moving  Low 
computational 

complexity 

 Very sensitive to a 
threshold value 

 detect slow 

  

  

(4) 

(5) 
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moving object only 

Optical 

flow 

method 

Moving  Suitable for 
moving 

background 
detection 

 Noisy  

 Fail to track when 

illumination of 
background 

changes 

During the implementation of these methods, supplementary 

algorithm such as noise filtering and feature extraction play an 

important role in order to increase the performance of the 

object detection rate. However, the new interframe method 

will be employed to further research in the project of vision 

cutter. New interframe method suitable to implement in the 

vision cutter research because it have simple calculation 

algorithm and low noise output. Fast calculation and low noise 

output image are able to reduce object detection time and 

increase cutting point accuracy.  
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Abstract— The statistic of accidents at construction sites 

give us a picture that Malaysian construction industry is one 

of the critical sectors that need a huge and fast overhaul. In 

order to improve the overall safety performance, a policy of 

occupational safety and health (OSH) was enforced by the 

government as a guideline and rules that should be followed 

in dealing with OSH activities at the construction site. 

Therefore, a study has been conducted to identify the types 

of accidents that occurred at construction sites based on 

OSH guidelines of the public and workers and to evaluate 

the implementation of the variables in the OSH guidelines 

that give impact to contractors’ grade. This study was 

started out by identifying the 12 variables of the OSH 

guidelines. Then reported accidents cases from 2010 to 2013 

kept by the Department of Occupational Safety and Health 

Malaysia (DOSH) were examined and classified according 

to the variables to identify the types of accidents. The 

observations by using checklist were carried out at 12 

construction sites around the district of Melaka Tengah 

involving contractors of G6 and G7. Structural interviews 

were also be made to support the observations that have 

been carried out. The finding of this study reveals that all 

variables directly involved in contributing to the accident at 

the construction site. Accidents due to superstructure 

activities topped the list in the past four years. Apart, the 

observations found that the level of compliance with OSH 

by both grades of contractors at the construction sites were 

unsatisfactory since OSH policy was not fully practiced. 

Non-compliance of hoarding set up became the critical 

variable. This mismatch is further examined by correlation 

analyses which link both objectives and demonstrated a 

weak relationship. Thus, the research concluded that non-

compliance of contractors on OSH policy was not the main 

contributing factor for most accidents at the construction 

site. 
 

Keywords—Construction accident; OSH policy; Guidelines; 

Safety; Non-compliance 

I.  INTRODUCTION 

In Malaysia, the construction industry is one industry 

that contributes significantly to economic growth and 

country progresses [1]. However, this achievement has 

brought increased injuries and fatalities in this industry due 

to lack of focus in occupational safety and health.  

Generally, the construction industry is a high risk 

industry because there is a high risk of accident occurrence. 

Construction workers are exposed to falling from heights, 

movement of plant and machinery, electrical shocks, 

excessive noise, etc. Reasons are time, cost and quality that 

are always the main factors considered ahead of safety. 

Safety issues are always considered secondary and take a 

back seat in construction. Many employers have not 

established comprehensive accident prevention policies but 

instead concentrate on maximizing profit [2]. Therefore, on 

25
th

 February 1994 the government has enforced an 

occupational safety and health policies based on the 

provisions of the Occupational Safety and Health Act 1994 

(ACT 154). This policy was established to provide 

guidelines and procedures to be followed in dealing with 

occupational safety and health activities at site [3] [4]. 
In order to prevent an accident, preventive measures 

must be taken. This policy must be complied and 
implemented with commitment and relentless efforts to 
achieve the goal to reduce accidents next target of zero 
accidents at construction sites. Therefore, this study focuses 
on occupational safety and health policies implemented by 
the construction companies. Two objectives of this study are 
to identify the types of accidents that occur at construction 
sites based on OSH guidelines of the public and workers 
and to evaluate the implementation of the variables in the 
OSH guidelines that give impact to contractors’ grades. 

II.  OCCUPATIONAL SAFETY AND HEALTH  

Health and safety is a cross-disciplinary concept that 

is concerned with protecting the safety, health, and welfare 
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of people engaged in work or employment [5]. According to 

Kheni [6], health and safety at construction sites deals with 

both physical and psychological well-being of workers on 

construction sites and other person whose health is likely to 

be adversely affected by construction activities.  

The World Health Organization’s (WHO) definition of 

health is a state of complete physical, mental and social 

well-being. Whereas health of the worker is define as free 

from any physical health disease, a mental and social 

activity that is related to the working conditions, working 

practices and the working environment [7]. Oxford Online 

Dictionary defines safety as the condition of being protected 

from or unlikely to cause danger, risk, or injury. While 

safety of a worker is define by Occupational Safety and 

Health Administration (OSHA) as to protect the workers 

from accident, injuries and threat from the occupational 

workplace, unsafe environment and etc. In the context of 

civil engineering, safety is defined as the discipline of 

preserving the health of those who build, operate, maintain, 

and demolish engineering works and of others affected by 

those works, as well as freedom from danger of risks [8]. 

A. Accident at Construction Site 

Accidents, incidents, injuries, and fatalities continue to 

occur unabatedly on construction sites around the world at 

consistently high rates [9]. The World Health Organisation 

(WHO) noted with concerns that 1.7 million people 

worldwide die annually of work related injuries and 

illnesses. 268 million non-fatal workplace incidents and 160 

million work related illnesses. Based on Social Security 

Organization (SOCSO) report in 2013, the fatality rate in 

the construction industry in Malaysia was of more than three 

times of all workplaces. Internationally, construction 

workers are two to three times more likely to die on the job 

than workers in other industries while the risk of serious 

injury is almost 3 times higher [10]. In Malaysia, statistical 

data shows (see Fig. 1) that manufacturing, agriculture, 

forestry, logging and finishing, transport, storage and 

communication and construction take lead in the 

occupational accidents. Although construction industry is 

not the highest injuries rates among those industries, but its 

fatality rate is still considered as high [11]. Health and 

safety problems were bound to happen at construction site. 

It is unavoidable; however we can control this by detailed 

regulations. Effective health and safety management needs 

to be implemented at the construction site. 

B. Occupational Safety and Health Act 1994 (OSHA 1994) 

The Occupational Safety and Health can be described as 

act that provides the legislative framework in terms of 

securing the safety, health and welfare among the entire 

Malaysian workforces. Instead of that, it also had been 

established to protect others against risks to safety and 

health which in connection of the activities conducted by the 

persons at the workplace. This act also had been gazetted on 

24
th

 February 1994 as the practical tool or medium which 

superimposed on the existing safety and health legislation. 

The provision of this act is based on the self-regulation 

scheme that had been designed to synchronize with the 

particular organization or industrial firm. This act also aims 

to establish the effective safety and health performance. The 

conceptualization of self-regulation encourages the 

participation of employees and management including the 

top management in terms of improving or upgrading the 

safe working environment at the workplace. The act was 

established by the Department of Occupational Safety and 

Health (DOSH) which is the government body under the 

Ministry of Human Resources in Malaysia [3]. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 
Fig. 1: Occupational accidents by sector until February 2014 
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Source: (Department of Occupational Safety and Health)

C. Guidelines on Occupational Safety and Health at 

Construction Site 

The guidelines were issued by the Department of 

Occupational Safety and Health (DOSH). The purpose of 

these guidelines is to provide guidance to employers on how 

work practice can be carried out on every activity in the 

construction to prevent accident to the workers and public. 

These guidelines can be used as a standard reference for 

developers, contractors, engineers, architects, designers, and 

safety and health officers. Among the factors that should be 

implemented at construction sites are emergency response 

plan, hoarding, movement of vehicular traffic, disconnection 

of utilities, demolition, blasting and use of explosives, site 

clearing, excavation work, piling, superstructure, finishing, 

and use of hoisting equipment [12]. 

 

III. METHODOLOGY OF THE STUDY 

The study had been conducted through several phases 

namely literature review, data collection, data analysis, 

discussion and conclusion. The literature review was 

conducted by encompassing all various means available to 

obtain the widest range of the relevant information from 

books, articles, and websites related to the variables of OSH 

guidelines in construction. Information obtained was then 

been used in the assessment for the first and second 

objective. The first objective was achieved through the 

analysis of the reported accident cases from year 2010 to 

2013 from DOSH’s website [11]. In order to maintain the 

validity of the data, qualitative document analysis approach 

was conducted by using manual looping system (see Fig. 2).  

Since accident cases were documented by DOSH 

investigating officers and were published first-hand through 

DOSH’s website, it provides less biased data. These 

documents were examined thoroughly and the types of 

accident were classified into predetermined categories of 

twelve variables based on the causes stated in the DOSH 

documents. Then the number of counts for each case was 

calculated. Those counts were then averaged out in order to 

calculate the percentage frequency based on the twelve most 

influential factors. This study adopted an approach by 

Pipitsupaphol and Watanabe [13] that classify the accident 

cases based on twelve most influential factors to identify the 

types of accidents. 

The second objective was achieved through the 

observations involving 12 construction sites around the 

district of Melaka Tengah which consists of contractors G6 

and G7, where both were registered with Construction 

Industry Development Board of Malaysia (CIDB). A 

checklist was designed (as per Fig. 2) to assist the 

observation and to evaluate the variables in OSH guidelines 

for their implementation-wise. Structural interviews were 

also been made to support the observations that have been 

carried out in order to support any data that cannot be 

identified through observation per se. Both methods are 

important to ensure the researcher experiencing the real 

situation that occurred at the construction site and in the 

same time able to maintain transparency. 

 

IV. RESULTS AND DISCUSSION 

Summary of the results and discussions presented 

below are based on the analysis of the construction accident 

reports and checklist that answered objective 1 and 2 

respectively. 

A. Types of Construction Accidents from DOSH Reports 

The results were obtained by examining 65 accident 

cases from DOSH reports from 2010 to 2013 as shown in 

Fig. 3 which indicate types of accidents that were occurred 

at construction sites. Superstructure (35.53%), movement of 

vehicular traffic (21.05%), and use of hoisting equipment 

(15.79%) was the top tier of types of accidents in 

construction. Other factors such as site clearing (6.58%) 

hoarding (3.95%), disconnection of utilities (3.95%), 

excavation work (3.95%), emergency response plan 

(2.63%), and piling (2.63%) remains the latter tiers. 
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Fig. 2: Manual looping system of document analysis

Similarly, Pipitsupaphol and Watanabe [13] had found 

that the most frequently occurring type of accident in 

Thailand was superstructure. Superstructure also has been 

the cause of the highest number of injuries and fatalities in 

the U.S. construction industry as reported by OSHA and 

Huang et al. [14]. The reasons behind such incident are 

inadequate scaffolding, safety net and catch platform were 

not installed, lack of edge protection, unprotected openings 

in buildings, lack of edge protection in roof work, lack of 

toe boards on scaffoldings, lack of tool belts for workers. To 

prevent fall accidents, few preventive measures must be 

taken. Superstructure elements such as scaffolding, safety 

nets must be installed and designed according to standards. 

Scaffolding must be properly put up and its stability ensured 

to prevent any untoward incident. Workers working at high 

places must be equipped with personal protective equipment 

(PPE) and all potential hazards must be identified, assessed 

and removed to reduce accidents. 

 

B. Results of Observation by Checklist 

This analysis examines only the contractor's non-

compliance on the variables in the OSH guidelines which 

should be implemented at the construction site. It is 

differentiate by grade of contractors where the comparisons 

between both contractors (Grade 6 and Grade 7) can be 

made. Fig. 4 shows the checklist analysis that representing 

the non-compliance of Grade 6 contractors (5 nos.).  The 

non-compliance variables were mainly contributed by 

hoarding (15.97%), excavation work (14.86%), use of 

hoisting equipment (14.38%), and followed by 

superstructure (13.98%). Meanwhile, Fig. 5 represents the 

non-compliance of Grade 7 contractors (7 nos.). It was 

attributed highly by hoarding (22.17%), superstructure 

(16.78%), and followed by blasting and use of explosive 

(14.38%). 

Similarly, the analysis found that generally both 

contractors were mostly did not comply with the same 

variable; e.g. the implementation of the hoarding at the 

construction site. This indicates that most of contractors do 

not realize the importance of the implementation of the 

hoarding at the construction site. They might consider it as 

trivial and would not leave any effect if not properly 

implemented in accordance with the law as there were no 

major accidents reported due to the hoarding. However, 

realize it or not that hoarding was an important element 

because it does not only ensure the safety of workers and the 

public but safety for building materials at construction sites. 

Provision of hoarding with perfect accessibility and security 

are also important to avoid any intrusion and theft of 

building materials [12]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Types of construction accident from 65 DOSH reports in year 2010 to 2013
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Fig. 4: The frequency of non-compliance by Grade 6 contractors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: The frequency of non-compliance by Grade 7 contractors 

C. The Relationship between Types of Accident on 

Construction Sites with Contractor’s Non-Compliance 

on the OSH Guidelines 

By referring to Fig. 6, the radar chart shows the 

relationship between the first and second objective, namely: 

types of accident on construction sites and contractor’s non-

compliance on the OSH guidelines. The label on the outside 

of the radar represents ranking for the types of accidents 

gathered from DOSH data. 12 o’clock started as the first 

position for the type of accident which recorded the highest 

number of accident cases. The ranking changed in 

descending clockwise. However, label on the inside of the 

radar represents the contractor's non-compliance on the 

variables stated in OSH guidelines by both contractors. 

Based on the results from the radar chart, several 

mismatches were found where ranking of accident data was 

not linearly similar with the ranking of observations for 

non-compliance for both contractors. For instance, hoarding 

was ranked fifth based on DOSH data, but surprisingly 

recorded first based on the observations (for both Grade 6 

and Grade 7). Thus, in order to obtain more meaningful 

results, the Spearman's Rho analysis was conducted [15]. It 

appears that the ranking for non-compliance between both 

types of contractors outlays 0.76 of strength index. 

Meanwhile, weak relationship was presented (0.44 of 

strength index) between accident cases on construction sites 

and non-compliance on OSH guidelines by both contractors. 

Hence, it can be concluded that contractors’ are prone to 

non-comply with similar variables, but non-compliance of 

contractors on OSH policy was not the main contributing 

factor for accidents at the construction site. 

 

V. CONCLUSION 

Through the data gathered for this study, almost all of 

the variables directly involved in contributing to the 

accident at the construction site. Furthermore, finding from 

the correlation analysis indicate that types of accident and 

non-compliance of contractors have a weak relationship for 

a similar variable, at least in the study area. Although the 

result may not suitable to be generalised to the entire 

Malaysia, however it shed some light and proves that the 

construction site is among high-risk area where construction 

accident rate in Malaysia is on the rise.  

To a certain extent, the result also attests that the current 

OSH policies were still relevant. As comparison, recently 

the Works Minister, Datuk Fadillah Yusof stressed that 

negligence of construction workers are the critical reason of 

construction accident. The statement was made after the 

finding from specialist investigators hired by the Ministry of 

Works [16]. In fact, during observations, there are numbers 

of negligence done by construction workers although the 

policy was gazetted and enforced; e.g. not using personal 

protective equipment (PPE) such as helmet, goggle, safety 

harness, and others. Thus, it can be summarized that the 

level of compliance by contractors of Grade 6 and 7 on the 

OSH policy is proved to be unsatisfactory. 

Therefore, based on several foundation (i.e. education, 

training, and enforcement), proactive actions are required to 

overcome the safety issue in construction sector. All parties 

with full support of Malaysia government should play their 

major roles by making sure that they are practicing 

appropriate and safe working attitude and condition to 

minimize the accident rates in the construction sites. 

However, the reality - the goal of ‘zero accident’ from the 

construction industry still has a long journey to be 

accomplished. 
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Abstract— This paper presents the development of energy 

monitoring system based on human behavior by integrating 

Arduino Microcontroller and MATLAB. The goal of this 

research is to develop an efficient energy monitoring system 

based on human behavior especially for workers during daytime 

in workplace. A prototype of this system is constructed, using an 

Arduino ATMega2560 electronics platform as an interface to 

dekstop PC. Then, structured programmed is develop in 

MATLAB software to observe and analyzed the system output. 

There are three types of sensors that has been used to detect a 

human behavior which are Passive Infrared Sensor (PIR sensor), 

touch sensor and push button sensor. Finally, the process of the 

system and observation of human behavior towards power saving 

by using the developed system is presented. 

Keywords—energy saving; time spent; human behavior 

I.  INTRODUCTION  

Wireless Enabled Electricity Manager (WEEMAN) is an 
intelligent control device reported in [1]. This system can 
monitor the energy consumption of a single device or a set of 
devices. Smart meter acts as the central control node in which 
availability based management algorithm. This algorithm 
learns about the usage patterns of the appliances, collects the 
information such as the real time average power of appliances 
from WEEMAN to generate efficient energy load patterns. 
The algorithm will provide a unique attribute for the user to 
set the expected monthly electricity bill amount and 
proactively control the operation of the all appliances 
according to the amount [1]. The smart grid delivers electricity 
from suppliers to the consumers by using digital technologies 
to save energy, reduce cost and increase reliability of the 
system [2-5]. 

Typical human behaviors are described with logical 

sensors which are defined through data fusion processes 

spatially and temporally with the physical sensors of the 

mobile robot and those in the environment. The system can be 

utilized to make human-robot communication and interaction 

friendlier and smarter. It is necessary to detect the presence of 

the human in advance before processing the human activities 

such as falling, standing or walking.The inhabitant’s behavior 

possesses a unique pattern that can be classified into distinct 

episodes. Unlike other information sources, the patterns 

consist of an explicit initial point and an ending point. The 

pattern also possesses another significant property, which is 

related to natural facts [6].  

Human habit cannot be controlled because it changes 

according to our life. Human activity has been critical 

information since knowing what activities are undertaken is 

well important for judging if energy consumed by appliances 

is well spent by users [7]. Besides that, an estimation of the 

occupant’s location can be modelled as the belief in the fact 

that he/she is located at position, x at the instant, t. This 

depends on the time to reflect the changes in activities during 

the day or week. The information from human activity is an 

important clue for providing an energy saving service. 
This paper will discussed about the development of energy 

monitoring system using Arduino platform. The developed 
prototype will be used to justify the human behavior factors 
and the effect of recorded time data on the power consumption 
and saving.  

II. SYSTEM DEVELOPMENT 

The proposed monitoring system will be used to observe 
the human behavior and relation on electrical appliances 
usage. The useful information in term of usage time duration 
is recorded for specific period of time. This system is 
developed based on the scenarios and cases which are created 
by referred to the survey that has been done before [8]. The 
survey has been done on workers in the office sector to know 
their behavior in the workplace. There are three type of 
working behavior is characterized based on survey which are: 
Person A is referring to worker, which is like to do his work in 
an office. Person B is referring to workers, which like to do 
his work in an office and outside of the office. While, Person 
C refers to the worker, which is like to do his work at outside 
of the office for most of the time. 

Fig. 1 shows the flowchart for the algorithm adopted in 
this system. Once, system in working condition, the input 
signal from each sensors will provide the information to the 
system.  Then, developed programmed in MATLAB will start 
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to capture the signal and displayed. This signal then will be 
analyzed and recorded. Further process on recorded data will 
be done to inform the user or electrical appliances to switch 
‘ON’ or ‘OFF’. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. System process 

The block diagram of the component use in system design 
is shown in Fig. 2. In practical, different type of input sensor 
can be used in order to provide the information signal to the 
system. However, in this project, the PIR sensors, touch sensor 
and push button sensor has been used as the input sensor to the 
Arduino. 

 

 

 

 

 

 

 

 

 

Fig. 2. Block diagram for system 

The Arduino microcontroller is new type of controlller 
which use simpler C language. The Arduino ATMega2560 
board is provided with a low-cost and simple technology in 
order to create the project. Arduino is a small microcontroller 
board with a USB plug to enable connection with computer 

and a number of connection sockets that can be wired up to 
external electronics. This microcontroller can either be 
powered through the USB connection from the computer or a 
9V battery [9]. Microcontroller is the CPU (Central Processing 
Unit) of the system. Microcontroller will receives and process 
data based on the specific developed language program. 
Algorithms need to be design for the process of 
microcontroller to read the input signal and respond 
accordingly.  

Fig. 3 shows the Arduino Microcontroller board used in 
this system. Sketch software is used to write the coding for 
Arduino microcontroller. Fig. 4 shows the example of sketch 
software’s interface. 

 

Fig. 3. Arduino ATMega2560 board 

 

 

Fig. 4. Sketch software for coding 

Furthermore, there are several units of sensors are placed 
in selected position in order to provide accurate information 
about the inhabitant’s location. PIR Sensor can be used to turn 
lights ‘on’ or ‘off’ based detection of person in the coverage 
zone. The flexibility of the working hours can be realized by 
using automatic detection and recorded system. Furthermore, 
the integrations of detection system and control system can 
control the electrical appliance and other’s electrical facilities 
usage.  
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Besides that, touch sensor is used to detect the human body 

so that the system will be acknowledge whether there is 
person on the chair or not. While, push button is used as a 
switch mechanism to provide more accurate detection system 
during monitoring process. When the push button is unpressed 
there is no connection between the two legs of the push 
button. Therefore, the output will be turn to ‘off’ state. When 
the push button is pressed, the connection between two legs of 
the push button will be connected and the output will be turn 
to ‘on’ state.  

All sensors that are shown in Fig. 5, 6, and 7 will be used 
and integrated in the system to detect and monitor the human 
behavior. 

 

Fig. 5. PIR sensor 

 

Fig. 6. Touch sensor 

 

Fig. 7. Push button 

Light Emitting Diode (LED) is a semiconductor device that 
emits visible light when an electric current passes through it 
[10]. Three LED are used as output indicators in this project. 
Fig. 8 shows the LED and its schematic diagram. 

 

Fig. 8. LED and its schematic diagram 

MATLAB software is used in this system to acquire and 
analyze the input data from Arduino board. Therefore, the M-
File programmed code has been developed in MATLAB to 
interface with the Aduino. This programmed code will 
simulate the integration process, data recording, simulation 
and analyzing the input data. The input signal from the sensors 
at Arduino will be capture and plot real time in MATLAB. 
Each sensor’s signal will be plot on separate graph for better 
visualization. 

 

Fig. 9. Interface Arduino in MATLAB 

The connection and interfacing process between MATLAB 
and the Arduino is done by using Arduino IDE file. Then, the 
‘adio. pde’ file will be uploaded in Sketch software before the 
interfacing process can be done. There is notification will be 
appeared in MATLAB command windows once the 
connection between COM port and Arduino successful 
connected. Fig. 10 show the example of connection 
notification in MATLAB command window.  

 

Fig. 10. Arduino successfully connected 
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The LED is used to indicate the output controll signal from 

the Arduino in physical view. Each sensors will send the 
signal to the system when there are human are detected. This 
signal will be recorded and ploted in real time for further 
analysis. The plotted data will be analyzed in term of the 
sensor’s duration in ‘on’ state. This durations of time will be 
used to represent to behaviour of dedicated human.  

Later, the consumed electrical power energy will be 
calculated based on time spent that has been recorded before. 
Therefore, the energy power saving plan can be proposed for 
next monitoring period. Equations (1-4) are used to calculate 
the energy performance, the energy consumption and power 
saving in this system. 

Total Power, kWh = Total Time Spent for each room 

(hour) x Total Power per day, kWh [11] 

 

(1) 

Power Consumption, kWh = Time Spent (hour) x 
Total Power use per hour, kWh for each room [11] 

(2) 

Power Saving, kWh = Total Power, kWh – Power 
Consumption, kWh [11] 

(3) 

Saving in cost (RM) = Power Saving, kWh x RM 
0.218 per unit (tariff rate in Malaysia) [12] 

(4) 

III. PROTOTYPE DEVELOPMENT 

Fig. 11 show the developed prototype by using Arduino 

platform and input sensors. In order to increase the system 

efficiency, the wired connection can be replaced with the 

wireless connection.  This is due to the speccification of 

Arduino microcontroller that can support the Zigbee wireless 

connection.  

 

 
Fig. 11. Arduino microcontroller with the sensors 

Fig. 12, 13 and 14 show the real time plot of input signal 

from each sensor. The y-axis for each graph is representing the 

output signal from sensors while x-axis is show the duration 

time in second. The system monitoring is set to operate for 

3600s which equivalent to 1 hour. Fig. 12 shows the signal 

from PIR sensor. The signal represent HIGH (1) when there 

are movement are detected. While, the signal is presented OFF 

(0) when no movement detected in coverage area. The PIR 

sensor is the main sensors in human movement detections in 

this system. 

Fig. 12. Output from PIR sensor 

Fig. 13 shows the detected signal from touch sensor. This 

sensor will be used to detect the pressure of human body on 

the chair. Therefore, the system able to identify the existing of 

human body on the specific chairs. The output signal represent 

HIGH once the pressure on the chair detected and OFF when 

no detection of pressure. 

Fig. 13. Output from touch sensor 
Fig. 14 shows the signal from push button sensor. Push 

button is considered to be as a switch. This sensor will be used 

when there is needs to switch on the light manually. The 

output signal is represent HIGH once push button turn ON, 

and maintain the ON state after the push button is released. 

Push button requires another depress to turn it to OFF state. 

Fig. 14. Output from a push button sensor 

CONCLUSION 

This monitoring system is developed based on Arduino 

microcontroller and MATLAB software. The Arduino has 

been interfaced with MATLAB. Three type of sensors used in 

this project is PIR sensor, touch sensor and push button. 

Besides, the LED also been used as output indicators. The 

developed prototype shows the output signal of each sensor 

can be used to detect an existing of human in coverage area. 

The recorded time spent from MATLAB then is used to 

calculate the power energy consumption and energy saving. 

The proposed time consume for each electrical appliance can 

be proposed based on recorded data. Further analysis on the 

system implementation will be done to verify the system 

performance. 
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Abstract— Resistive Random-Access Memory (ReRAM) is an 

interesting emerging memory technology to replace conventional 

memory devices. ReRAM offers many attractive advantages like 

densest data storage, non-volatility, fast data access and scalable. 

Although potentially becoming the main emerging memory, 

ReRAM still prone to have a defect and fault. Nevertheless, 

because ReRAM uses a non-CMOS device as its memory cells, 

any defect might behave differently than the ones happen in the 

existing semiconductor memories. It means that the available 

memory tests might not detect defective ReRAM cells, leading to 

a low quality of manufactured ReRAM products. This paper 

presents the study of how the ReRAM cells behave when they are 

impacted by bridge defects. Such a defective behavior is required 

to develop the efficient memory test. A SPICE simulation was 

carried out using the Silvaco EDA tools. The simulation shows 

that bridge defects causes the impacted ReRAM cells to change 

the stored bit at defect values much lower than the value occur in 

existing semiconductor memories. This analysis confirms that a 

new memory test is desired.  

Keywords— Bridge defects;  memory test; memristor; 

Resistive Random Access Memory (ReRAM) 

I.  INTRODUCTION 

Resistive Random-Access Memory (ReRAM) is interesting 
emerging memory technologies that possess the characteristics 
of all three main existing semiconductor memories. It is 
anticipated to operate fast as Static RAM (SRAM) due to its 
nanoscale size. It can be packaged denser than Dynamic RAM 
(DRAM) because the cells are formed by two-terminal device. 
The function of this two-terminal device is like Flash memories 
because the memory cells can retain the stored data even when 
no power is supplied [1,2]. As reported in [3], the tiny size and 
non-volatility enable a low-power  consumption. Moreover, the 
simple structure enables ReRAM cell array to be stacked in 
multiple layers increasing the storage capacity. All these 
advantages support the Moore’s Law prediction in the domain 
of beyond Complementary Metal Oxide Semiconductor 
(CMOS). 

Even though more and more researchers have put their 
effort studying this fascinating memory technology, there are 
many uncovered matters need to be resolved. For instance, 
research on ReRAM has been focused on its architecture, 
modeling and fabrication [1,2,3]. However, very little work 
studies on ensuring the outgoing ReRAM product is free from 

quality problems, i.e., the manufacturing tests are able to screen 
out defective components forming the memory devices. The 
work presented in [4,5,6] has revealed that ReRAM might be 
impacted by open defects. The authors also introduced 
innovative memory tests to capture the defects as existing 
memory tests cannot fulfil the aim. This quality issue is also 
exacerbated by the manufacturing process variation [7]. A 
similar issue is also expected to be faced when other defects 
such as bridges and shorts. More detailed on this defect type 
can be obtained by referring to [5]. 

This paper presents the study of how the ReRAM cells 
behave when they are impacted by bridge defects. Such a 
defect behavior is required to develop the efficient memory 
test. A SPICE simulation of bridge defects in the ReRAM cells 
was carried out using the Silvaco EDA tools. The simulation 
shows that the bridge defects causes the impacted ReRAM 
cells to change the stored value at defect values lower than the 
value occur in existing semiconductor memories. This analysis 
confirms that a new memory test is desired, which is in our 
progress. 

The rest of the paper is organized as follows. Section II 
reviews the ReRAM background, including the structure, 
memristor model, operations and possible bridge defects. 
Section III presents the results of the defect-free simulation, as 
well as the bridge defect simulation and analysis. Section IV 
concludes the paper. 

II. RERAM BACKGROUND 

This section briefly reviews the ReRAM architecture 

followed by a ReRAM cell model based on a non-CMOS 

device known as memristor. Then, the ReRAM read and write 

operations will be explained. Finally, the possible bridge 

defects in ReRAM cell array. 

A. ReRAM Architecture 

Fig. 1 illustrates the ReRAM architecture that comprises 
four main blocks: the memory cell array, row/column decoder, 
sense amplifier and read/write selector [4]. Each of the 
peripheral circuits (row/column decoder, sense amplifier and 
read/write selector) was designed using 22nm CMOS 
transistors. Meanwhile, the memory cells are formed using a 
non-CMOS device known as memristor. In our ReRAM 

The authors would like to thanks the funder of this research, i.e., the 
Ministry of Education of Malaysia and Univrsiti Teknikal Malaysia Melaka 

for the research grant FRGS(RACE)/2012/FKEKK/TK02/02/2 F00148. 
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model, each memristor is located at each crosspoint of 
nanobitline (NBL) and nanowordline (NWL) [4,5].   

The row/column decoder is used to enable the selected 
signals connected to the selected NBL and NWL in the 
memory array. The task to generate write and read signal is 
taken over by the pulse generator. Sense amplifier (SA) is 
among the important element in a memory device. SA is 
assigned to sense the read current of the accessed memory cell. 
The current will then be converted into a voltage and then be 
amplified before sending the output data to the data register [9]. 

 

Fig. 1.  Functional model of ReRAM [4,5]   

B. Memristor Model 

Memristor is regarded as the fourth fundamental passive 
element after the resistor, capacitor and inductor [10]. Unlike 
the resistor, this non-linear two terminal device can retain the 
last resistive state it holds when the power is switched off. 
Obviously, memristor is suitable to be used as nonvolatile 
memory cells. In 2008, Hewlett-Packard researchers succeeded 
to come out with a memristor prototype fabricated using two 
metal electrodes, Pt separated by a thin film of titanium oxide 
(TiO2) [12]. The thin film with L long is divided into two 
regions, which are doped (TiO2-x) region with length w and 
undoped region (TiO2) with length (L-w) as illustrated in Fig. 
2(a). The oxygen vacancies will drift toward the undoped 
region when a positive voltage is applied until reaches M=Roff. 
At this point, the memristor is dominated by doped carriers and 
is considered as logic 1. On the other hand, the oxygen 
vacancies drift toward the doped region until it reaches M=Ron 
when a negative voltage is applied. The oxygen vacancies will 
stop and remain fixed when the power supply is removed.  

Recently, many memristor models have been proposed 
based on its physical and electrical characteristics. The 
memristor SPICE model proposed by D. Biolek et al. is being 
implemented in this work [11]. They modified the ideal 
Strukov’s [12] memristor  by considering the boundary effect. 
The model is described as [13]: 

4 ( )
( ( )) ;a

1

on off ini off

off kq t

off ini

R R R R
R q t R

ae R R

 
  

 
             (1) 

Where Ron and Roff are limiting values of memristance and k is 
a constant. Equation (1) represents the memristance as a 
function of the native state variable q. Fig. 2 (c) shows the 
hysteresis loop of the memristor. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 

 
 
 
 

 
 
 
 
 

(b) 
 

(c) 
 
Fig. 2. Memristor: (a) model (b) electrical equivalent circuit (c) I-V curve 

C. ReRAM Operation  

There are two operations that can be performed by 
ReRAM: write and read operations. Write operation can be 
accomplished by applying the appropriate voltage polarity and 
time duration [4,5]. Applying -1V at a certain time duration to 
one of the memristor terminals while grounding the other 
terminal will set the memristance from M=Roff to M=Ron; when 
the supply is changed to 1V at a certain time duration, the 
memristance changes from M=Ron to M=Roff. This operation is 
illustrated in Fig. 3. 

 

Fig. 3. Changes in memristance due to voltage versus time [6] 

Two phases of read operation are needed to ensure that the 
memristor retain its memristance after the read operation [4,5]. 
A zero net change in memristance is important during read 
operation, so a negative pulse is supplied followed immediately 
with positive pulse with the same magnitude and duration. The 
bottom part of Fig. 3 depicts the behavior of a memristor 
during the read operation.   
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D. Bridge Defect in ReRAM 

Bridge defects are one of the defect types commonly 
occurred in the memory cell array [5]. Fig. 4 illustrates the 
possible bridge defect that can occur in the ReRAM cell array. 
These defect types might occur due to an unintended longer 
nanowire connected to its adjacent nanowire. For instance, a 
bridge defect between NBL1 and NBL2 (BB) can flip the data 
stored in cell C22 when operation of read is performed to C21.  

 

Legend: 

BB Bridge between 
NBLs 

BW Bridge between 
NWLs 

BBW Bridge between 
NBLs and NWLs 

 
 
 
 

Fig. 4. Possible bridge defects in the memory cell array 

III.       SIMULATION AND ANALYSIS 

This section presents the result of the simulation and 
analysis of bridge defects in the ReRAM cell array. The section 
starts with the simulation results for defect-free and bridge-
defective ReRAM. It is followed by the analysis of bridge 
defect simulation whereby the discrepancy between the 
ReRAM cells behavior under the defect-free and bridge defect 
cases is studied. 

A. Defect-free Simulation Setup and Results 

Before continuing with bridge defect injection, a defect-free 
ReRAM SPICE model was designed and simulated using the 
Silvaco EDA simulation tools. As 22nm CMOS technology 
was used to design the ReRAM components other than the 
memory cell array, so the supply voltage (VDD) that used is 
0.95V [14]. The CMOS logic levels for this technology node 
are illustrated in Fig. 5. VH(max) = 0.95V is the maximum high 
voltage value and VH(min) = 0.63V is the minimum high-voltage  
value. Logic 0 is presented by maximum low voltage VL(max) = 
0.32V and minimum low voltage VL(min) = 0V. The voltage 
value between VH(min) and VL(max) is in an undefined state. 

 

Fig. 5. 22nm CMOS logic levels 

Fig. 6 shows the simulation result for the sequence S0 = 
w0(C11), r0(C11), w1(C21), r1(C21).  The sequence is to write 
logic 0 to C11 and then read it with the expectation that logic 0 

will be retrieved. Next, logic 1 is written to C21 and then read it 
with the expectation that logic 1 will be retrieved. During the 
operation, several control signals are involved as shown in Fig. 
6: (i) write and read signal; v(w/r), (ii) sense signal, which is on 
during half cycle of read operation; v(sense) and (iii) output 
voltage; v(out1). The v(out1)  is measured at the output of the 
sense amplifier. It represents the voltage of the read ReRAM 
cell. When C11 is read, the sense amplifier will give the value 
of 0V meaning that the cell stores the correct logic 0 values. 
The same goes to C12 whereby when reading it gives the output 
voltage 0.88V that is translated as logic 1 state. C11 

 

Fig. 6. Defect-free simulation result 

B. Bridge Defect Simulation Setup and Results 

For this simulation, bridge defects are modeled electrically 
using the resistor between two NBLs, between two NWLs, and 
between one NBL and one NWL, as shown in Fig. 4. For each 
bridge location, the resistor values are swept between 0Ω ≤ 
Rbridge ≤ 1000Ω. Due to space limitation, only the simulation 
result for BW is illustrated in the graph as shown in Fig. 7. The 
simulation results for BB and BBW is given in Table III and 
Table V.   
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Fig. 7. Bridge defect simulation results 

Fig. 7 shows the simulation results of BW for the sequence 
S1 = w1(C12),w1(C22),w0(C12),r0(C12),r1(C22) with different 
value of RBW.  In this sequence, C12 is the aggressor cell while 
C22 is the victim cell. The simulation shows that at RBW ≤ 60Ω, 
C22 that initially is set to logic 1 holds an undefined value when 
C12 is changing state from logic 1 to logic 0. This is because 
the bridge with low resistive value causes some current 
(resulting from negative polarity voltage) to overtake through 
the victim, ReRAM cell (C22) and increases the internal state 
(memristance) to an undefined value. When the victim cell is 
read, the sense amplifier might produce incorrect logic state. 
However, as the resistor values RBW > 60Ω, the victim cell is 
not affected by the bridge.  

C. Bridge Defect Simulation Analysis 

Table I summarizes the observed faults at different bridge 

defect values of BW. It shows that the victim's cell (C22) starts 

to be affected by the defect when 0Ω ≤ RBW ≤ 59Ω. At this 

bridge defect range, the cell will start to drop to the undefined 

level from its initial state, which is logic 1. Undefined level 

will cause a random logic value to be read from the defective 

ReRAM cells [4]. Meanwhile, the aggressor cell (C12) remains 

in its state, which is logic 0 (low). Table II illustrate the 

summary of logic level for this bridge defect, BW.  

Table III presents the summary of faults results for bridge 

defect type BB. The sequence used in this simulation was S2 

= w1(C11), w1(C12), w0(C11), r0(C11), r1(C12). The table shows 

that the logic level of the victim cell drops to low (logic 0) 

when 0Ω ≤ RBB ≤ 35Ω. Meanwhile, the victim cell might give 

the undefined value during read operation when 36Ω ≤ RBB ≤ 

370Ω. However, the victim cell remains in its expected value 

if 373Ω ≤ RBB ≤ 1000Ω. The logic level for this bridge defect, 

BB is summarized in Table IV.  

However, faults due to BBW give different results as 

shown in Table V. The victim cell that involved with this 

defect is C12 since the resistive bridge defect occurs between 

NBL2 and NWL2. The same sequence was applied; i.e., S1 = 

w1(C12),w1(C22),w0(C12),r0(C12),r1(C22). Table V shows the 

output voltage at the second row of sense amplifier and Table 

VI illustrates the summary for the logic level. The output 

voltage is low when the bridge is between 220Ω till 1000Ω.  

Unfortunately, the output voltage shows fault value when 

the bridge is between 0Ω to 210Ω. The cell gives logic 1 when 

0Ω ≤ RBBW ≤ 130Ω and undefined value if 139Ω ≤ RBBW ≤ 

210Ω. BBW defect affect C12 because the resistor act as 

internal resistance to the victim cell. However, the adjacent 

cell (C22) also affected when the resistive bridge values too 

low (0Ω - 30Ω).  

 

 

 

 

 

TABLE I.  OBSERVED FAULTS FOR BW 

Bridge (Ω) 
Output voltage at accessed cells (V) 

Aggressor cell 

(C12)  

Logic level 

(C12) 

Victim cell 

(C22) 

Logic level 

(C22) 

0 0.2619 Low 0.4779 Undefined 

10 0.1864 Low 0.5236 Undefined 

20 0.1315 Low 0.5577 Undefined 

30 0.0916 Low 0.5858 Undefined 

40 0.0635 Low 0.6089 Undefined 

50 0.0452 Low 0.6074 Undefined 

60 0.0345 Low 0.6299 High 

70 0.0270 Low 0.6347 High 

80 0.0224 Low 0.6462 High 

90 0.0193 Low 0.6558 High 

100 0.0169 Low 0.6641 High 

1000 0.0048 Low 0.8290 High 

 

TABLE II.  SUMMARY OF LOGIC LEVEL FOR BW 

Logic level 
Range of resistive bridge defect (Ω) 

Aggressor cell (C12)  Victim cell (C22) 

High 
Remain its initial state for 

read 0 operations 

60 ≤ RBW ≤ 1000 

Undefined 0 ≤ RBW ≤ 59 

Low - 

 

TABLE III.  OBSERVED FAULTS FOR BB 

Bridge (Ω) 
Output voltage at accessed cells (V) 

Agressor cell  

(C11) 

Logic level  

(C11) 

Victim cell 

(C12) 

Logic level  

(C12) 

0 0.0819 Low 0.1417 Low 

10 0.0517 Low 0.2057 Low 

20 0.0362 Low 0.2593 Low 

30 0.0283 Low 0.3042 Low 

35 0.0241 Low 0.3239 Low 

36 0.0228 Low 0.3273 Undefined  

40 0.0223 Low 0.3417 Undefined  

50 0.0183 Low 0.3718 Undefined 

60 0.0167 Low 0.3959 Undefined  

70 0.0147 Low 0.4222 Undefined 

80 0.0135 Low 0.4434 Undefined  

90 0.0125 Low 0.4607 Undefined 

100 0.0117 Low 0.4759 Undefined  

200 0.0083 Low 0.5634 Undefined 

300 0.0072 Low 0.6020 Undefined  

350 0.0069 Low 0.6141 Undefined 

360 0.0068 Low 0.6162 Undefined  

370 0.0068 Low 0.6182 Undefined 

372 0.0067 Low 0.6344 Undefined  

380 0.0065 Low 0.8395 High  

390 0.0064 Low 0.8411 High 

400 0.0064 Low 0.8426 High 

1000 0.0052 Low 0.8763 High 

 

TABLE IV.  SUMMARY OF LOGIC LEVEL FOR BB 
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Logic level 
Range of resistive bridge defect (Ω) 

Aggressor cell (C12)  Victim cell (C22) 

High 
Remain its initial state for 

read 0 operations 

373 ≤ RBB ≤ 1000 

Undefined 36 ≤ RBB ≤ 372 

Low 0 ≤ RBB ≤ 35 

 

 

 

TABLE V.  OBSERVED FAULTS FOR BBW 

Bridge (Ω) 
Output voltage at accessed cells (V) 

Victim cell 

(C12)  

Logic level 

(C12) 

Adjacent cell 

(C22) 

Logic level 

(C22) 

0 0.9630 High 0.2444 Low 

10 0.9629 High 0.2668 Low 

20 0.9625 High 0.2828 Low 

30 0.9590 High 0.7753 High 

40 0.9543 High 0.8059 High 

50 0.9463 High 0.8214 High 

60 0.9339 High 0.8219 High 

70 0.9157 High 0.8103 High 

80 0.8903 High 0.7982 High 

90 0.8573 High 0.7892 High 

100 0.8170 High 0.7820 High 

110 0.7716 High 0.7763 High 

120 0.7237 High 0.7721 High 

130 0.6758 High 0.7689 High 

140 0.6110 Undefined 0.8154 High 

150 0.5654 Undefined 0.8167 High 

160 0.5225 Undefined 0.8183 High 

170 0.4823 Undefined 0.8201 High 

180 0.4485 Undefined 0.8222 High 

190 0.4100 Undefined 0.8244 High 

200 0.3778 Undefined 0.8266 High 

210 0.3479 Undefined 0.8288 High 

220 0.3203 Low 0.8311 High 

230 0.2949 Low 0.8332 High 

240 0.2714 Low 0.8354 High 

250 0.2499 Low 0.8375 High 

260 0.2298 Low 0.8395 High 

270 0.2114 Low 0.8415 High 

280 0.1944 Low 0.8434 High 

290 0.1788 Low 0.8453 High 

300 0.1644 Low 0.8471 High 

400 0.0694 Low 0.8616 High 

500 0.0333 Low 0.8714 High 

1000 0.0101 Low 0.8919 High 

 

TABLE VI.  SUMMARY OF LOGIC LEVEL FOR BBW 

Logic level 
Range of resistive bridge defect (Ω) 

Victim cell (C12)  Adjacent cell (C22) 

High 0 ≤ RBBW ≤ 130 Remain its initial state for 

read 1 operations Undefined 139 ≤ RBBW ≤ 210 

Low 220 ≤ RBB ≤ 1000 0 ≤ RBBW ≤ 30 

 

IV. CONCLUSION 

This paper presented a bridge defect simulation and 

analysis for ReRAM cell array. Firstly, a defect-free ReRAM 

model was designed and simulated in order to ensure that the 

simulation provide the correct results. Next, the resistors that 

represent bridge defects are added to the defect-free model. 

Then, simulations were carried out and the behaviors of the 

ReRAM cells were observed and analyzed. It shows that 

bridge defects only cause problems when the defect value is 

small. However, these defects must be detected as existing test 

algorithms only detect such defects with much higher defect 

value. For this aim, our future work is to develop a test 

algorithm based on design-for-testability (DfT) schemes, 

specifically to detect bridge defects in the ReRAM cell array. 
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Abstract— A distribution network planning consists of several 

complexity aspects due to the multiple decision variables. The 

main objective of the distribution system planning is to find  the 

optimum number of substation, location, size and  feeders 

routing.This paper proposes an evolutionary algorithm to 

determine the optimum distribution substation placement and 

sizing by using the particle swarm optimization algorithm and 

optimum feeder routing using modified minimum spaning tree 

algorithm. The proposed algorithm evaluates on the distribution 

network case with 164 load blocks. The results showed the 

effectiveness of the proposed algorithm to find the acceptable 

location and sizing of distribution substations with a proper 

routing of the feeder. 

Keywords— MV Feeder Routing, Distribution Substation 

placement, MST, PSO, OpenDSS. 

I.  INTRODUCTION 

The electrical energy produced at the generating station is 
transferred to the consumers through transmission and 
distribution networks. Power generated by power plant and 
sent to the high-voltage transmission lines (765,500,400,220 or 
132 KV). These transmission lines carry the power to medium 
voltage (e.g. 33 or 11 KV). The distribution networks supply 
power to consumers. The major objective of utility is to supply 
the power demand with good quality of service, through a 
proper planning for the distribution networks. Distribution 
planners are always be faced with several difficulties in 
designing due to the numbers of decision variables which are 
influenced to distribution networks. Feeder routing for MV and  
LV network and MV/LV substation placement and sizing are 
always one of the important challenges in distribution network 
planning. Meanwhile, it is crucial to reconfigure the existing 
distribution network due to the high load density and 
incremental cost of power distribution equipment and 
significant power losses in LV network which is 50% of the 
total losses of power system. 

Serveral works has been carried out in field of distribution 
system planning. The first step in distribution system planning 
is to determine the location of distribution transformers. In [1] 
the authors codified the coordinates of the candidate 
substations and applied an evolutionary computation by using 
genetic algorithms to find the optimal location. Since the 
placement of the transformers will somehow define the route of 
feeders, some researchers have tried to proceed both 

optimizations simultaneously. Some papers have applied  the 
concept of minimum spanning tree to get an approximation of 
the initial work, as an indication of the optimal network layout 
electrical or geographical constraints are not take into 
consideration [2], [3]. Minimum Spanning Tree (MST) is a 
weighted connected graph whose total edge cost is minimized. 
Heuristic methods integrated in [4] to obtain the optimal feeder 
route (based on shortest path algorithm) and the optimal 
placement of substation on criteria of minimum losses.  In 
reference [5] an attempt to minimize the cost of feeders by 
selecting the optimal conductor size and kind of feeders 
segment. The paper implemented a new computer algorithm 
and heuristic optimization technique.  

In this paper [6] A comprehensive algorithm is developed 
to obtain optimal location, number and service area of 
substation using genetic algorithm and a generalized algorithm 
is modified for optimal feeder route on minimum total cost 
criteria. Power flow problem is one of the important issues of 
distribution network planning due to the large of the network. 
Therefore, this work has tried to use OpenDSS engine as power 
flow calculator in distribution network planning in order to 
determine the voltages, currents, real and reactive power flows 
and losses of the network during optimization procedures. 

This paper presents the application of an efficient Particle 
Swarm Optimization (PSO) algorithm for the optimal design 
distribution system, solving the optimal placement and sizing 
of substation, also MST algorithm used for optimal feeder 
routing in MV networks. The total cost minimization is the 
objective function of proposed optimization algorithm. The 
objective function consists of the fixed and variable costs of 
substations and annualized cost of the total network losses.  

II. PARTICLE SWARM OPTIMIZATION 

The Particle Swarm Optimization has shown to be an 

efficient, robust and simple optimization and is one of the 

evolutionary computation techniques which has introduced to 

solve the optimization issues and since then, their efficiency to 

be applied in optimization problems has been explained in 

reference [7]. In this technique, the movement towards the 

optimal position is gained from the best information of each 

particle which is included in the initial population (Best 

Personal Position) and the optimal position that is found by 

the neighbor’s positions (Best Global Position).  

Several papers used PSO algorithm efficiently in complex 
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non-linear engineering problem, especially in planning of 

distribution system, control applications, multi-objective 

optimization problems with multiple constraints, design 

application and etc. [8]. Since the capacitor installation in 

distribution system has the non-linear and discrete equation, 

therefore, this work used PSO algorithm as one of the efficient 

techniques to resolve the substation location and sizing 

problem. The steps of this algorithm have been described in 

[9], [10]. Fig. 1 shows the particle movements based on PSO 

algorithm. 
 

Best Personal 

Position

Previous 

Position

Current 

Position

Best Global 

Position

Next

Position

 

Fig. 1. Principle of the PSO particle movement 

 

II. OPENDSS 

 The power flow solutions are needed in planning of 

distribution network to evaluate the network. To get this 

purpose, the Open Distribution System Simulator (OpenDSS) 

is a comprehensive electrical system simulation tool for 

electric utility distribution systems. The OpenDSS is an open 

source developed by the Electric Power Research Institute 

[11]. The OpenDSS engine comprise the COM interface which 

can be used in other simulation programs such as MATLAB, 

VBA, C# and etc. The OpenDSS engine can assist the 

researchers to get a set of important knowledge about the 

simulated power system. In this paper, OpenDSS engine is 

used as a power flow calculator so as to determine the power 

system parameters such voltages, currents, real and reactive 

power flows and losses of the network during optimization 

procedures. 

III. METHODOLOGY 

Based on the new prospect of distribution networks 

planning which is aim to bring the small scale of substation 

beside the load centers so as to minimize the distribution 

network losses, this paper has tried to introduce the initial 

adjustments of the algorithm based on this purpose. Therefore, 

the minimum numbers of distribution substations are 

estimated based on the maximum branching rate and number 

of load block (load centers) for each branches. These are the 

constraints of the minimum substation selection. In this paper, 

three branching rate and maximum 10 load blocks has been 

selected for each substation. Which means; minimum Sn 

substations are need for a network with n branches and m 

numbers of load blocks for each branch, which Sn can be 

written as follows: 

nm

N


nS     (1) 

 

where, N is the numbers of the load blocks. Therefore, the 

estimation of minimum required substation can be consider as 

a first step of optimization algorithm that shown in Fig. 2. 

 
START

Estimate the initial numbers of distribution substations 
(Minimum)

Optimum substation placement 
using PSO algorithm

Optimum LV feeder routing 
using modified MST

Optimum MV feeder routing 
using modified MST

Power flow calculation 
using OpenDSS engine

Result evaluation!

Are the results 
satisfied?

Record the best solution 

END

Increase the number of 
distribution substation

 
Fig. 2. The proposed flow chart of optimum substation placement and sizing 

and feeder routing for distribution networks 

 

The optimum substation location will implement after 

estimating the number of minimum required substations. For 

this purpose, the PSO algorithm which has been used in this 

paper will be demonstrated in following subsection in details. 

The optimum substation placement algorithm will generate the 

coordinates of each substation, which has been connected to 

the particular load blocks with adequate substation require 

sizing based on the number of supplied load blocks as shown 

in Fig. 3. The next optimization step is optimum LV and MV 

feeder routing using modified MST algorithm. There are a few 

constraints and details that will be demonstrated in following 

related sections. After indicating the routes of feeders the next 

algorithm step is the power flow solution utilizing OpenDSS 

engine. Therefore, the algorithm generates OpenDSS codes for 
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designing the network to run the power flow and capturing the 

required information for network evaluation. The obtained 

results will be evaluated in the next step. The algorithm will 

record the captured solution, if the results have satisfied in 

terms of substation placement standards, desire losses and in 

range voltage profile. If not, the algorithm will repeat once 

more time by increasing the number of distribution substation. 

This loop will continue to get the best possible solution to the 

substation location, routing and sizing whenever find the 

optimum network designing.  

 

A. Optimum Substation Placement Using PSO:  

An adequate placement of distribution substation can be 

affected the other parts of network  such as primary/secondary 

substations and feeders routing. In other word, if the 

placement of substation is not done with appropriate precision, 

the economic and technical difficulties will be encountered to 

MV feeders and other parts of the distribution networks. 

Therefore, define the suitable location of distribution 

substations is decisive. In this paper a comprehensive 

algorithm for substation placement and defining the number of 

distribution substation has been applied. The Particle Swarm 

Optimization (PSO) method is applied to optimize the best 

reasonable location of distribution substations. The only 

substation placement problem has considered in this section. 

Fig. 4 illustrates the PSO algorithm flowchart in terms of 

optimum distribution substation placement. Fig. 3 shows the 

numbers of selected  distribution substations after 

optimization. Nine numbers of distribution substations have 

been selected among the 81 candidate substations. Meanwhile, 

this figure indicates the numbers of load blocks which 

assigned to their particular substation. 
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Fig. 3. Selected MV substations after optimization 
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Initialization

Create random solution, 
considering the maximum 

number of substation

Evaluate the solutions by 
substituting in objective function

Determining the personal 
and global bests

Update position and velocity

Population 
number?

Check the stop 
condition

END

    Population and iteration numbers.

    Load block coordinates and etc.

    Distance calculation between load   
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Iteration= Iteration+1

Yes

Yes

No

No

 

Fig. 4. The optimum substation placement flowchart using PSO 

 

B. Optimum Feeder Routing Using MST  

As described in the introduction the prim’s algorithm has 

been used in this paper to locate the paths of optimum feeders 

for distribution networks. But the only prim’s algorithm 

cannot perform our desire optimal routing. The modified prim 

algorithm needs to be implemented because of some technical 

requirement such as, open loop feeders and not allowed 

branches pass through each other.  

Fig. 5 shows the proposed modified algorithm using the 

prim’s algorithm in MST so as to locate the optimum feeder 

routing in the distribution network. 

Fig. 6 shows the obtained results after MV feeder routing 

using modified MST algorithm. It describes the 11KV feeders 

path with purple line color and 33KV conductors by black line 

color. The MV feeders are connected adequately without 

passing each other as shown in Fig. 6. It demonstrated the 

modified algorithm has successfully resolve the feeder routing 

problem by considering the constraints of the problem. 
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Fig. 5. The flowchart of modified MST algorithm in order to solve the 

optimum feeder routing in distribution network 
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Fig. 6. Obtained network after optimum feeder routing for MV in 164 load 

blocks distribution network 

 

IV. PROBLEM FORMULATION 

In distribution system planning, the distribution of loads 

density and allocation of feasible candidate substations are the 

important information in the study year. Based on optimization 

viewpoint, the following candidates must be satisfied so as to 

optimal distribution substation allocation and feeder routing, 

which are: a) supplying all the load blocks of the networks, b) 

accepted voltage drop at the receiving bus, c) Maximum load 

capacity of all substation, and d) Minimization cost of new 

substation construction. As, the objective functions of 

substation placement and sizing can be formulated as follows: 

 





nlb

i

i

LossL PCCL
1

8760..     (2) 

 

where CL is the total losses cost for a study year, CL [$/kWh] 

is the cost of real power losses which is provided in [12] 

(CL=168 $/kW/year]), 
i

LossP  [kW] is the real power losses at 

load block i and nlb is the number of load blocks. 

The investment cost of distribution substations have to be 

annuitized to able for accumulate with other network costs 

[13]. Thus, to annuitize the investment cost of distribution 

network, the considerations have to be implemented. 
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where VCs is the total substation variable cost, Cvar(j) is the 

cost of substation j per MVA, dlb(j,i) is the load block demand 

i which connected to substation j. FCs represents the total 

fixed cost of substations and Cfix(j) is the fixed cost of 

substation j. The variable cost of substation included the cost 

of operation and maintenance, and the fixed cost consists of 

installation and other related fix cost of substation such as land 

and equipment prices and etc. 
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where IC stand for Investment Cost [$], CS is the total 

substation installation and operation costs [$], Cl is the total 

cost of the lines [$], CC is the annuitized capital cost [$/year], 

d is the discount rate and T is the number of operation years. 

Thus, the main objective function that needs to be 

minimized can be written as follows: 

 

Min PFCCCLZ      (8) 

 

where Z is the total cost function and PF is the penalty factor 

which is calculated by the optimization constraints. The first 

constraint of distribution network planning is acceptable 

voltage drop at receiving bus (Vi) which voltage should be 

within the specified range. 
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05.195.0  iV
    

(9) 

 

The next constraint of distribution network planning is the 

longest distance of each load block from the distribution 

substation which introduced by substation radius based on 

maximum voltage drops in distance which has been obtained 

from reference [14]. To consider this constraint the following 

condition must be considered: 

 
ji

j RD max       (10) 

 

where i

jD  is stand for distance between substation j to load 

block i and jRmax
 is the maximum acceptable radius of 

substation j that can supply the load blocks (11/0.4 

transformer). Based on the standard, in 11kV feeders in 

generally up to 3km and for rural networks is up to 20km.  

V. RESULTS AND DISCUSSION 

A generated model of distribution networks with details in 

APPENDIX has been used so as shown the efficiency of the 

proposed algorithms of substation placement and sizing in 

distribution network and feeder routing in MV. The candidate 

MV substations are generated randomly based on load density, 

which after optimum placement, nine numbers of substation 

have selected as shown in Fig. 3 3. The optimization 

progressive is illustrated in  Error! Reference source not 

found.  for selecting the number of required substations with 

considering the acceptable voltage drop and minimum losses 

of networks. Table 2 indicates the selected the distribution 

substation placement and transformers sizes after 

optimization. The voltage drop based on distance for all 

distribution substations and 164 load blocks are shown in Fig. 

7. It indicates all the buses allocated within the standard range 

of voltage drop which stated in previous sections. A HV/MV 

substation is placed at the fix position that was shown in Fig. 6 

and the selected substation size is shown in  

Substation 

Name 

33/11 kV 

 

 
Xs 

 

 
Ys 

Distribution 

transformer 
size (33/11)  

[kVA] 

Numbers of 

load blocks 
(11/0.4 

transformer) 

Supplied 

load block  

[kVA] 

S1 40.02 55.53 7500 16 4123 

S2 45.02 40.53 7500 14 3607 

S3 45.02 75.53 10000 19 4896 

S4 55.02 45.53 7500 17 4380 

S5 55.02 60.53 12000 24 6184 

S6 65.02 55.53 10500 21 5411 

S7 60.02 70.53 10000 22 5669 

S8 70.02 40.53 7500 14 3607 

S9 75.02 65.53 7500 17 4380 

 

Table 3. To select the size of substation sizing has been tried 

to follow the standard of distribution transformer by 

IEEE/ANSI C57.12.00 [15]. 

 

 
Fig. 7. The distance voltage drop from substations to load blocks 

 
TABLE 1: The PSO progress in different number of substations 

Number of 

transformer 

(33/11 kV) 

Minimum 

Voltage 

[p.u] 

Total Losses 

 [kW] 
Best Cost 

[$/year] 

5 0.87064 1795.9265 1595427 

6 0.88847 1781.0730 1807879 

7 090635 1138.7664 2022740 

8 0.92004 1303.9305 2236497 

9 0.95748 881.0599 2455879 

 
 

Table 2: Selected size of MV transformers after optimization 

Substation 

Name 
33/11 kV 

 
 

Xs 

 
 

Ys 

Distribution 
transformer 

size (33/11)  

[kVA] 

Numbers of 
load blocks 

(11/0.4 

transformer) 

Supplied 

load block  
[kVA] 

S1 40.02 55.53 7500 16 4123 

S2 45.02 40.53 7500 14 3607 

S3 45.02 75.53 10000 19 4896 

S4 55.02 45.53 7500 17 4380 

S5 55.02 60.53 12000 24 6184 

S6 65.02 55.53 10500 21 5411 

S7 60.02 70.53 10000 22 5669 

S8 70.02 40.53 7500 14 3607 

S9 75.02 65.53 7500 17 4380 

 
Table 3: Selected size of MV transformer after optimization 

Number of transformer (HV/MV) 

(132/33 kV) 
HMS1 

X 54.0 

Y 58.0 

Substation capacity [kVA] 100000 

Number of supplied distribution substation (33/11 kV) 9 

Total apparent power demand [kVA] 42257 

 
  

VI. CONCLUSION 

In conclusion, this paper has proposed the algorithm based 

on integration of PSO and MST to solve the distribution 

network planning in terms of substation placement, sizing and 
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feeder routing. The proposed algorithm evaluates on the 

distribution network case with164 load blocks. The results 

show the proposed algorithm has successfully find the suitable 

placement and sizing of distributed generation with adequate 

feeder routing.  
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APPENDIX 

The initial assumptions of the utilized distribution network 

model are as, 81 MV candidate substations and 164 load 

blocks. Tables A1 and A2 show the X and Y coordinates of 

the test network and Table A3 illustrates the load block 

demand which is considered for all the load blocks as same 

value. 
 

 

Table A1: X coordinates of each load block 
No XL No XL No XL No XL No XL 

1 60.11 34 42.77 67 72.88 100 68.18 133 47.94 

2 68.32 35 48.86 68 64.15 101 61.99 134 57.88 

3 51.12 36 48.81 69 75.79 102 77.13 135 46.98 

4 60.38 37 61.55 70 75.87 103 56.68 136 47.84 

5 73.13 38 44.64 71 76.1 104 51.87 137 68.92 

6 63.16 39 57.16 72 52.73 105 60.65 138 50.26 

7 60.09 40 40.18 73 69.88 106 46.36 139 64.14 

8 62.09 41 66.41 74 74.29 107 47.21 140 60.53 

9 73.54 42 39.76 75 68.81 108 57.48 141 66.35 

10 58.46 43 56.88 76 49.68 109 48.7 142 57.74 

11 57.29 44 55.29 77 66.31 110 64.75 143 41.62 

12 55.99 45 70.61 78 45.41 111 47.02 144 75.94 

13 36.75 46 77.84 79 59.72 112 47.45 145 71 

14 35.02 47 37.51 80 65.66 113 55.73 146 35.58 

15 46.64 48 47.69 81 42.06 114 57.35 147 36.43 

16 37.47 49 39.12 82 38.19 115 48.12 148 70.61 

17 72.93 50 55.82 83 38.01 116 73.81 149 61.98 

18 44.26 51 48.92 84 50.25 117 37.67 150 45.77 

19 56.95 52 38.77 85 49.16 118 50.94 151 71.98 

20 75.21 53 52.9 86 63.31 119 57.06 152 54.36 

21 48.25 54 55.38 87 70.24 120 69.38 153 55.39 

22 67.93 55 68.87 88 62.26 121 46.8 154 55.84 

23 54.61 56 43.67 89 43.4 122 71.5 155 45.99 

24 47.03 57 35.14 90 68.92 123 59.22 156 66.3 

25 54 58 58.89 91 56.83 124 63.92 157 61.44 

26 53.57 59 66.82 92 54.27 125 52.47 158 64.39 

27 53.5 60 42.29 93 60.25 126 59.6 159 76.87 

28 77.03 61 57.75 94 39.71 127 41.73 160 51.37 

29 61.23 62 70.31 95 74.44 128 52.18 161 64.27 

30 57.87 63 61.75 96 71 129 56.94 162 51.37 

31 37.26 64 36.7 97 65.48 130 44.91 163 73.48 

32 42.37 65 53.3 98 72 131 75.18 164 53.15 

33 46.34 66 73.29 99 55.06 132 77.7 
  

 

Table A2: Y coordinates of each load block 
No YL No YL No YL No YL No YL 

1 48.76 34 62.05 67 49.14 100 58.52 133 66.52 

2 75.09 35 58.59 68 65.88 101 44.77 134 74.25 

3 56.7 36 74.29 69 56.86 102 74.67 135 62.08 

4 59.23 37 60.02 70 35.53 103 66.15 136 77.6 

5 64.88 38 39.02 71 62.92 104 61.82 137 49.76 

6 72.37 39 38.37 72 51.13 105 42.81 138 63.02 

7 60.91 40 46.55 73 54.63 106 46.5 139 62.85 

8 37.66 41 48.24 74 41.66 107 72.61 140 64.9 

9 76.39 42 38.63 75 58.63 108 56.68 141 52.34 

10 70.99 43 62.16 76 57 109 45.19 142 53 

11 71.07 44 70.18 77 35.86 110 65.36 143 37.39 

12 42.08 45 40.97 78 69.92 111 76.04 144 65.92 

13 57.94 46 36.68 79 56.61 112 52.65 145 70.07 

14 43.42 47 54.16 80 55.17 113 67.32 146 66.97 

15 62.29 48 49.63 81 71.56 114 64.44 147 36.55 

16 75.03 49 53.24 82 45.23 115 56.79 148 56.61 

17 75.47 50 75.18 83 70.88 116 56.28 149 53.94 

18 49.4 51 73.04 84 73.54 117 60.11 150 66.72 
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19 55.98 52 59.5 85 55.45 118 76.8 151 42.02 

20 64.45 53 49.71 86 53.39 119 64.3 152 46.03 

21 75.6 54 45.54 87 67.63 120 48.39 153 45.22 

22 70.07 55 65.37 88 55.72 121 37.95 154 74.37 

23 63.02 56 57.47 89 73.16 122 56.77 155 77.98 

24 39.56 57 47.92 90 43.5 123 60.64 156 51.72 

25 72.02 58 78 91 69.68 124 61.51 157 60.92 

26 38.79 59 51.11 92 50.88 125 74.6 158 71.16 

27 52.69 60 35.98 93 71.65 126 53.29 159 54.73 

28 42.49 61 45.67 94 40.96 127 70.16 160 64.85 

29 52.87 62 40.7 95 65.95 128 40.83 161 60.73 

30 66.16 63 70.7 96 65.25 129 63.83 162 70.68 

31 76.74 64 49.69 97 70.18 130 49.86 163 57.69 

32 52.43 65 45.68 98 62.43 131 42.66 164 63.05 

33 56.3 66 36.43 99 55.29 132 70.14 
  

 

Table A3: Load Block Demand Data 
Load Blocks Model Active power Power factor 

Commercial + Residential 250 kW 0.8 
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Abstract— Thresholding is a process of shrinking the small 

absolute coefficients value while retaining the large absolute 

coefficient value. It will produce finer reconstruct signal. Since 

this method is taking the condition that the amplitude of wavelet 

transform coefficients signals are much larger than noises, so the 

unconsidered noise will be removed while holding the significant 

signal. This paper examine several thresholding methods namely 

VisuShrink (Hard Threshold), VisuShrink (Soft Threshold), 

BayesShrink, OTW SURE-LET and NeighShrink SURE. These 

five methods are implemented on standard test images and 

medical images to perceive its’ different performance based on 

the Peak Signal-to-Noise Ratio (PSNR) value. 

Keywords— Wavelet, Thresholding, Peak Signal to Noise Ratio 

(PSNR) 

I.  INTRODUCTION 

In image processing field, the reconstructed image is 
always facing with the noisy, incomplete and blurry problem. 
From the previous work, we can find some denoising methods 
mainly on spatial-domain and wavelet-domain filter. Some 
example for spatial-domain filter are Mean filter, Median filter, 
Alpha-trimmed filter and Wiener filter. While the Wavelet-
domain filters are VisuShrink, SureShrink, BayesShrink, OTW 
SURE-LET and NeighShrink SURE. 

Wavelet-domain filter gains it popularity because it can 
perceive a signal in different resolution or in different window. 
Wavelet is a flexible tool with rich mathematic content and has 
enormous potential in many applications and greatly being 
used in the field of digital images. Wavelet algorithm work as 
signal processing in such a way like the human vision do. It 
provides a much more precisely in digital image, movies, color 
image and signal. It also has widely used in data compression, 
fingerprint encoding and also image processing. 

II. RELATED WORK 

A. Concept of Thresholding 

In the wavelet transform, the noise energy is distribute in 
all wavelet coefficients, while the original signal energy is 
found in some of the coefficients. Therefore, the signal energy 
is found much larger than noise energy. So, small coefficients 
can be considered as caused by noise while large coefficients 
are triggered by significant signal features.  

Based on this idea, thresholding process is proposed. 
Thresholding is a process of shrinking the small absolute 
coefficients value while retaining the large absolute coefficient 
value. It will produce finer reconstructed signal. Since this 
method is taking the condition that the amplitude of wavelet 
transform coefficients signals are much larger than noises, so 
the unconsidered noise will be removed while holding the 
significant signal.  

Threshold also can be define as the Peak Absolute Error 
(PAE) accepted for image reconstruction [1].  Hard and soft 
threshold are the common operator used in conjunction with 
DWT. Donoho is the person who first introducing the word 
‘de-noising’ to explain the process of noise reduction in 
threshold [2]. 

Donoho reveal the Donoho universal threshold that give the 
best estimation error in minimun sense. On the other hand, 
some noise and clean signal will be discarded by thresholding, 
producing some artifact. As can be seen in Figure 1, 
eliminating certain coefficient will not harm the signal value. 
Dotted line in the middle image represent the discarded 
coefficient value while the solid line is the retained coefficient 
value.  
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Figure 1: The above image shows the noisy step signal 
while the below image shows the clean step signal (spine 
biorthogonal 3/9 wavelet). The left image: signal. The middle 
image: its wavelet representation. The right image: final result 
[3]. 

The wavelet coefficient for hard threshold, Hh, is performed 
as in equation (1): 

                         (1) 

 where y(i) is the wavelet coefficients, λ is the specified 
threshold.  

 

Figure 2: Hard threshold function [4] 

 In the hard threshold, all the coefficient with higher 
magnitude than the selected threshold will be retain the same 
while the rest is set to zero. However, it produce the artifact 
appearance because of the region created around zero where 
the coefficients are considered insignificant. 

With better image recovery in mind, the soft threshold is 
proposed to reduce the gap between the remaining and 
discarded coefficients. 

For soft threshold, Hs, the coefficients is expressed as in 
equation (2): 

        (2) 

 The elements with absolute value is lower than the 
threshold value will be set to zero and then the other coefficient 
will be shrunk. sgn(*) is a sign function. Refer to equation (3) 

                                   (3) 

  

Figure 3: Soft threshold function [4] 

In soft thresholding, the coefficient with higher magnitude 
than the selected threshold will be supressed towards zero 
while the rest will be set to zero. This activity lead to over 
smoothing effect at the reconstructed image which will cause a 
poor PSNR value. 

There are two types of thresholding; global and level 
dependent threshold. Global threshold imply single threshold 
value globally to all wavelet coefficient while level dependent 
threshold use different threshold value at different level. 

Threshold value estimation is very crucial. If the threshold 
value set too small, it will adopt noise into the signal. While, if 
the threshold value is too high, the important coefficients value 
will be screened out leading to deviation condition [5].  

III. WAVELET-BASED THRESHOLDING METHODS 

Donoho and Johnstone have done a lot in wavelet 
thresholding. They first invented the VisuShrink that using the 
hard thresholding [6] and soft threshold [2] rules. The universal 
threshold is defined as equation (4) 

                                                               (4) 

Where the σ is the noise variance present in the signal and n 
is the number of pixel in the image. For unknown σ, one can be 
replace by MAD/0.6745, where MAD is median absolute value 
of the finest scale wavelet coefficients. 

The main disadvantage of VisuShrink is it not considering 
the mean square error, the image is over smoothed, removing 
too many coefficients and cannot remove the speckle noise. 
VisuShrink is using the global thresholding scheme where only 
single threshold value is apply at entire wavelet coefficients. 

The BayesShrink [7] method apply subband dependent, 
which means that threshold value is selected independently at 
each band of resolution in the wavelet decomposition. It is 
adaptive with data-driven threshold capability and use merely 
the same concept with the soft threshold.  

The Bayes threshold value, tb in BayesShrink is generated 
by using Bayesian mathematical framework. It is define as 
equation (5) 

                                                                         (5) 

Where σ
2
 is the noise variance and σs is the signal variance 

without noise. 

By using the neighbouring window concept, [8] propose a 
method called NeighShrink. The wavelet coefficient in 
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different subband is shrinked independently while the threshold 
and window size is remain unchanged. The wavelet 
coefficients is thresholded according to the magnitude of the 
squared sum of all wavelet coefficients, local energy inside the 
neighbouring window.  NeighShrink outstrip the PSNR 
performance of VisuShrink and SureShrink. 

Another popular approach is NeighShrink SURE was 
proposed by [9]. It is an extended version of NeighShrink 
where it can determine the optimal threshold and neighbouring 
window at every subband using Stein’s Unbiased Risk 
Estimate (SURE) where it significantly increase the denoising 
performance. 

[10] have developed the Orthonormal Wavelet 
Thresholding Stein’s Unbiased Risk Estimate Linear 
Expansion of Threshold (OTW SURE-LET) that also applying 
the Stein’s Unbiased Risk Estimate (SURE) method. It directly 
parameterize the denoising process with unidentified weights. 
It also calculating the unidentified weights by solving the linear 
system equation. 

IV. RESULT AND ANALYSIS 

Simulation of the wavelet-based thresholding methods are 
carried out on Matlab R2012a platform. The standard test 
images with different image format are used to evaluate the 
differences if any. We use Lena.bmp, Lena.png, Barbara.bmp 
and Barbara.png of size 512x512.  

While for the medical image we use two different breast 
images (mdb001.pgm and mdb322.pgm) retrieved from MIAS 
MiniMammographic Database, the database owned by the 
Mammographic Image Analysis Society and can downloaded 
for free at http://www.mammoimage.org/databases/. The name 
‘pgm’ is an acronym for ‘Portable Gray Map’ representing a 
grayscale graphic image. 

 

 

 

 

 

 

 

 

 

         

   

   

  

Figure 4: Test images with different format. From left to 
right, top to bottom: Barbara.bmp, barbara.png, lena.bmp, 
lena.png, mdb001.pgm, mdb322.png. 

The methods involve in this comparison are VisuShrink 
(Hard Threshold) by [6], (Soft Threshold) by [2], BayesShrink 
[7], OTW SURE-LET [10] and NeighShrink Sure [9]. 

The experiment are conducted at different Gaussian noise 
levels, σ = 10, 20, 30, 50, 75 and 100. The objective quality 
performance of the reconstructed image is measured by Peak 
Signal-to-Noise Ratio (PSNR) [11]. PSNR is measured in 
decibel (dB) by equation (6): 

                                                    (6) 

The value of 255 is the maximum possible value that can be 
attained by image signal. While Mean Square Error (MSE) is 
defined by equation (7): 

                    (7) 

where M*N is the size of the original image while I(i,j) is 
the original image and K(i,j) is the reconstructed image [12]. 
The corresponding PSNR value of each method is as shown in 
Table 1. 
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TABLE 1: THE PSNR VALUE COMPARISON BETWEEN SOME OF THE 

THRESHOLDING METHODS 

Sigma VisuShrink 

(Hard 

Threshold) 
[2] 

VisuShrink 

(Soft 

Threshold) 
[2] 

Bayes 

Shink [7] 

OTW 

SURE-

LET [10] 

Neigh 

Shrink 

SURE 
[9] 

Barbara.png 

10 28.0734 25.0998 31.1850 32.16 30.3021 

20 24.1942 22.6653 27.5244 27.96 26.1965 

30 22.7419 21.8510 25.5076 25.82 24.1647 

50 21.7765 21.1912 23.1512 23.72 22.0281 

75 21.1813 20.8225 21.6333 22.54 20.6911 

100 20.9032 20.6498 20.3091 21.81 19.9473 

      

Barbara.bmp 

10 28.0734 25.0998 31.1924 32.16 33.0243 

20 24.1942 22.6653 27.4829 27.96 29.0935 

30 22.7419 21.8510 25.5475 25.82 27.0058 

50 21.7765 21.1912 23.1721 23.72 24.6326 

75 21.1813 20.8225 21.5865 22.54 22.9907 

100 20.9032 20.6498 20.2760 21.81 21.9392 

      

Lena.png 

10 31.0927 28.5130 33.6145 34.56 34.7204 

20 28.0496 26.0346 30.4511 31.37 31.5302 

30 26.4130 24.8472 28.7942 29.56 29.7023 

50 24.6826 23.7278 26.6195 27.37 27.4320 

75 23.7762 23.1216 24.4786 25.76 27.6156 

100 23.2920 22.8546 22.4605 24.66 24.4285 

      

Lena.bmp 

10 31.6748 29.1628 34.1733 35.18 35.3715 

20 28.6492 26.7869 31.0094 31.96 32.1139 

30 27.0959 25.6808 29.3569 30.15 30.2758 

50 25.5540 24.6805 27.2772 28.00 28.0198 

75 24.6234 24.1549 25.2876 26.41 26.2386 

100 24.2601 23.9365 23.5088 25.33 24.9596 

      

Mdb001.pgm 

10 41.0134 39.1770 35.2404 44.01 43.6142 

20 38.9000 37.1688 30.0515 41.11 40.1294 

30 37.5293 35.8539 26.8421 39.25 37.8705 

50 35.9073 34.3290 22.8693 36.82 34.8990 

75 33.9141 33.5117 19.6410 35.03 32.2743 

100 33.4531 33.4396 17.3629 33.73 30.2543 

      

Mdb322.pgm 

10 41.2931 38.2733 36.0814 43.76 43.6303 

20 37.4162 35.6519 30.8312 40.75 40.0133 

30 36.3680 34.5945 27.5011 38.82 37.5314 

50 34.9893 32.8871 23.3856 36.25 34.4289 

75 33.1918 31.5393 20.0090 34.37 31.9518 

100 31.2572 31.2195 17.5932 33.05 30.0631 

 

When looking closer to the result, we observe that medical 
images show a better PSNR value compared to the standard 
images where the medical images can reach above 40dB while 
the standard images just can go only up to 35dB.  

This is because the medical images is surrounded by the 
smooth texture of background region and it is usually black in 
colour. So reconstructing process on this region doesn’t 
degrade much the medical image’s PSNR value.  From the 
result in Table 1, it was detected that OTW-SURE LET 
technique gives the best performance on thresholding process 
on medical images.  

While for the standard images, the PSNR value of the 
thresholded images were significantly influenced by the image 
characteristic. The standard image is usually contain rich fine 
details and edges that spread at entire image. So, this structures 
may degrade the quality of the reconstructed image. 

From the collected data as shown in Table 1, it was 
observed that the NeighShrink SURE outperform in both 
lena.bmp as well as lena.png. But the PSNR value by using 
OTW SURE-LET show the best value on Barbara.png while 
NeightShrink Sure demonstrate the fine value Barbara.bmp. 
This result shows that different image format on standard 
image will affect the PSNR value.  

The performance of the PSNR value of each thresholding 
methods is merely because of its’ different way of eliminating 
the wavelet coefficient. The VisuShrink use the same threshold 
value that apply globally to the whole image. So, it doesn’t 
consider the different features at different sub-band image. 
While the zero-zone concept that applied in BayesShrink 
improve the image quality because of it’s efficient Bayes 
method. 

The Stein Unbiased Risk Estimator (SURE) technique that 
exist in OTW SURE-LET and NeighShrink SURE tend to 
threshold the wavelet threshold in group and estimated as a 
sum of squared course coefficient in the block. When this 
happen, all the wavelet coefficient in different subband is 
shrinked independently and leading to an optimal thresholding 
process. 

V. CONCLUSION  

In this work, comparative analysis of some of the 
thresholding methods are carried out. According to the 
experiment, we can see that medical images produce higher 
PSNR value compared to standard images because it contain 
lesser texture and details plus having a large smooth 
background region. Besides, the result shows that same 
standard image with different format will give different PSNR 
performance.  

Based on five threshold methods tested, NeighShrink 
SURE shows the best PSNR value for standard images while 
OTW SURE-LET is the best thresholding method for the 
medical images. 

In short, a research for a more efficient thresholding 
method is needed to amuse the standard images with rich 
texture and details. 
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Abstract—This paper presents a CFD study of short 

and tall spray dryers. The simulations were performed 

using turbulent model; standard k-ε (SKE), realizable k-ε 

(RKE) and the Detached Eddy Simulation (DES). The 

predicted axial velocity, temperature and humidity profile 

inside the spray drying chamber were found to be in fair 

agreement to the experimental data adapted from 

literature for model tested in this work. The Detached 

Eddy Simulation provides more accurate prediction of 

fluid flow in a co-current spray dryer. Moreover, particle 

tracking has been included using the source-in-cell method 

to enable calculation of particle residence time (RTD) and 

their impact positions in the drying chamber. This study 

suggests that the tall spray dryer has less overall residence 

time than the shorter one due to lesser recirculation.  

Keywords—spray drying, particle velocity and 

temperature, residence time. 

I.  INTRODUCTION 

Spray drying is a dehydration process to convert liquid feed 

materials into dry powder forms through the hot gas medium. 

Spray drying is widely used to produce foods, pharmaceutical 

products and other products such as fertilizers, detergent soap 

and dyestuffs. Spray dryer enabled a continuous production of 

dry powder, granulated or agglomerated with low moisture 

content [1-3]. 

The detail hydrodynamics of the spray dryer chamber are 

widely studied experimentally and numerically by several 

researchers in the past, such as Kieviet et al [4,5], 

Anandkharamakrishnan et al. [6], Southwell and Langrish [7], 

Langrish and Zbincinski [8], Zbicinski et al. [9], Harvie et al. 

[10] and Huang et al. [11]. Most of the previous work deals 

with a common co-current flow spray drying and reported vast 

comparison between experimental measurement and CFD 

simulation. The turbulence modelling was realised using a 

RANS i.e., the standard k-ε (SKE) model in their work, and it 

seems to give a fair prediction of the multiphase flow inside 

the drying chamber. However, there is a still discrepancy, 

especially in the prediction of gas axial velocity and the 

temperature profile. Therefore, this work aims to evaluate the 

performance of various turbulent models, i.e., standard k-ε 

(SKE) and Detached Eddy Simulation (DES) with the 

unsteady condition for predicting the flow pattern in a co-

current spray dryer [12]. The DES is a relatively new 

development in turbulence modelling belongs to a hybrid 

turbulence model, which blends Large Eddy Simulation (LES) 

away from the boundary layer and RANS near the wall. This 

model was introduced by Spalart et al. [13] in an effort to 

reduce the overall computational effort of LES modelling by 

allowing a coarser grid within the boundary layers. The DES 

employed for the turbulence modelling in this work is based 

on Spalart-Allmaras model and has never been previously 

used for modelling of spray drying. The following sub-

sections explain the spray drying simulation methodology, 

followed by results and discussions of two different case 

studies as follows: 

Study Case A : Short-form spray dryer 

Study Case B : Industrial scale tall spray dryer 

 

0.0-0.25-0.50-0.75-1.0Y(m) 0.25 0.50 0.75 1.0

X=0.3m

X=0.6m

X=1.0m

X=1.4m

X=2.0m

 

Fig. 1. Axial positions for comparisons of measurements and simulations 
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II. COMPUTATIONAL APPROACH 

The commercial CFD code, FLUENT 6.3, was used to 

simulate the three-dimensional configuration of a co-current 

spray dryer. GAMBIT was used to draw the spray dryer tower 

diagram illustrated in Fig. 1, which has the same dimension to 

the one studied by Keiviet [14]. The simulation was performed 

using a grid consisting of about (420K) for both of spray 

dryer. The SIMPLE method was used for the pressure-velocity 

coupling and the 2
nd

 order differencing for momentum terms 

for the SKE modelling, whereas the bounded central 

differencing was used for the DES simulation with unsteady 

solver. Particles were assumed as spherical for discrete phase 

modelling with 20,000 discrete phase integration used to 

obtain the final solution. 

III. RESULTS AND DISCUSSION 

A. Case A: Short-form spray dryer 

In this work, CFD model predictions were compared with 
experimental results [2]. The airflow pattern was measured 
using a hot-wire anemometer while the temperature and 
humidity were measured using an array of a micro-separator 
[2]. The results obtained from the CFD model are presented in 
the following sub-sections in terms of velocity magnitude, 
temperature and humidity profiles. The simulations are 
performed using unsteady solver as it was found to be superior 
to a steady solver [17]. The axial positions for comparison of 
measurements and simulation are shown in Fig. 1. 

B. Comparison Of Gas Velocity Profile Without The Spray 

Injection 

Fig. 2 shows the predicted velocity profiles at various 
positions in the drying chamber. The predicted velocities by all 
three turbulence models show good agreement with  
experiment measurement [2]. Figure 4.2 also showed a non-
uniform velocity distribution in the core region of the chamber. 
It is also found that the air flow patterns are nearly symmetric 
at the upstream of the 0.3m and 0.6m level but asymmetric 
velocity profiles were found at the 1.0m. This may be due to 
the bent outlet pipe which reduces the area for the gas to go 
through at one side of the drying chamber.  

The highest velocity magnitude is 8.8 m/s as the 0.3m level. 
The velocity magnitude is reduced as the air goes into the 
chamber further due to the expanding area. At position Z = 0.3, 
prediction by the standard k-ε is somewhat better than DES at 
the centre region of the drying chamber, however, there are 
minimal differences in CFD predictions at other radial 
positions where the experimental data are available. At position 
Z = 0.6, predictions of all three models are again showing 
minimal differences except the peaks for DES is higher than 
those of SKE. All three turbulence models predict the axial 
velocity well at all radial positions where the experimental data 
are available except in the central region. At this position, all 
three models slightly underpredicts the axial velocity in the 
central region. Interestingly, the velocities in the central region 
of the chamber are predicted well by both the SKE and DES 
away from the nozzle at Z = 1.0. Differences between all three 
turbulence models tested in this work for the prediction of axial 
velocity is minimal, with all models capable of predicting the 

velocity profile very well. This is due to lack of swirling flow 
in the chamber, hence it is not critical to use a sophisticated 
turbulence model to predict the flow field in a co-current spray 
dryer.  

 

 

 
Fig. 2. Comparison of axial velocity between different turbulence models with 

experimental measurement by Kieviet [2] 

 

 

 

 
Fig. 3. Comparison of temperature between different turbulence models with 

experimental measurement by Kieviet [14] 
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C. Prediction of Temperature Profile 

Fig. 3 shows the radial profiles of the gas temperature 
under the spray condition, the predicted temperature and 
measures by data by experimental [2] at various axial positions. 
Fig. 3 shows that the temperatures are much higher, closer to 
the nozzle at Z = 0.2 and much lower away from the nozzle at 
position Z = 1.4. This is due to very high heat and mass 
transfer rates in the nozzle zone due to high relative velocities 
between the gas and droplets coupled with large temperature 
driving forces. The predicted temperature profile by SKE and 
DES turbulence model are in good agreement with Keiviet's 
[14] measurement. The predictions from the DES turbulence 
model show better agreement with the experimental data 
compared to the predictions by SKE.  

D. Particle Residence Time Distribution 

The particle trajectories are calculated in Fluent by 
integrating the equation of motion over time; assuming gravity 
and drag to be the only significant terms. Particle residence 
time distributions were extracted from the simulation data by 
using the in-house-developed post-processor as these options 
are also not available in the present commercial CFD codes. 

The primary particle residence time distribution (RTD) was 
calculated by tracking a large number of particles through the 
flow domain and recording the time taken each particle leaving 
the atomizer to when it terminates on a wall or leaves the 
product outlet. The time a particle spends in the drying 
chamber is determined by its trajectory, which in turn depends 
on the air flow pattern. 

The residence time (RT) can be divided into two parts, 
namely, primary and secondary residence times. The primary 
RT is calculated from the time taken for droplets leaving the 
nozzle until the particles impacts on the wall or leave by the 
outlet. For the particles that hit the wall a secondary residence 
time can be defined as the time taken for a for a particle to slide 
along the wall from the impact position to the exit. This is 
based on an assumption that the particles move with constant 
velocity along the wall from the impact position. This constant 
sliding velocity is calculated based on the experimental 
measurements [2]. However, this sliding velocity measurement 
may not be accurate, as sliding behaviour of powder differs at 
various positions. The layer of the powder on the wall grows 
with intermittent detachment of pieces of the layer. Moreover, 
two mechanical hammers are also often used to tumble the 
powder, so it is very difficult to calculate a representative 
constant sliding velocities of the particles. Hence, only primary 
RT results are given in this study.  

The overall primary residence time distribution (over all 
particle diameters) is shown in Fig. 4. The observed minimum 
and maximum particle RTs are 0.24 s and 124.32 s. The RTD 
curve shows a sharp peak between  6.4 s to 31.2 s also shows 
some of the particles having long RT, due to re-circulation of 
the particles. The average RT is 6.97 s. This RTD was 
calculated for the primary residence time and the particle travel 
with high velocity for a short period after leaving the atomiser. 
Zbiciski et al [15] also concluded from their experimental 
results that there is no simple relation between gas and particle 
mean residence times. 

 

Fig. 4. Particle overall primary RTD of short spray dryer 

E. Particle Impact Positions 

Knowledge of the particle impact positions is important for 
the design and operation of spray dryers and also influences the 
quality of the products. Particles impact positions on wall 
results were extracted from the simulation data using the in-
house-developed post-processor written in Visual Basic 
program. 

The predicted particle impact positions on the walls are 
depicted in Fig. 5 which show the top and front cross-sectional 
views of the simulated results. Fig. 5 indicate that a large 
fraction of the particles (61.47%) strike on the conical part of 
the spray dryer chamber and 1.32% of the particles hit the 
cylindrical part of the wall, and the small proportion (35.21%) 
comes out of the outlet pipeline (the intended destination). A 
very small 0.06% of the particles hit the ceiling.  

 
Fig. 5. Particle Impact Position of short spray dryer 

F. Case B: Industrial Scale Spray Dryer 

Case B is concerned with the CFD simulations relating to 
the tall-form industrial scale spray dryer (about twice the height 
of Case A). The simulation methodologies used were the same 
for Cases A and B since the methodology had been validated 
with Case A and hence should be applied with confidence to 
study the Case B. The main industrial spray dryer process and 
the geometric dimensions of spray dryer was illustrated in Fig. 
6. The hot air is blown from the top of drying chamber. The 
pressure nozzle is located at the centre of drying chamber. 
There is an exit tube for the exhaust air conveying the dried 
particles at the centre of the cone. In the 3D-model the 
hexahedral grid was used with 428749 grid cells. The grid 
geometry is shown in Fig. 6. 
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Fig. 6.  A) Industrial Spray Dryer Geometry,  B) Surface Mesh 

 

 
Fig. 7. Particle overall primary RTD of tall spray dryer 

 

 
Fig. 8. Particle Impact Position of tall spray dryer 

 

The simulated particle residence time distributions and 
particle impact positions on the wall were extracted on wall 
extracted from the simulation results by using the in-house-
developed post-processing visual basic computer program. The 
particle residence time distribution was calculated based on the 
particle trajectories. The overall primary residence time 

distribution of all particles is shown in Fig. 7 which indicates 
the wide range of RT. The minimum and maximum RT was 
0.06 s and 120.37 s respectively. The average RT is 4.12 s.  

In this simulation, the particle impact positions on the walls 
are depicted in Figure 1.8. It shows the top and front view of 
the simulated results for the particle impact on the chamber. 
These figures indicate that 40.05% of the particles strike on the 
cylinder part of the wall and 42.58% of the particle hit the 
conical part of the wall. Hence 15% of the particles comes out 
from the outlet pipeline. No particles impact the ceiling, as 
recirculation of gas only took place on a large scale at the 
bottom of the chamber. This tall-form spray drying simulation 
study indicates that most of the particle (42.58%) impact on the 
cylindrical wall position and which increases the particle 
residence time inside the chamber. However, this will affect the 
product quality, especially for heat sensitive compound. 

G. Comparison of Short-Form And Industrial Scale Spray 

Dryer B 

Dimension and size of the spray dryer play an important 
role in their performance.  There is, however, limited published 
knowledge available in the literature on this issue. 
Anandharamakrishnan et al. [16] has carried out a simulation 
concerning the tall and short spray dryer, and they found out 
that the mean residence time is not much affected by chamber 
height. In this section, detail comparison between the flow field 
and particle residence time for both short and tall type spray 
dryer were discussed. Comparison was made by extracting data 
from equivalent position, i.e., identical Z/H as shown in Fig. 9. 

Fig. 10 shows radial profiles of axial velocity at ratio 
distance Zv/H =0.1496 below the nozzle (see Fig. 9). There is a 
little difference between the peak of the axial velocity, which is 
about 9 m/s but there is a significant difference on the velocity 
in the central region. The tall spray dryer has over twice as 
higher axial velocity in the central region compared to the short 
type ones. This may be attributed by intense recirculation for 
the short type spray dryer which in turn may disturb the 
velocity profile inside the chamber. Meanwhile, flow for the 
tall type spray dryer is straightforward and has a fewer 
recirculation near the top of the chamber, thus promoting 
higher central region velocity. 

0.172 m

2.215 m

0.1436 m

1.725 m

Ht = 4.005 m

Zst = 0.2 m

0.172 m
Outlet Pipe

Main Particle Outlet

0.2864 m
Hot Air Inlet

Feed Liquid

0.172 m

2.215 m

0.1436 m

0.172 m
Outlet Pipe

Main Particle Outlet

0.2864 m

Hot Air Inlet

Feed Liquid

Zst = 0.4 m

Zsv = 0.3 m

Zsv = 0.6 m

(A) Short Form Spray Dryer (B) Industrial Scale Spray Dryer  
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Fig. 9  Ratio of Z/H for velocity (Zv) and temperature profile (Zt) 

 

Fig 10.  CFD simulated particle axial velocity at the same ratio position 

Fig. 11 shows radial profiles of temperature at equivalent 
distances below the nozzle (see Fig. 9). The result suggests the 
overall temperature profile for the tall type spray dryer is much 
higher than the short type ones. This may be attributed to the 
back mixing of colder air in the short type dryer, and as we 
understood the tall type dryer do not have many recirculation 
near the top of the chamber. This is because the recirculation is 
mainly due to the conical shape of the drying chamber which is 
far away down in the case of the tall spray dryer. This higher 
temperature is not always desirable for drying of a heat-
sensitive  product such as protein because they can increase the 
denaturation rate of the product. 

 
Figure 11  CFD simulated temperature at the same ratio position 

 
Particle residence time distribution for both tall and short 

dryer is shown in Fig. 12. The result suggests the tall type 
spray dryer has a shorter overall residence time than the shorter 
ones with most particles has less than 30 seconds residence 
time for the tall type dryer. Meanwhile, there is a significant 
amount of particles having residence time over 40 seconds for 
the short type dryer. As mentioned earlier, this is attributed by 
intense recirculation in the short type spray dryer. A 
significantly higher amount of particles with about 20 seconds 

was observed for both dryer types. 

 
Fig 12  Comparison of short-form and industrial spray particles overall 

primary RTD. 

IV. CONCLUSIONS 

A three dimensional CFD model for a short-form spray was 

developed and compared with published experimental results 

and predictions. The results obtained from the CFD simulation 

were presented in terms of axial gas velocity, temperature and 

humidity profiles. The comparison study shows good 

agreement between the model and published experimental by 

Kieviet [16] . This work has uncovered a great potential of 

DES for modelling the flow field of the co-current spray dryer. 

A study on the tall type spray dryer suggests that they have 

much higher temperature and velocity profile compared to the 

shorter type dryer. A study on the tall type spray dryer 

suggests that they have much higher temperature and velocity 

profile compared to the shorter type dryer. However, they also 

have slightly shorter particle residence time due to fewer 

recirculation. The tall type dryer is good for heat the sensitive 

products due to shorter residence time. However, this benefit 

is balanced up by the higher temperature and hence the 

advantage of using a taller spray dryer may not be significant 

in terms of minimising the product damage due to 

denaturation. However, the tall type spray dryer is a good 

choice if a shorter residence time and a higher temperature are 

desirable. 
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Abstract—Pattern detection plays an important role in digital 

image. Scale invariant feature transform (SIFT) for image 

duplication method and face detection has been successfully 

applied in real world problem. However, the face detection 

method is limited to rotation invariant and SIFT method is 

limited to the speed performance. In order to overcome the issue 

above, this paper proposed enhancement of SIFT for image 

duplication detection and rotation invariant face detection into 

pattern detection method. The comparison result of the 

experiment shows that proposed solutions are better 

performance.  

Keywords—SIFT; Face Detection; Pattern Detection 

I.  INTRODUCTION  

Ethic issue becomes serious nowadays. It is associated 

with language, action, and digital documents. One of the 

ethical issues in digital document is to store inappropriate 

digital image in the company. Nowadays, network storage 

provides the features quickly and efficiently execute 

information management such as manage access to data, 

survivability and also control costs (T.C. Jepsen, 2004). The 

computer technologies today could lead to such issue. For 

instance, computer network storage is to provide a service to 

allow other computers to access and share data across the 

network. However, there are some people utilize company's 

network storage to store inappropriate images such as adult 

images and personal image.  

Besides that, managing digital image is another context in 

this research. Computer network storage technologies provide 

the advantages of flexibility but lack of intelligent feature to 

manage big data. There exist high-end enterprise storage 

systems been deployed in production environments to ensure 

no single point of failure, which are expensive due to 

customized hardware and multiple redundant components (K. 

Rao et. at., 2011). Improper managing digital image could lead 

to waste of company resources especially the high end storage 

with feature of data protection and backup. For instance, 

computer network storage allows users to manipulate data 

directly. The flexibility allowed the images can be easily 

manipulated directly by duplicating it in network storage. The 

unnecessary redundancy images could lead to insufficient 

storage capacity. Indirectly, the cost of storage is increasing 

every year. 

There are many methods to govern the digital image issue 

in the company. One of the proposed methods is by using 

pattern detection techniques to manage it. It is vital for 

developing an intelligent system that can manage digital 

images in storage, which can classify inappropriate images 

and the duplication image in network storage. 

 

II. RELATED WORK 

 In the literature, many approaches had been proposed. The 

researcher (J. Wu et. al., 2013) made a comparative study of 

SIFT and its variants such as PCA-SIFT, GSIFT, CSFIT, 

SURF, and ASIFT on time consumption in 4 situations. The 

result showed that SIFT and CSIFT performed better in scale 

& rotation situations. GSIFT performed better in blur or 

illumination image. ASIFT performed better in affine image. 

The fastest speed performance was SURF. The study showed  

that SIFT & its variants had its own benefits to solve real-time 

problems based on situations. (K. Liao et. al., 2013) proposed 

an improvement SIFT descriptor for image matching, which 

contains steps normalizing elliptical neighboring region, 

transforming to affine scale-space, improving SIFT descriptor 

with polar histogram orientation bin, and integrating the 

mirror reflection invariant. The result showed better 

distinctive than the original SIFT, MIFT, PCA-SIFT, GLOH, 

SIFT Gabor, and ZM phase. (Y. Sun et. al., 2014) proposed 

the L
2
-SIFT algorithm to process large images in large-scale 

aerial photogrammetry. Block-SIFT method was proposed to 

cater the memory issue due to the larger image. Other method 

so called red-black tree structure was used in this algorithm. 

The result showed that the algorithm was able to efficiently 

extract high quality features and numbers of accurate match 

points in large-scale aerial photogrammetry. According to the 

researcher (G. Tong et. al., 2013) proposed multicore and 

NVIDIA’s Compute Unified Device Architecture (CUDA) 
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GPU-based affine scale invariant feature transformation 

(parallel ASIFT), which improved speed performance of 

ASIFT. Based on the principle parallel implementation, multi-

core CPU suitable for task level parallel computing, whereas 

ASIFT algorithm suitable for data-level parallel computing. 

The result showed that speed improvement and same precision 

with the serial ASIFT algorithm. (Y. Li et. al., 2014) proposed 

GA-SIFT for multispectral images. It followed the existing 

SIFT with new proposed methods to support multispectral 

image due to original SIFT algorithm unable to extract 

features from multispectral images. The reason was the 

original SIFT must converted to image to gray scale image as 

pre-processing image. The comparisons were done between 

feature extraction from multispectral and pseudo color images. 

The multispectral method result showed that correct-positive 

from the image reduced luminance and from images scaled 

with 50% are higher than other pseudo color method such as 

(standard SIFT, Hue-SIFT, OpponentSIFT, C-SIFT, and 

RGB-SIFT).  This was the new SIFT method for multispectral 

image so called GA-SIFT method. (K.-Y. Park et. al., 2014) 

proposed improved Haar-like feature so called Haar Contrast 

Feature, which efficiently for object detection under various 

illumination. For the experiments, the proposed solution was 

compared with Haar-like feature with and without variance 

normalization, and local binary pattern (LBP) descriptor in 

trained face classifier, pedestrian classifier, and vehicle 

classifier. Images from the Extended Yale Database captured 

under various illumination conditions and vehicle images 

captured under relatively uniform illumination conditions. 

Result showed that the proposed solution was outperformed 

than the descriptor above. (Y. Ban et. al., 2014) proposed 

cascaded classifier based on Adaboost combined with Local 

Binary Pattern (LBP) and skin color emphasis instead of skin 

color segmentation or any parametric fitting or morphological 

operation. YCbCr space was used for skin color emphasis. 

Result showed the proposed solution had better tolerance to 

face pose variation and complex background compared to 

traditional booting-based classifier. However, it won’t solve 

occlusion problem. (J.-M. Guo et. al., 2013) proposed 

improved DAISY for forgery detection. Adaptive non-

maximal suppression (ANMS) was adopted to extract evenly 

distributed key points in this algorithm to cater insufficient or 

none key points problems. New DAISY was proposed due to 

DAISY method variant to rotation. The proposed solution 

above was evaluated on the Uncompressed Colour Image 

Database (UCID). The result showed outperformed in term of 

accuracy and speed performance than other researchers such 

as Huang et. al.’s method and Jing et. al.’s methods which 

used SIFT method for forgery detection. (G. Takacs et. al., 

2013) proposed the rotation invariant fast features (RIFF) for 

large recognition and real-time tracking. The proposed 

solution was faster than SURF 15 times and retrieval results 

were comparable to SIFT. The researcher claimed that FAST 

corner detector was low complexity, but does not provide 

scale or orientation. CensurE method not efficient as FAST 

detector and provided lack of orientation but good in 

localizing features in scale-space. However, the accurate 

tracker result showed Kanade Lucas Tomasi (KLT) was the 

best then followed by RIFF then NCC. The reason the 

proposed methods were faster due to interest point detector 

had low complexity, proper anti-aliased and subsampled scale-

space, and no pixel interpolation. (J. Yan et. al., 2013) claimed  

that Viola Jones detector still not satisfactory in real world 

scenes such as large appearance variants in pose, illumination, 

occlusion, expression, and imaging condition. The researcher 

proposed face detection by structural models by exploiting the 

co-occurrence between face and body. It solved the occlusion 

problem and better training performance. Experiments were 

evaluated on FDDB and AFW. (S. Kim et. al., 2014) proposed 

rotation and flipping region binary pattern for video 

fingerprint. Generally there were 2 types of methods to 

generate video fingerprint – spatial distribution and spatial 

structure. The proposed solution benefits from the robustness 

against rotation and flipping, high discrimination based on 

spatial structure, and compactness. Experiments were 

evaluated on MUSCLE VCD 2007 video set. The result of 

RBP showed the retrieval time was outperformed than FIFT, 

OM-1, OM02, TIRI, and CC. However, CC was fastest in 

extraction time because not required to do gray-conversion. In 

general, it was good in in term of extraction time, retrieval 

time, and store space.  

 

I. PATTERN DETECTION METHOD 

A. Pattern Detection Framework 

 As mentioned the motivation behind of this research in the 

previous section. All the problems can be formulated into one 

method so called pattern detection method. The idea of this 

method is to allow other application to access the functionality 

of the software library based on their specific requirement of 

the usage. Pattern detection method comprises inappropriate 

image detection and duplication image detection. It is 

explained as below. 

 

B. Inappropriate Image Detection by Face Detection 

 Face detection technique can be used to solve the 

inappropriate image. The reason face detection is chosen as 

most of the inappropriate image contains human faces such as 

adult image and personal image that not related to work. 

 

C. Duplication Image Detection by Feature Detection 

 Feature detection technique can be used to solve the 

duplication image. The reason is the unknown object in an 

image can be detected. 

 

D. Challenge in Developing Pattern Detection Framework 

Nowadays, it is easy to do text or numerical data 

processing such as data arithmetic and data comparison. 

However, it is challenging to do the digital image processing. 

To do text comparison, user just needs to use operator logic 

“==” to compare the text, whereas special algorithms are 

needed to compare objects in 2 different image files. The 

algorithm to detect objects in an image is much more 

complicated compared to human recognize it. Human can 
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recognize multi-object in image with less afford although the 

object in vary angles or scale. Angles or scale must be 

considered when implement the algorithm.  

II. ENHANCEMENT OF ROTATION INVARIANT FACE 

DETECTION 

 In earlier works in face detection, there are many 

researchers had developed real-time face detection. One of the 

famous and successful methods was the Viola and Jones’s (P. 

Viola et. al., 2004) face detection framework. The basic of the 

Viola and Jones’s method was based on Haar feature. In order 

to speed up the process, Viola proposed to use integral image 

method. Adaboost was one of the machine learning. Viola 

utilizes it to classify face or non-face image. Bi Li (B. Li et. 

al., 2010) proposed to the rotated face detection based on viola 

jones’s face detection.  Rotated sub windows +15 and -15 

were performed, the result showed high positive result 

compared to original viola Jones’s method. This achieves the 

objective of speed performance and invariant properties such 

as transition, scaling, and rotation. To achieve rotation 

invariant rotated sub window for each step from 0
o
 to 360

o 
 

with added 15
o
. Figure 1 shows the 5 basic Haar features. 

They are represented in two-rectangle features, three-rectangle 

features, and four-rectangle features. The value of the 

rectangle feature was the sum of the differences between black 

region and white region. Figure 2 shows the integral region by 

calculating area D. Formula to get the area D = 

(X4,Y4)+(X1,Y1)-(X2,Y2)-(X3,Y3). Figure 3 shows the 

comparison algorithm from proposed method by (B. Li et. al., 

2010) versus enhancement of rotation invariant face detection 

method. Figure 4 shows the accuracy of rotation faces are 

detected. 

 

 
 

Figure 1 Haar Features 

 

 

 
Figure 2 Integral Region of Image 

  
Figure 3 Comparison of Face Detection Algorithm 

 

 
Figure 4 Accuracy of Rotated Face Detection 
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III. ENHANCEMENT OF SIFT FOR IMAGE DUPLICATION  

 In earlier works in object detection, there were many 

researchers had developed for object detection. One of the 

famous and successful methods was the Scale invariant feature 

transform (SIFT) (D.G. Lowe, 2004). The basic of the SIFT 

descriptors based on 4 steps below: 

 

Step 1: Gaussian Smoonth Image. 

Step 2: Scale Space Extrema Detection. 

Step 3: Accurate Keypoint Localization by removing contrast 

and eliminating edge. 

Step 4: Assign magnitude and orientation to keypoint. 

 

SIFT supported the invariant properties such as transition, 

scaling, and rotation. However, speed performance not so 

good. In order to get better speed performance, a novel 

method is proposed. Pre-processing Binary Robert Cross edge 

detection is applied before SIFT. Binary Robert Cross edge 

detection is calculated based on the gradient image in x 

direction and y direction. Figure 5 shows the algorithm 

comparisons of binary edge SIFT. Figure 6 shows that the 

comparisons of speed performances of traditional SIFT, binary 

Sobel edge SIFT, and binary Robert Cross edge SIFT across 6 

images. Processing time taken of binary Robert Cross edge 

SIFT is shorter than other methods across each image as 

shown in figure 6. 
 

  

Figure 5 Comparison of Binary Edge SIFT Algorithm 

 

 

Figure 6 Speed Performance of SIFT with Other SIFT 

 

IV. CONCLUSIONS & FUTURE WORKS 

 The comparison result of speed performance of SIFT by 

using Binary Robert Cross edge detection and improved 

rotated Adaboost (Viola Jones’s Face Detection) by rotating 

0
o
-360

o 
with adding

 
15

o 
for each step shows outperformed than 

expected. With the intelligent methods above, it is suitable to 

apply to real world problems such as inappropriate image and 

image duplication. For future works, the proposed 

enhancement of rotation invariant face detection can be further 

enhanced by the speed performance. Besides that, the details 

of the image may lose if binary edge detection is applied 

before SIFT. Therefore, there must be a novel method to 

prevent loss of details of the image. 

Acknowledgment  
This paper is part of PhD work in the Faculty of 

Information and Communication Technology, UTeM. This 
research was funded by MyBrain15.   

References 
J. Wu, Z. Cui, V. S. Sheng, P. Zhao, D. Su, and S. Gong, “A Comparative 
Study of SIFT and its Variants,” Meas. Sci. Rev., vol. 13, no. 3, pp. 122–131, 

2013. 

 
K. Liao, G. Liu, and Y. Hui, “An improvement to the SIFT descriptor for 

image representation and matching,” Pattern Recognit. Lett., vol. 34, no. 11, 

pp. 1211–1220, Aug. 2013. 
 

G. Tong, “A GPU-based Affine and Scale Invariant Feature Transform 

Algorithm,” J. Inf. Comput. Sci., vol. 10, no. 13, pp. 3991–3998, Sep. 2013. 
 

Y. Sun, L. Zhao, S. Huang, L. Yan, and G. Dissanayake, “L2-SIFT : SIFT 

feature extraction and matching for large images in large-scale aerial 
photogrammetry,” ISPRS J. Photogramm. Remote Sens., vol. 91, pp. 1–16, 

May 2014. 

 
K.-Y. Park and S.-Y. Hwang, “An improved Haar-like feature for efficient 

object detection,” Pattern Recognit. Lett., vol. 42, pp. 148–153, Jun. 2014. 

 
Y. Ban, S.-K. Kim, S. Kim, K.-A. Toh, and S. Lee, “Face detection based on 

skin color likelihood,” Pattern Recognit., vol. 47, no. 4, pp. 1573–1585, Apr. 

2014. 

318

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 
 

 

J.-M. Guo, Y.-F. Liu, and Z.-J. Wu, “Duplication forgery detection using 
improved DAISY descriptor,” Expert Syst. Appl., vol. 40, no. 2, pp. 707–714, 

Feb. 2013. 

 
J. Yan, X. Zhang, Z. Lei, and S. Z. Li, “Face detection by structural models ,” 

IMAVIS, pp. 1–10, 2013.  

 
S. Kim, S. H. Lee, and Y. M. Ro, “Rotation and flipping robust region binary 

patterns for video copy detection,” J. Vis. Commun. Image Represent., vol. 25, 

no. 2, pp. 373–383, 2014. 
 

G. Takacs, V. Chandrasekhar, S. Tsai, D. Chen, R. Grzeszczuk, and B. Girod, 

“Signal Processing : Image Communication Rotation-invariant fast features 
for large-scale recognition and real-time tracking,” Signal Process.  Image 

Commun., vol. 28, no. 4, pp. 334–344, 2013. 

 
Y. Li, W. Liu, X. Li, Q. Huang, and X. Li, “GA-SIFT: A new scale invariant 

feature transform for multispectral image using geometric algebra,” Inf. Sci. 

(Ny)., vol. 281, pp. 559–572, Oct. 2014. 
 

P. Viola, O. M. Way, and M. J. Jones, “Robust Real-Time Face Detection,” 

2013 20th IEEE Int. Conf. Image Process., vol. 57, no. 2, pp. 137–154, 2004. 
 

B. Li and A. Yang, “Rotated Face Detection Using AdaBoost,” 2010 2nd Int. 

onf. Inf. Eng. Comput. Sci., pp. 13–16, 2010. 
  

D. G. Lowe, “Distinctive Image Features from Scale-Invariant Keypoints,” 

Int. J. Comput. Vis., vol. 60, pp. 91–110, 2004. 
 

T. C. Jepsen, “The Basics of Reliable Distributed Storage Networks,” IT 

Prof., no. June, 2004. 
 

        K.K. Rao, J. L. Hafner, and R. A. Golding, “Reliability for Networked 

Storage Nodes,” IEEE Trans. Dependable Secur. Comput., vol. 8, no. 3, pp. 
404–418, 2011. 

319

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 

 

Retrofits of a partial combustion lance using a 

computational fluid dynamics 
 

Woon Phui Law
1
, Jolius Gimbun

1,2
 

1
Faculty of Chemical & Natural Resources Engineering, 

2
Centre of Excellence for Advanced Research in Fluid Flow (CARIFF),  

Universiti Malaysia Pahang, 

26300 Gambang, Pahang, Malaysia 

woonphui@gmail.com, jolius@mp.edu.my 

 

 
Abstract—This paper presents a computational fluid 

dynamics (CFD) simulation of a partial combustion lance (PCL) 

aiming to evaluate the effect of nozzle design and oxygen flowrate 

on its performance. At first, the modelling strategy was 

developed by evaluating the effect of discretization, pressure 

interpolation scheme and turbulence models on the prediction 

accuracy. Four turbulence models, namely standard k-ε (SKE), 

realizable k-ε (RKE), renormalized (RNG) k-ε and Reynolds 

stress model (RSM) were used. Combustion was modelled using 

the species transport model, whereas the heat transfer was 

calculated by considering a combined convection-radiation 

boundary condition. The best CFD prediction was obtained using 

the third-order MUSCL (Monotonic for upstream-centred 

scheme for conservation law), PRESTO (Pressure staggering 

option) pressure interpolation scheme and RSM, yielding an 

error of 2.23% from the experimentally measured temperature. 

The new nozzle design shows increases in excess of 70% of the 

peak combustion temperature of the PCL. It was found that 40% 

increase in oxygen flowrate increased the peak combustion 

temperature of the PCL by about 12%. Dual lance was found to 

be more effective than the single lance operating at a similar 

flowrate. The finding obtained from this work may be useful for 

design retrofits of a PCL. 

Keywords—CFD; modelling strategy; URANS; turbulence; 

combustion; nozzle design; oxygen lance 

I.  INTRODUCTION 

Partial combustion system is often used in iron making 
plant to increase the reducing gas temperature and to promote 
in-situ reforming. Installation of a partial combustion system 
at the transfer line between the reducing gas heater and the 
iron reduction reactor is vital to reduce the reforming gas 
consumption and to increase overall reactor performance due 
to increase in operating temperature. In most cases, the partial 
combustion unit suffers from a low combustion efficiency and 
poor heat transfer due to several factors. The design 
configuration of the partial combustion lance (PCL) is one of 
the major factors contributing to these issues. For instance, 
low oxygen concentration in combustion air gives a slower 
combustion rate and smaller flame. This results in 
insufficiently high flame temperature and increased pollutant 

emission [1]. Therefore, poor PCL designs can significantly 
affect performance of combustion. 

Fluid flow in a PCL had been widely studied 
experimentally and numerically by many researchers [2-5]. 
Cheaper measurement technique may be performed using a 
hot-wire anemometry [6]. Of course, advanced techniques 
such as particle image velocimetry (PIV), can provide more 
detail visualizations on the flow pattern [7]. However, 
experimental measurement using PIV is costly and has an 
inherent limitation. PIV measurement relying on the CCD 
camera for image capturing hence it is not applicable on an 
opaque wall beside it is potentially dangerous to employ a PIV 
measurement for a large industrial-scale PCL operating at a 
temperature above 1000 K. Since partial combustion involves 
complex phenomena, including simultaneous chemical 
reactions, turbulent mixing and heat transfer, it is not 
appropriate to perform the evaluation experimentally. Thus, a 
CFD technique which can provide comprehensive information 
on the fluid flow, reaction, heat and mass transfer in the PCL 
was employed in this work. 

Most of the previous work used k-ε based models [3, 8, 9, 
10], (i.e., standard k-ε (SKE), realizable k-ε (RKE) and 
renormalized (RNG) k-ε). The reason is mainly due to the 
robustness of SKE, which converges easily and has a 
relatively low computational demand. Thus, most of the 
previous work employed the SKE approach without any 
comparison between different turbulence models. So far, very 
limited study on the effect of the modelling strategy, (i.e., 
discretization, pressure interpolation scheme and turbulence 
models) on the prediction accuracy for PCLs has been 
performed. Furthermore, some numerical studies did not 
perform a validation with experimental data [11]. A well-
developed numerical model for PCL is important because they 
can significantly affect the accuracy and reliability of CFD 
studies. Hence, this work aims to develop a modelling strategy 
to predict the temperature profile in a PCL. The modelling 
strategy was developed by performing a grid dependency 
analysis, evaluating the effects of discretization, pressure 
interpolation schemes and turbulence models. The CFD 
prediction was compared with the experimentally measured 
temperature. Once validated, the model was used to study the 
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effect of nozzle design and oxygen flowrate on the 
temperature profile in the PCL. 

II. CFD APPROACH 

A. Geometry and Computational Grid 

A three-dimensional horizontal cylindrical PCL fitted with 
two oxygen lances and nozzles, as shown in Fig. 1, was 
prepared using GAMBIT 2.4.6. The cylindrical PCL is 6.35 m 
in length and has a diameter of 1.266 m. Each oxygen lance 
has a length of 0.483 m and a diameter of 0.06 m while the 
nozzle has a length of 0.03 m and a diameter of 0.022 m. Both 
oxygen lances are installed 1.35 m from the PCL inlet. The 
distance between both oxygen lances is 0.30 m. Nozzles are 
attached 0.039 m from the lances. The fuel gas is injected into 
PCL at 1203 K and 118 m/s, while pure oxygen is injected at 
300 K and at 70 m/s through the nozzles. The PCL wall is 
made of 0.03 m thick steel with a convective heat transfer 
coefficient of 0.5 W/m

2
·K. The geometry of the PCL in this 

work is similar to the one studied by Zain, Gimbun & Hassan 
[12]. The geometry in this work was meshed using 
unstructured meshes, i.e., tetrahedral and hexahedral meshes, 
which were then converted into a polyhedra mesh, as shown in 
Fig. 2. Higher grid densities (finer cells) were created near the 
oxygen lances and flame region, while the rest of the PCL 
regions were meshed with coarser cells. 

The original nozzle design is wingless, which leads to a 
poor turbulent mixing and a low flame intensity, thus, 
modification of the nozzle design was studied. Three new 
nozzle designs were proposed for evaluation. The influence of 
new nozzle designs on the performance of the PCL was 
evaluated. A sketch of the original and three new nozzle 
designs is shown in Fig. 1. The cross-sectional areas of the 
nozzle wings were set constant for all designs to provide a fair 
comparison. 

 

Fig. 1. A schematic of PCL and oxygen lance geometry. 

 

Fig. 2. Surface mesh of PCL. 

B. Turbulence Modelling 

Selection of the turbulence model is very important in 
CFD simulation to obtain a good prediction. In this work, 
three turbulence models (i.e., SKE, RKE and RNG k-ε) was 
employed. Two-equation SKE is the most-used turbulence 
model owing to its simplicity, robustness and has a relatively 
low computational demand. As the shortcoming of SKE is 
known, an effort was made to introduce a turbulence model 
that takes into account the swirling effect as well as to ensure 
a realistic value (non-negative) for 

C  in k-equation [13]. 

Unlike the SKE, 
C  coefficient in RKE is not constant and 

computed as a function of local states of the flow to ensure 
normal stresses are positive under all flow conditions. 
Therefore, this model can provide a better prediction on 
rotation and separation flows [14]. 

RNG k-ε was derived from renormalized group theory by 
Yakhot and Orzag [15]. In RNG k-ε, the small-scale eddies are 
eliminated, and the transport coefficient is renormalized. RNG 
differs from standard k-ε because it has an additional term to 
account for swirl effect, has an analytical equation for 

turbulent Prandtl number (
tPr ) and additional term ( R ) in ε 

transport equation to account for the interaction between 
turbulence dissipation and mean shear. This additional term 
gives a slight reduction of dissipation rate, as the result 
reduces the effective viscosity. Thereby, RNG k-ε model can 
provide better prediction for a region with large strain rate and 
streamline curvature [15]. 

 RSM solves one equation for each Reynolds stresses and 
thus the first-order turbulence modelling is not required, 
eliminating the isotropic eddy viscosity assumption. RSM 
solves transport equations for Reynolds stresses and 
dissipation rate [16]. This model accounts for the effects of 
streamline curvature, swirl, rotation and rapid changes in 
strain rate in a more rigorous manner compared to the one-
equation and two-equation models, hence RSM has potential 
to give accurate predictions for complex flows [14]. Modelling 
using RSM requires a relatively higher computing cost to 
solve the seven additional transport equations. 

C. Heat Transfer Modelling 

In the PCL, both convective and radiative heat transfer 
occurs simultaneously [17]. According to Abbasi Khazaei, 
Hamidi & Rahimi [11], radiation is a dominant heat transfer, 
which accounts for 96% of total heat transfer while only 4% is 
a convective heat transfer. The convective heat transfer 
equation is given by; 
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where E  is total energy, P is pressure, effk  is the effective 

thermal conductivity, hS  is source term and effij )(  is a 

deviatoric stress tensor. The radiative heat transfer equation 
[18] is given by; 
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where 
mI  is radiation intensity, 

m , 
m , 

m  is direction 

cosines along the coordinate,   is absorption coefficient and 

bI  is black body intensity. 

D. Species Transport Modelling 

PCL mainly involves species transport (including reaction) 
and turbulent mixing. Interaction between fuel gas and oxygen 
affects the flame pattern and reaction intensity, hence may 
affect the overall performance of a PCL. The chemical 
reactions during partial combustion in the PCL are shown by; 

 
OHCOOCH 2224 22 

 (3) 

 
OHCOOCH 224 25.1 

 (4) 

 225.0 COOCO 
 (5) 

 
OHOH 222 5.0 

 (6) 

 22 5.0 OCOCO   (7) 

All of the reactions involved are exothermic, except for the 
carbon dioxide (CO2) dissociation in Equation (7). The 
composition of the inlet gases is given in Table I. In this work, 
partial combustion of syngas was calculated by the 
combination of finite rate and eddy dissipation model (EDM) 
which is available in species transport module in Fluent 
Ansys. The finite rate model calculates the chemical reaction 
rate according to the Arrhenius equation where the turbulent 
mixing effect is negligible. In EDM, a fast chemical reaction 
was assumed to be controlled by turbulent mixing. A finite 
rate-EDM approach includes both Arrhenius and mixing rate, 
whereby the lower rate from either model dictates the reaction. 

E. Modelling Strategy 

In this work, simulation was performed using a HP Z220 
workstation with Quadcore Xeon E3-1225 processor (3.2 
GHz) and 8GB of RAM. The CFD simulation was initiated by 
assuming a uniform (70 m/s) x-velocity inside the whole 
domain (patched) to facilitate faster convergence, knowing the 
inlet velocity in the x-direction of 118 m/s. At first, the PCL 
simulation was performed using a first-order discretization. 
The physical properties of air (i.e., density, specific heat, 
thermal conductivity and viscosity) from 300K to 3500K was 
introduced to the simulation as a piecewise linear function. A 

higher-order discretization (i.e., second-order, QUICK 
(Quadratic upwind interpolation for convective kinematic) and 
third-order MUSCL (Monotonic for upstream-centred scheme 
for conservation law)) was enabled later to obtain an accurate 
prediction. The simulation was performed using the unsteady 
solver, and all residuals were set to fall below 1 × 10

-4
 to 

ensure a good convergence was achieved. Data were recorded 
for over 1000 time steps and were averaged once a pseudo-
steady condition was reached. 

 

TABLE I. COMPOSITION OF INLET GASES 

Component Mass Fraction 

CH4 0.132 

CO 0.486 

CO2 0.072 

H2 0.154 

H2O 0.029 

N2 0.126 

TABLE II. GRID DEPENDENT STUDY 

Case 
Temperature 

(K) 
Error (%) 

CPU Time 

(s/iteration) 

Experiment 1293.0 - - 

Coarse Grid 1194.5 7.62 < 0.90 

Intermediate Grid 1222.6 5.44 1.80 

Fine Grid 1240.6 4.05 2.71 

 

III. RESULT AND DISCUSSION 

A. Grid Dependency Analysis 

The geometry in this work was meshed using unstructured 
meshes, i.e., tetrahedral and hexahedral meshes, which were 
then converted into a polyhedra mesh. Three different grid 
densities of PCL, denoted as coarse (149k nodes), 
intermediate (418k nodes) and fine grids (694k nodes). A 
steady-state, standard pressure interpolation scheme and SKE 
turbulence model were employed. Prediction obtained from 
the three different grids is shown in Table II and compared 
with the experimental data [12]. Zain, Gimbun & Hassan [12] 
reported an experimentally measured temperature of 1293 K, 
at position 5.85 m from the inlet and approximately 0.373 m 
from PCL wall. The CPU time for the coarse grid is below 0.9 
second/iteration, whereas the intermediate and fine grid needs 
1.8 and 2.7 s/iteration, respectively. Among these grids, 
prediction using the coarse grid yielded the largest error 
(7.62%). A notable improvement in the prediction accuracy 
obtained using the intermediate (5.44%) and fine (4.05%) 
grids were observed. The intermediate grid was selected for 
the rest of this work to minimise the computational effort, 
since prediction by the fine and intermediate grid is not 
substantially different. 

B. Discretization 

The effect of the discretization scheme on the CFD 
prediction was studied using a steady-state simulation, 
standard pressure interpolation scheme and SKE turbulence 
model. Four discretization methods, namely, the first-order 
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upwind, second-order upwind, third-order MUSCL and 
QUICK schemes were compared. The comparison of the 
temperature predictions obtained using different numerical 
discretization methods with the experimental measurement 
[12] is shown in Fig. 3. The fastest convergence was achieved 
using the first-order upwind scheme. Nonetheless, the 
prediction is less accurate (7.46%) compared to higher-order 
schemes. This can be ascribed to the susceptibility of the first-
order scheme to the numerical diffusion. The higher-order 
schemes (i.e., second order, QUICK and MUSCL) yielded a 
better prediction with error ranging from 5.31 to 5.81%. The 
best agreement with the experimentally measured temperature 
was obtained using the third-order MUSCL scheme. The 
QUICK scheme worked as a third-order scheme in the 
structured hexahedral mesh, but acted as a second-order 
scheme in unstructured mesh like the one used in this work.  

 

Fig. 3. Comparison of discretization scheme. 

Hence, only moderate accuracy was achieved. On the 
contrary, the third-order MUSCL is applicable to all types of 
meshes and hence used for the rest of this work. 

C. Pressure Interpolation Scheme 

The effect of various pressure interpolation schemes, 
namely, standard, second-order, linear and PRESTO (Pressure 
staggering option), were studied using a steady-state 
simulation, the third-order MUSCL scheme and an SKE 
model. The CFD prediction of the static temperature is 
compared with the experimental data [12] as shown in Fig. 4. 
The differences in the prediction accuracy of these four 
schemes are not noteworthy. It is known that prediction using 
the linear pressure scheme is less accurate than the second-
order pressure scheme [16]; the same was also observed in this 
study. The result from the PRESTO scheme showed some 
fluctuation, although the mean error was the lowest (4.88%). 
In contrast, all other schemes have an error of more than 5%. 
This work indicates that the PRESTO scheme is more suitable 
for fluid flow modelling in a PCL. 

D. Turbulence Model 

Fig. 5 shows prediction errors of static temperature in PCL 
obtained using a different turbulence models, namely, SKE, 
RKE, RNG and RSM. The result clearly showed that RSM 
produced the lowest error (2.23%) compared to other 
turbulence models. This may be attributed to a comprehensive 
turbulence modelling in RSM which abandon the assumption 
of isotropic turbulence, unlike in the k-ε based models. 
Turbulent flow is anisotropic in nature, and hence RSM is well 
suited for turbulence modelling [16, 19]. In contrast, SKE, 

RKE and RNG give a reasonable prediction with error of than 
4.00% error due to the isotropic eddy viscosity assumption. 
This finding suggests that RSM has ability to predict 
accurately the turbulence flow in PCL. 

 
Fig. 4. Comparison of pressure interpolation scheme. 

 

Fig. 5. Comparison of turbulence model. 

E. Effect of Nozzle Design 

The effect of the wing addition prior to the oxygen nozzle 
was studied by evaluating three different wing designs of a 
roughly similar cross-sectional area. The temperature profile 
was predicted along the radial position after the nozzle, 1.5 m 
from the PCL inlet, as shown in Fig. 6. The chemical reaction 
between the fuel and oxygen takes place in the upwind region 
of the nozzle. Hence, peak temperature was achieved at two 
regions (-0.3 m < Z < -0.1 m and 0.1 m < Z < 0.3 m) and 
decreased towards the PCL wall, as shown in Figs. 6 and 7. 
This region is known as the combustion region. The result 
indicated that the new nozzle design gave a better combustion 
performance (i.e., higher peak temperature and bigger flame) 
compared to the original design. Among the new designs, 
design A showed the best performance, providing the highest 
maximum temperature (over 70% higher than the original 
design). This is due to the recirculation and enhanced mixing 
of the methane and oxygen induced by the wing structure. 

The attached wing is designed to facilitate the turbulence-
induced mixing between the syngas and oxygen, thereby 
increasing the reaction rates of the combustion processes. 
Design A produced the highest turbulent kinetic energy, 
whereas the wingless design in the original PCL design 
showed a lower turbulent kinetic energy, as shown in Fig. 8. 
In fact, all of the proposed winged nozzle designs had a much 
higher turbulent kinetic energy compared to the original 
design due to the disturbance of the flow by the wings. Design 
A has a 90° angle to the direction of the flow and hence 
produced the most turbulence. In contrast, design B and C 
have a curved edge facing the direction of the flow, resulting 
in less intense turbulence. 
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Fig. 9 shows the contour plots for five chemical reactions 
in the PCL. Reactions 1 and 4 show the partial and complete 
combustion of methane (CH4); reactions 2 and 3 are the partial 
combustion of syngas, and reaction 5 represents CO2 
dissociation. Other than reaction 5, all of the reactions in this 
work are exothermic. Syngas, which is composed of carbon 
monoxide (CO) and hydrogen (H2), has much higher reaction 
rates than that of methane, as shown in Fig. 9. The lower 
reaction intensity of CH4 may also be attributed to the its 
lower proportion in the inlet gas (13.2%). Incomplete and 
high-temperature reactions lead to favourable conditions for 
CO formation. It is understood that CO2 dissociation into CO 
and O2 increases with temperature, especially above 1800 K 
[20]. This explained the higher rates of reaction 5 in this work 
with the modified nozzle design, which lead to significantly 
higher temperatures than the original design (Fig. 7). 
Combustion in a PCL is affected by turbulent mixing between 
the inlet gas and oxygen from the nozzle. Greater turbulent 
mixing between the species induces intense chemical 
reactions, resulting in a higher flame intensity. The highest 
peak combustion temperature and largest flame were achieved 
by adding a flat wing (design A) to the original design. 

 

Fig. 6. Predicted mean temperature profile for four nozzle designs at 1.5 m. 

 

Fig. 7. Time-averaged static temperature contour plot for four nozzle designs. 

 

Fig. 8. Turbulent kinetic energy prediction for four nozzle designs. 

 

Fig. 9. Instantaneous reaction rates contour plot for four nozzle designs. 

 

Fig. 10. Predicted mean temperature profile for different oxygen flowrate. 
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Fig. 11. Temperature contour plot for different oxygen flowrate. 

F. Effect of Oxygen Flowrate 

The influence of the oxygen flowrate on the combustion 
temperature was studied by evaluating two different cases, i.e., 
dual lances operating at different flowrate; and single and dual 
lances operating at a same total flowrate. The predicted 
temperature profile along the radial position at 5.85 m from 
PCL inlet is shown in Fig. 10. The dual temperature peak was 
observed at two regions (-0.3 m < Y < -0.1 m and 0.1 m < Y < 
0.3 m) when dual lance is used. Whereas only a single 
temperature peak at -0.3 m < Y < -0.1 m was observed in the 
single lance operation. Higher oxygen flowrate enhanced the 
combustion reaction. This resulted in larger flame and higher 
temperature as shown in Fig. 11. Thereby, increasing the 
oxygen flowrate from 70 m/s to 100 m/s in dual lance 
operation increased the peak temperature from 1386 K to 1553 
K (12% increased). The second case evaluates the effect of 
single and dual lance operating at a same total flowrate. The 
two lances have a same surface area, in a way that the oxygen 
flowrate is proportional to the inlet velocity. The dual lance 
was set to operate at 70 m/s in each lance while the single 
lance was set to operate at 140 m/s to ensure a similar flowrate 
can be obtained. A single lance produced higher temperature 
and wider flame in the combustion zone (Fig. 11). However, 
the combustion rate decreased towards the PCL outlet due to 
high consumption of fuel at the combustion zone. Therefore, 
the peak temperature achieved from a single lance (1328 K) is 
lower than the dual lance (1386 K). 

IV. CONCLUSIONS 

A CFD modelling strategy was successfully developed for 
a PCL. The best prediction was obtained using a combination 
of a third-order MUSCL, PRESTO pressure interpolation 
scheme and RSM, with an error of 2.23% from the measured 
combustion temperature. The new nozzle design showed a 
significant improvement in the PCL combustion, with a peak 
temperature over 70% higher than the original design. The 
highest peak combustion temperature was achieved by 
attaching a flat wing (Design A) compared to the original 
wingless oxygen nozzle design. It was found that a 40% 
increase in the oxygen flowrate yielded a 12% increased of 
combustion temperature. This work also indicated that dual 
lance provides a better combustion performance than the 

single lance working at same total oxygen flowrate. The CFD 
model in this work may serve as an useful tool to evaluate the 
design of PCLs or for design retrofitting of an existing PCL. 

Acknowledgment 

W.P. Law thanks Ministry of Education Malaysia for the 
MyMaster scholarship. The authors acknowledge funding 
from Universiti Malaysia Pahang through GRS140331. 

References 
[1] Y. Saso, H. Gotoda, and Y. Ogawa, “Effect of oxygen concentration on 

the carbon monoxide yields from methane and methanol flames,” Fire 
Safety Science-Proceedings of the Eight International Symposium, 
International Association for Fire Safety Science, pp. 1013-1022, 2005. 

[2] G. Li, H. Zhou, X. Qian, and K. Cen, “Determination of hydrogen 
production from rich filtration combustion with detailed kinetics based 
CFD method,” Chin. J. Chem. Eng., vol. 16, no. 2, pp. 292-298, 2008. 

[3] H. Amirshaghaghi, A. Zamaniyan, H. Ebrahimi, and M. Zarkesh, 
“Numerical simulation of methane partial oxidation in the burner and 
combustion chamber of autothermal reformer,” Appl. Math. Modell., 
vol. 34, pp. 2312-2322, 2010. 

[4] X. Zhou, C. Chen, and F. Wang, “Modeling of non-catalytic partial 
oxidation of natural gas under conditions found in industrial reformers,” 
Chem. Eng. Process., vol. 49, pp. 59-64, 2010. 

[5] W. Guo, Y. Wu, L. Dong, C. Chen, and F. Wang, “Simulation of non-
catalytic partial oxidation and scale-up of natural gas reformer,” Fuel 
Process. Technol., vol. 98, pp. 45-50, 2012. 

[6] D. Bradley, and G.F. Hundy, “Burning velocities of methane-air 
mixtures using hot-wire anemometers in closed-vessel explosions,” 
Symp. (Int.) Combust., vol. 13, no. 1, pp. 575-583, 1971. 

[7] Y.W. Zhang, Y. Bo, Y.C. Wu, X.C. Wu, Z.Y. Huang, J.H. Zhou, and 
K.F. Cen, “Flow behavior of high-temperature flue gas in the heat 
transfer chamber of a pilot-scale coal-water slurry combustion furnace,” 
Particuology, in press. 

[8] D. You, F. Ham, and P. Moin, “Large-eddy simulation analysis of 
turbulent combustion in a gas turbine engine combustor,” Annual 
Research Briefs, Center for Turbulence Research, pp. 219-230, 2008. 

[9] G. Hassan, M. Pourkashanian, D. Ingham, L. Ma, and S. Taylor, 
“Reduction in pollutants emissions from domestic boilers-computational 
fluid dynamics study,” J. Therm. Sci. Eng. Appl., vol. 1, pp. 1-9, 2009. 

[10] C. Galletti, A. Parente, and L. Tognotti, “Numerical and experimental 
investigation of a mild combustion burner,” Combust. Flame, vol. 151, 
no. 4, pp. 649-664, 2007. 

[11] K. Abbasi Khazaei, A.A. Hamidi, and M. Rahimi, “CFD modeling study 
of high temperature and low oxygen content exhaust gases combustion 
furnace,” Iran. J. Chem. Chem. Eng., vol. 29, no. 2, pp. 85-104, 2010. 

[12] M.I.S. Zain, J. Gimbun, and Z. Hassan, “CFD study on the performance 
of oxygen lance for partial combustion unit at direct reduction plant,” 
International Conference on Chemical Innovation 2011 (ICCI2011), 
ITC-TATIUC, Teluk Kalong, Terengganu, Malaysia, 23-24 May 2011, 
unpublished. 

[13] T.H. Shih, W.W. Liou, A. Shabbir, Z. Yang, and J. Zhu, “A new k-ε 
eddy viscosity model for high Reynolds number turbulent flows: Model 
development and validation,” NASA technical memorandum 106721, 
ICOMP-94-21, CMOTT-94-6, Lewis Research Center, Cleveland, Ohio, 
1994. 

[14] B. Andersson, R. Andersson, L. Hakansson, M. Mortensen, R. Sudiyo, 
and B.V. Wachem, Computational Fluid Dynamics for Engineers, New 
York: Cambridge University Press, 2012. 

[15] V. Yakhot, and S.A. Orszag, “Renormalization group analysis of 
turbulence. I. Basic theory,” J. Sci. Comput., vol. 1, no. 1, pp. 3-51, 
1986. 

[16] Fluent Inc, Fluent 6.3 User’s Guide, NH: Lebanon, 2006. 

325

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 

 

[17] J.R. Welty, C.E. Wicks, R.E. Wilson, and G. Rorrer, Fundamentals of 
Momentum, Heat, and Mass Transfer, 4th ed., New York: John Wiley & 
Sons, 2001. 

[18] S.C. Paul, and M.M. Paul, “Radiative heat transfer during turbulent 
combustion process,” Int. Commun. Heat Mass Transfer, vol. 37, pp. 1-
6, 2010. 

[19] J. Gimbun, “CFD simulation of aerocyclone hydrodynamics and 
performance at extreme temperature," Eng. Appl. Comput. Fluid Mech., 
vol. 2, no. 1, pp. 22-29, 2008. 

[20] Y. Nigara, and B. Cales, “Production of carbon dioxide by direct thermal 
splitting of carbon dioxide at high temperature,” Bull. Chem. Soc. Jpn., 
vol. 59, pp. 1997-2002, 1986. 

 

326

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 

Plastic Pipe Crack Detection Using Ultrasonic 
Guided Wave Method

 

 
Mohd Fairusham Ghazali, Gigih Priyandoko, Wan Sofian Wan Hamat, Tan Wan Ching 

Faculty of Mechanical Engineering, 
Universiti Malaysia Pahang,  

26600 Pekan, Pahang, Malaysia. 
w_sofian45@yahoo.com 

 
 

Abstract—The basic components of a plastic material made it 

very sensitive to damage, which requires techniques for detecting 

damage reliable and efficient. Ultrasonic guided wave is a 

sensitive method for damage detection. It is a method based on 

propagation of low-frequency excitation in solid structures. 

Experimental works are performed to investigate the effect of 

crack to the frequency signal. Ultrasonic guided wave tests are 

performed for the uncracked and cracked plastic pipes. The 

study involves the analysis of signal between the uncracked and 

cracked frequency graph. This paper focuses on the detection of 

damage by using ultrasonic guided wave method, whose main 

objective is to determine performance of ultrasonic guided wave 

method in order to detect crack in pipeline. The frequency signal 

for an uncracked pipe shows one peak which is the operating 

frequency by the piezoelectric actuator itself while the frequency 

signal for single cracked pipe shows two peak which is the 

operating frequency by the piezoelectric actuator itself and the 

resultant frequency from the crack. For multi cracked pipe, the 

frequency signal shows more than two peak depend the number 

of crack. The experimental results show that this method can 

enhance the accuracy and precision of pipeline crack detection. 

Keywords— Plastic pipe; crack; ultrasonic; guided wave method. 

 

I.  INTRODUCTION  

 

Major advances have been made in recent years in pipeline 

technology. However, worldwide water distribution systems 

are mostly old. For example, there are over 54% of the pipes 

are older than 25 years and 24% are older than 50 years in 

many German systems. As pipes get older, the problems 

occurred increases in sewer pipes causing potential 

environmental problems, although in many cases these 

problems have yet to be quantified [1]. 

 

     The choice of composite materials is no longer restricted to 

specific applications. In other fields, using these new materials 

as innovation tool and performance rising of their products 

such civil engineering. It is important first to have the best 

possible knowledge about these materials in somehow to 

monitor any changes in these properties and consequently 

their influence on the structure behavior [2,7]. 

 

     Plastic pipe is a good material resistance light, cheap and 

longer life span. Therefore, plastic pipes usually are used to 

transport gas, water and chemicals. In general, plastic pipes 

are widely used over metal or concrete pipes. Due to the 

material being immune to water corrosion and highly resistant 

to fouling, it is also being considered as a replacement for 

stainless steel in safety-critical applications in nuclear power 

stations [3]. 

 

     According to Carvalho et al. (2008), researchers have spent 

an ample amount of time, investigations and researched on 

non-destructive test techniques. As much as during the setting 

up phase during their useful life, these techniques are used as a 

method to asses engineering structures and system[4]. 

 

Crack inspection is a valuable non-destructive test (NDT) 

method in many industries. Crack inspection method is useful, 

which often exhibit complex geometries, are exposed to high 

thermal and mechanical loads and are expected to satisfy strict 

safety requirements. Lately, there is a need to expand a 

powerful crack defect detection methods [5]. 

 

Early detection of damage is not necessarily visible from 
the external face and even when it is the case of visual 
inspection does not realize its case state. In order of reliable 
and efficient use, these new materials, the development of a 
measurement system that can answer the following two 
questions of primary importance is required whether it could 
be measured directly in NDT and reliable mechanical 
properties of a composite structure. Is it possible to detect 
damage as quick as possible in order to monitor, evaluate and 
repair if necessary the structure [6]. 

II. EXPERIMENT SETUP 

This experiment need to be carried out a few times to make 

sure a more accurate result is obtained. First, the experiment 

will be carried out on an undamaged plastic pipe. Data will be 

collected and analyzed. Next, the experiment will be carried 

out on a plastic pipe with a single crack. Last but not least, the 

experiment will be carried out on a plastic pipe with multi-

cracks. All the data were collected and analyzed. From the 

data collected, we can compare the result of all the three 

specimen. 

327

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 

Piezoelectric stack actuator was used to excite the 

specimen. By placing the specimen on the foams and using a 

significantly smaller size of stack actuator, this is the best 

ompromise method for diagnosing defects. Nonlinear effects 

and noise effects from the attachment of the mechanical 

shaker or rigid supports can be prevented by using this 

method. A comparison was made between this method and the 

former method that using a mechanical shaker for the 

excitation. Although the maximum excitation level from the 

piezoelectric stack actuator is relatively lower than with the 

mechanical shaker, results from the latter method also showed 

a good signature of the sidebands effect against the defects   

[6,8]. 

 

The data collected will undergo analysis and converted into 

time base response in the DASYLab software. The data will 

also undergo amplification and filtering module. The 

amplification module is to amplify the data collected and 

filtering of the data is extremely vital in obtaining an accurate 

time base response graph.  The plastic pipe will be attached 

the sensors and then it will be connected to a DAQ system. 

The DAQ system will be synchronized to the DASYLab 

software using the NI-DAQ software. The system will be 

configured to analyze the voltage as the sensor medium. The 

accelerometer will be controlled using the DASYLab 

software.  After collecting the raw data, denoising were done 

by using MATLAB. Fig. 1 shows the experiment set up for 

this research. 
 

 
Fig. 1 : Full view for the experimental setup 

 
 

III. ULTRASONIC GUIDED WAVE TESTING 

 

The results were taken for the frequency of 3000 Hz, 

6000 Hz and 9000 Hz. The distance between the sensor and 

actuator were placed at 30 cm, 60 cm and 90 cm. At each 

distance, the three frequency need to be tested. The raw data 

obtained from DASYLab can be denoised using MATLAB. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2 : Frequency of 3000 Hz at 30 cm 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 

3 : Frequency of 3000 Hz at 60 cm 

 

 

 

 

Fig. 4 : Frequency of 3000 Hz at 90 cm 

 

 

 

      Fig. 2, Fig. 3 and Fig. 4 show the frequency signal for 

3000 Hz at distance 30 cm, 60 cm and 90 cm. The frequency 

signal amplitude are the highest at the distance 30 cm compare 

the distance 60 cm and 90 cm because the more capable of 

travelling at a short distance. 
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Fig. 5 : Frequency of 6000 Hz at 30 cm 

 

Fig. 6 : Frequency of 6000 Hz at 60 cm 
 

Fig. 7 : Frequency of 6000 Hz at 90 cm 
 

 

Fig. 5, Fig. 6 and Fig. 7 show the frequency signal for 

6000 Hz at different distance. The frequency signal amplitude 

are the highest at the distance 30 cm compare the distance 60 

cm and 90 cm because the more capable of travelling at a 

short distance. 
 
 

 

 
 

 

 
 

 

 

 

Fig. 8 : Frequency of 9000 Hz at 30 cm 
 

Fig. 9 : Frequency of 9000 Hz at 60 cm 

 

Fig. 10 : Frequency of 9000 Hz at 90 cm 

 

 

Fig. 8, Fig. 9 and Fig. 10 show the frequency signal for 

9000 Hz at different distance. The frequency signal amplitude 

are the highest at the distance 30 cm compare the distance 60 

cm and 90 cm because the more capable of travelling at a 

short distance. 
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Table 1 shows the simplified frequency signal amplitude at 

different distance obtained from the frequency response graph.  

 

 
TABLE I.    FREQUENCY AMPLITUDE VALUE AT DIFFERENT 

DISTANCE 
 

Frequency (Hz) 
Amplitude 

30 cm 60 cm 90 cm 

3000 0.00200 0.00160 0.00050 

6000 0.00160 0.00050 0.00004 

9000 0.00011 0.00010 0.00009 

 

From the trend of the graph, it could be clearly seen that the 

amplitude of the frequency response signal decreases as the 

distance between the piezoelectric actuator and accelerometer 

increases. For 3000 Hz, the frequency signal response 

amplitude is 0.00200 at 30 cm followed by 0.00160 at 60 cm 

and 0.00050 at 90 cm. For 6000 Hz, the frequency signal 

response amplitude is 0.00160 at 30 cm followed by 0.00050 

at 60 cm and 0.00040 at 90 cm. For 9000 Hz, the frequency 

signal response amplitude is 0.00011 at 30 cm followed by 

0.00010 at 60 cm and 0.00009 at 90 cm. All the frequencies 

show that that the frequency signal amplitude are the highest 

at the shortest distance. This shows that it is capable of 

travelling at a short distance. 

 

In general, the frequency signal amplitude decreases in all 

samples due to the attenuation inside the testing medium as 

the distance from the source is increased too. It is clear that the 

attenuation increases with increasing distance. The transmitted 

signal is attenuated by the transmission medium which is the 

time required by the signal to reach the sensor point. This 

transmission makes some turbulence in the transmission 

medium and such turbulence may remain exist over this period 

of time. When transmission frequency increases, the 

transmission medium will contain effects of consecutive 

signals and constructive and destructive interferences would 

take place. 

 

Accordingly, the accelerometer would receive transmitted 

signals at a higher frequency and if the accelerometer needs 

longer time to distinguish the received signals from each 

other, then higher frequency may cause destructive 

interference at the sensor, which in turn affects the final 

recorded signal amplitude. If the application requires using 

accelerometer in small samples with high accuracy, then 

working at small distances and low frequencies is the 

preferred. However, accelerometer can be used in case of large 

samples if the fine accuracy is not very important. Samples of 

chemicals, medicines and laboratory fluids can be considered 

as small samples. As well, crude oil pools in seas and drinking 

water reservoirs are large ones. 

 

For cracked experimental investigation, the prepared plastic 

pipe was saw with an approximate thickness of 1 mm and 1 

cm depth. That is to create a single cracked. For cracked 

testing the distance of the piezoelectric actuator and 

accelerometer is 90 cm. The distance of the cracked from the 

actuator was 15 cm. In this experiment, a frequency of 500 Hz 

was used. After the data was obtained, another 2 cracks were 

created which total of 3 cracks with the same thickness depth. 

The distance between the cracks are 15 cm. Same frequency 

was used for this testing. Joseph L. Rose; A Ultrasonic Guided 

Waves in Structural Health Monitoring supported this method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 11 : Frequency signal of uncracked pipe 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

Fig. 12 : Frequency signal of single cracked pipe 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
Fig. 13 : Frequency signal of multi cracked pipe 
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        Fig. 11 shows the frequency signal for an uncracked pipe. 

From the frequency signal obtained, the data shows one peak 

which is the operating frequency by the piezoelectric actuator 

itself. Fig. 12 shows the frequency signal for single cracked 

pipe. From the frequency signal obtained, the data shows two 

peak which is the operating frequency by the piezoelectric 

actuator itself and the resultant frequency from the crack. Fig. 

13 shows the frequency signal for multi cracked pipe. From 

the frequency signal obtained, the data shows three peaks 

which one peak is the operating frequency by the piezoelectric 

actuator itself and two  a few peaks is the resultant frequency 

from the cracks. 

 

Accelerometer has its own area of influence characterized by a 

sensing radius and the corresponding circle. Damage within 

the area of influence of the sensor is highly sensitive as it 

creates higher disturbances than the damage outside the area 

of influence. An exciting vibration at creates appreciable stress 

in the material affecting interfaces at all scales of damage. An 

ultrasound probe wave traveling through these interfaces is 

modulated due to vibration-induced changes in the interface 

condition and, as a result, additional spectral components 

appear at the frequencies. These new frequency components 

indicate that a flaw or crack is present. 

 

 

IV. CONCLUSION 

 

At the beginning of this research, the main objective is to 

design an experimental test rig for the plastic pipe crack 

detection. This objective  has been successfully achieved as 

the experimental test rig is designed. Followed by the second 

objective, this project is aim to obtain the differences of 

frequency amplitude of the pipe different condition. With the 

verification of the experimental result, it is proved that as the 

distance of the piezoelectric sensor and accelerometer 

increases, the frequency signal amplitude decreases. 

 

Another objective to carry this project is by means to 

determine the performance of ultrasonic guided wave method 

in order to detect crack in pipeline. For this objective, it is 

proven that the frequency signal peak increases with the 

number of cracks on the plastic pipe. In short, all the 

objectives and hypothesis are successfully achieved and 

proven. This project has been proven that ultrasonic guided 

wave method shows the differences of result in uncracked and 

cracked pipe. Therefore, it is firmly to conclude that ultrasonic 

guided wave method can be able to be used to detect crack in 

plastic pipes. 
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Abstract— Checking Fixture (CF) design is an important 

element in the stamping process of automotive parts and plays an 

integral role in linking Computer Aided Design (CAD) and 

Computer Aided Manufacturing (CAM). In order to enhance CF 

design quality and efficiency, this paper proposes a portable 

quality-confirmation inspection device for automotive part. The 

concept of the computer-aided CF design includes a new volume 

bounding box generation approach for a gantry system 

framework.  Embedded in the system, is a multi objective 

optimization algorithm which is used for locator layout design 

and a multi-surface extension and transition method for checking 

the surface quality. The sensors attached to the system will 

capture the images of a part and transfer the data into the 

developed computer system. As an implementation of the CF 

gantry system, a portable quality-confirmation inspection device 

for automotive part is developed. Reinforced Front Pillar Panel 

CF design is taken as a case study to verify it’s feasibility and 

practicability.  Based on the initial results, the device is able to 

give good readings as compared to the manual checking method.  

Finally, through improvement stages, the system is able to 

provide an alternative for automotive parts quality confirmation 

method. 

Keywords— checking fixture; automotive part; gantry system; 

computer aided design, optimization algorithm. 

I. INTRODUCTION 

This template, The checking devices are extensively used in 
manufacturing industries, especially in the stamping of 
automotive part. According to An et al. (1999), many CF 
devices in the marketplace are costly, thus only big company 
can afford to invest in this fixed device. In this project, in order 
to design an affordable checking device for all industries 
including small industries, the effort towards the applicability 
of this device must be broadened (Kang et al., 2003). Thus, the 
portable device must be designed in standard sizes that makes 
it easy to carry from one place to another.  This idea is also 
shared by Krishnakumar  and Melkote (2000), who believes 
that a portable device should be able to carry or move easily, 
especially due to its lighter and smaller in size than usual 
checking device.  

The general name for checking device is commonly 
referred as a device for measuring and checking of the linear 
and angular dimensions of parts and finished products.  In 
addition,  Bi et al. (2001) proposed that the measurement 
device is a technical equipment with standardized parameters 

or properties that is designed for the experimental 
determination of the values and physical quantities. When the 
device is used to determine the dimension, it must comply with 
all the standard limits and acceptable range, then such 
equipment is called a checking device. All instruments that can 
provide dimension and value readings may also be used for 
checking (Vallapuzha et al., 2011). 

CFs for automotive body parts have different types 
according to measuring planning and parts features. The main 
types of such CF can be described as follows: measuring 
fixtures, combined CFs, profile modelling casting CFs, and 
additional CFs. Selecting an appropriate type of CF for 
automotive body parts is a first step to design a good CF. In the 
quality control (QC) process of stamping parts, the selection of 
which type of CF takes into consideration the features and 
parameters of the part that need to be measured. Therefore, the 
characteristics of the stamping part are important to be 
considered in CF design. Traditionally, selection of a CF type 
relies heavily on the designer’s expertise and experience. 
Performance evaluation of a CF type is also very difficult due 
to the highly nonlinear relationship of the design parameters. 
Consequently, it is not immediately apparent if a CF type is 
optimal or near optimal for a given part. 

Due to the rapid development of the automotive parts, 
traditional design methods cannot satisfy the demands of these 
shapes complexities due to the designers’ availability. As a 
result, computer aided fixture design (CAFD) offers an 
effective solution to overcome these issues.  Most current 
commercialized CF design tools are traditionally geometric-
based, in which the experience of designers should be 
integrated (Wang et al., 2010). Many researchers have 
introduced knowledge based technologies into this field such as 
Darvishi and Gill (1990); they illustrated a rule-based method 
for an optimum solution for a fixture design problem. Then, 
Hou and Trappey (2001) developed a computer-aided fixture 
design system based on comprehensive fixture databases and  
rule-based knowledge. Also, Li et al. (2006) developed an 
intelligent jig and  a fixture design system which applies 
artificial intelligence (AI) technology. Considering the 
difficulty in obtaining knowledge, a case-based reasoning 
(CBR) method is now extensively used in CAFD as mentioned 
by Liu et al. (2002). They established a case-based agile fixture 
design system which includes case matching of the fixture 
planning, conflict arbitration and agile fixture case 
modification. In case adoption, the most difficult in technique 
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in CBR, there are three methods involved; judging and 
modifying by users, rule-based variation, and case combination  
(Chen et al., 2008).  

The first method is intuitive and feasible, such as the 
system of Vukelic et al. (2009), which selects all required 
fixture elements within particular functional groups by experts. 
The second one is closely related to the knowledge of fixture 
design, so a knowledge-based variation mechanism should be 
created. For example, Chen et al. (2008) proposed a hybrid 
method which retrieves the similar cases by CBR and adopts 
them by a rule-based intelligent variation approach. The third 
one can be interpreted as re-using an element and component 
levels. Similarly, Wang and Rong (2008) presented a multi-
level CBR method for welding fixture design by grading 
myriads of fixture related resources. However, different from 
general jigs and other fixtures, CFs are always small-mass 
manufactured, hence, it is difficult to acquire the knowledge or 
to re-use past cases.  Therefore, the main objective of this 
research is to develop a methodology to automate the checking 
fixture design for automotive parts. Four key methods in the 
implementation are highlighted in this paper. And, a case study 
is illustrated to show the feasibility and practicability of the 
system. 

II. TYPES AND STRUCTURES OF CF 

The CF is designed as a dedicated equipment for a 
particular automotive part. Normally, CFs for automotive parts 
are divided into six CF families as shown in Figure 1: light CF, 
door CF, interior part CF, exterior part CF, glass CF and master 
model CF. Although the various CFs have different structures, 
generally, they have similar structures and functions within the 
same CF family. 

 
Fig. 1. Various types of CFs (Shenmo, 2011) 

Practically, there are three important functions of a CF; 

clamping, checking and locating. CFs are generally composed 

of four components; locators, clamps or frameworks, checking 

components or sensors and the workbench or base plate on 

which other components are placed. Figure 2 shows an RF 

Fender CF, which belongs to a type of exterior part CF. The 

position and orientation of the checking part will determine the 

workbench.  

 
Fig. 2. CF for RF Car Fender part (Jiang et al., 2010) 

To position the checking part in static equilibrium, locators 
are used and thus removing all degrees of freedom. Clamps or 
frameworks used to support the structure of the device and 
holding the checking part firmly against the locators. The 
checking components or sensors are primary in all kinds of the 
functional components and used to check the part qualitatively 
or quantitatively and scan the stamping part and transfer the 
data into the computer system. 

III. PORTABLE CF DESIGN 

The architecture of the system can be divided into two 

parts; the main module and the system interfaces. The  former  

supports  the CF  structure  design  and  the  later  interacts  

with  the  related  upstream  and  down-stream system. The 

key design process consists of two phases: gantry system 

design and three functional component design, i.e. locating, 

clamping and checking. Gantry system is the framework that 

supports the structure of checking device. The design of 

gantry system is important because it acts as a workspace for 

the operation of checking device. In addition, a flexible 

mounting is developed to re-use and assemble the related 

standard parts and structures automatically. The system 

interfaces involve integration with Product Data 

Management/Enterprise Resource Planning, drawing and Bill 

Of Material output for manufacturing and quality analysis 

inspection. Figure 3 shows the flow chart of the design 

implementation. 

A. Project Initialization 

The first module is to initialize a new project or load an 

existing one. New project started by specifying the working 

directory and the measuring unit. After importing the 3D 

model of the part CAD data and specifying the CF type, the 

checking fixture design project will be initialized by activating 

the corresponding design flow. 
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Fig. 3. Flow chart of the system (Jiang et al., 2013) 

B. Setup Planning 

Setup planning involves the identification of setup 

features, where an individual setup defines the features used in 

the following phases without altering the position or 

orientation manually.  The key outputs from the setup-

planning phase are the identification of each required setup, 

such as location surfaces and checked surfaces definition as 

shown in Figure 4. 

Fig. 4. Locating and checked surfaces 

The gantry system idea was illustrated based on a gantry 

system used in 3D-scanner. In this research, the  CF design 

needs to be portable so that it easy to carry or transfer to 

various locations.  Based on this idea, four CF designs were 

proposed in order to meet the CF function’s criteria. All the 

four designs were designed using SolidWork2013 software. 

The drawings were based on part by part assembly process.  

Some minor adjustments were done in order for the parts to be 

fitted.  Figure 5 shows the design of the gantry system. 

 
Fig. 5. Gantry system design 

C. Overall Space Design 

In this phase, parts to be checked in the CF will be loaded 
and assembled as a sub-assembly. Based on the overall 
dimension of minimal volume of the bounding box of the 
checking part; a suitable gantry system design will be selected 
by using minimal volume bounding box generation algorithm 
for a multi-bodies 3D model.  Subsequently,  the  system  
draws  the  scale  lines  on  its  top  surface  for  the location  
and fabrication. 

A bounding box is used to establish a suitable overall 

design space of a CF. There are many bounding box types and  

algorithms, for instance, oriented bounding box  (OBB) 

(Gottschalk et al. (1996); Eberly (2002)), axis aligned 

bounding box (AABB) (Mazzetti and Ciminiera  (1994); 

Yamada and Yamaguchi  (1996)),  minimum-volume bounding  

box  (MVBB) (Gill  and  Sariel  (2001); Chan  and  Tan  

(2004)). 

Fig. 6. MVBB and AABB of a cylinder (Jiang et al., 2013) 

However, most  of  algorithms are  only applicable to 

convex hulls (Preparata and Hong, 1977) or facet models 

(Chan and Tan (2004); Huebner et al., (2008)). Moreover, 
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current commercial CAD software, such as NX, only generates 

AABB which is generally much larger than MVBB, as shown 

in Figure 6. Chan and Tan (2001) described a method for 

determining the minimum oriented  bounding  box  of  an  

arbitrary solid.  But  this  method  is  only  suitable  for  a  

single  body.  Considering  a multi-bodies CAD model for 

checking part models, a minimal volume bounding box 

(MVBB) generation algorithm is presented in this section. 

 As shown in Figure 7, V is defined as the volume of the 

AABB of a given solid and A, B, C are the edge lengths of the 

bounding box. AB, BC and CD are the rectangle areas of the 

three mutually perpendicular planes. From the following 

derivation, we can find that the areas of three mutually 

perpendicular rectangles of a given box are minimized if and 

only if the volume of the box is minimized. 

V = ABC 

Vmin = (ABC) min 

V
2

min = (ABC) 
2

min 

[(AB) (BC) (CA)] min= (AB) min (BC) min (CA) min 

 

 
Fig. 7. Schematic of an AABB in WCS (Jiang et al., 2013) 

Figure 8 shows the flow chart of the algorithm. Firstly, 

designer inputs the model of a checked part and set e and d, 

which influences the precision and efficiency of the algorithm. 

Vg is the global minimal volume of AABB of the checking 

part. Va is the minimal volume when an axis rotation step is 

finished. For multi-bodies, the whole bounding box volume V 

can be obtained by six extreme values of corners’ coordinate 

of multi-bodies’ AABBs, i.e. V = (Xmax - Xmin) * (Ymax - Ymin) 

* (Zmax - Zmin). Vr is used to record the temporary minimal 

volume, and CSmin stores the coordinate system where the 

minimum volume Vr occurs. The algorithm outputs SCmin, 

Xmin, Xmax, Ymin, Ymax, Zmin, Zmax, which are used to create the 

MVBB in CAD software. 

Fig. 8. Flow chart of the terminal volume bounding box generation algorithm 
(Jiang et al., 2013) 

D. Fixture Planning 

By using the locator layout multi-objective continuous 

searching algorithm; an appropriate location and layout can be 

found to satisfy the requirements of a CF, such as robustness, 

stability and detachability. After determination of locating 

surfaces, associated top surfaces and side surfaces should be 

determined to keep the sub-assembly maintain the stability. 

On a checking part, the points contacting directly with locators 

of the fixture are called locating points. The robustness is 

reflected in the impact on the manufacturing errors of locators. 

Asada (1985) proposed a geometric perturbation analysis 

method based on the form closure theory, which used a 

Jacobean matrix to formulate the relationship between fixture 

and work piece displacements. Subsequently, Wang and 

Nagarkar (1999) presented an accuracy optimization against 

the location errors based on the method. Location  stability  

was  defined  as  the  ability  to  keep  contacting  with  an  

object  without  slipping  because of  unexpected disturbing 

forces  (Nakamura et al., 1989). 

Figure 9 shows the proposed multi-objective locator layout 

continuous searching algorithm, which combines the multi-

objective optimization and multiple attribute decision making 

methods. Firstly, a designer inputs a checking part in CAD 

software and sets three face sets where locators will be 

located. The algorithm generates a random individual to 

initialize the NSGA-II solver. With the established multiple 
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objective problem model in the NSGA-II method generates 

the feasible solutions space in a multi-objective optimization 

environment. The Pareto-optimal solutions will be ranked 

according to the TOPSIS/Entropy method and select the 

alternatives by using the maximum overall ranking value as 

the best solution, such as the final locator layout. At last, the 

positions and directions of locators are shown in the CAD 

software to guide the designer to import standard locator parts. 

 
Fig. 9. Flow chart of the locator layout multi-objective continuous searching 

algorithm (Jiang et al., 2013) 

E. Checking Components Design (CFD) 

Checking components such as analogue blocks and 

checking rails are the most complicated parts in CFD for 

checking whether the shape and precise size of stamping part 

is under the controlled specification.  For instance, an 

automotive bumper is checked by measuring the gap between 

its fringes and the top surfaces of the analogue blocks. 

Checking rails are responsible for checking the Class A 

surfaces by detecting the slot between the checked surface and 

the top surfaces of the checking parts.  

To match to the surface contour of the checking part 

usually needs lots of complicated surface extension operations 

which is one of the most complex tasks in CF design,. Shetty 

and White (1991) described a method for extending rational 

B-spline curves and surfaces using knot insertion and the 

reflection of control points. Furthermore, Pottmann (1995) 

presented an explicit representation of all rational surfaces 

with a continuous set of rational offsets. Yu and Lei (1997) 

introduced an approach to generate extensions of NURBS 

curves and surfaces satisfying tangent plane and curvature 

continuities.  For a given surface with a piecewise smooth 

boundary, a new method to extend the surface across its 

boundary is suggested by Kim et al. (2005). The extended 

surface is C
2
-continuous along the original boundary, and 

some extra conditions can be imposed on the new boundary. 

F. Fixture Configuration System 

For this research, the developed CF uses one photoelectric 

sensor and one distance sensor to shoot and scan the 

automotive body part which make the checking process 

become easier and faster. The Arduino Mega 2569 R3 is used 

as a controller or driver to run the stepper motor and acts as 

the system memory which enabled the stepper motor moves 

when input is applied to the system. The data are analyzed 

using computer software to ensure whether it satisfies the 

actual CAD data. If the data does not align with the standard 

result, thus the adjustment of the distance of the sensor must 

be done until it satisfies the actual CAD data.   

Fig. 10. Portable CF system flow 

To ensure this process performs efficiently, all 

components that we used must be set-up properly such as 

computer connection with Adruino and Proteus software, 

power supply  of the equipments, and portable CF gantry 

system is in good condition as shown in Figure 10. In addition, 

the gantry system must be placed on the levelled ground 

surface to ensure smooth data transmission to the system.  

In part design, designers usually tend to re-use a large 

number of standard parts and commonly use typical structures 

which have the same function and similar geometry structure 

for assemblies, parts and features. The advantages of using 

this strategy are, firstly, these items is far more cost effective 

in general. Secondly, re-usable components shorten product 

design and manufacturing cycles effectively and improve 

maintenance of the products.  

336

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 

 

In this section, flexible intelligent part library system 

(FIPLS) is developed to support checking fixture design more 

intelligently and efficiently. For the realization of the system 

flexibility, three methods are proposed. The first method is an 

extensible part data model to record part information which 

may vary with parameters and part functions.  The second 

method is the parameter selected dynamical UI for displaying 

different parameter types.  A third method is a four-layer 

system architecture for adapting to varied Condi- tions and 

requirements. 

G. Design Verification 

Verification focuses on ensuring that developed CF 

designs (in terms of their setup plans, layout plans, and 

physical units) satisfy the design requirements. The 

verification will executed according to the following design 

standards. All the six degrees of freedoms of the checking part 

should be limited. When the CF components are loaded, there 

should not be any interference between components and part. 

The stability of the checking part should maintained, which 

means no movement is allowed during the checking process. 

Finally, the parts, CF components should be able to move in 

and out without difficulty. 

H. Drawing and BOM Output 

After the completion of CF design, it needs to be 

reviewed and approved by the chief designer. Subsequently, 

the designer can deliver engineering drawings/bill of materials 

(BOM) to downstream production departments. BOM is the 

term used to describe the raw materials, sub-assemblies, 

intermediate assemblies, sub-components, components, parts 

and the quantities necessary to manufacture a part. The 

quantities of parts to be checked and different kinds of fixture 

components are listed in the BOM.  

I. Quality Analysis Plan Generation 

As a high-precision equipment, CF has to be inspected 

strictly before being delivered to customers. The module helps 

the designer to generate the quality analysis plan, which 

guides the operations for inspectors.   Normally two types of 

data are generated by the CF, trim line and gap analysis.  The 

data is very important for the assembly process with other 

parts and components.  The data will provide the critical areas 

which are out of tolerances that require improvement to the 

moulds and dies. The case study based on Reinforced Front 

Pillar Panel of the checking process is shown in Figure 11.  

The sample results show that six areas (Points 21, 22, 24, 29, 

30, 31 and 34) need to be improved.  The remaining areas are 

in good condition and no further action is required in theses 

areas. 

 
Fig. 11. Results of the automotive body part checking 

IV. CONCLUSION 

 This paper intended to introduce a development concept of 
a portable quality-confirmation inspection device for 
automotive body parts. In inventing a good portable CF device, 
the characteristics of the portable CF device and the design of a 
gantry system need to be considered. The design of a gantry 
system is important because it acts as a workspace for the 
operation of CF device and as the framework that support the 
structure of CF device. To achieve an efficient method, the 
integration of all the four steps of CF design, (setup planning, 
fixture planning, unit design, and verification), needs to be 
considered.  Beside that, there is also a need to control the 
techniques for the verification and optimization of CF 
performance so that reliable data is captured during the 
process. 
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Abstract—This paper presents the effect of nutrients addition 

and fermentation microorganism on bioethanol yield from oil 

palm trunk sap. Six microorganisms namely, Saccharomyces 

cerevisiae ATCC 9763, Saccharomyces cerevisiae ATCC 26602, 

baker’s yeast, Kluyveromyces marxianus ATCC 46537, 

Zymomonas mobilis ATCC 29501 and Escherichia coli ATCC 

10536 were screened for ethanol production at fixed temperature, 

pH, agitation and inoculum size. The sugar and ethanol content 

were determined using a high performance liquid 

chromatography (HPLC). The results showed that K. marxianus 

produced the highest ethanol yield (60.9%) at a shorter 

fermentation time (16h) compared to the other strains. Six 

nutrients, namely, ammonium sulphate, di-ammonium hydrogen 

phosphate, magnesium sulphate, β-alanine, calcium chloride and 

potassium dihydrogen phosphate were screened using this strain 

and the highest ethanol yield (98.62%) was achieved in 

fermentation supplemented by magnesium sulphate and β-

alanine. Subsequently, the optimisation study using a reseponse 

surfae methodology found the optimum value of magnesium 

sulphate was 7.93 g/L and 0.90 g/L for β-alanine. Under the 

optimum conditions, the predicted ethanol concentration was 

34.58 g/L while the experimental value (35.50 g/L) was in 

agreement with the predicted value with 2.66% error. 

Keywords— Bioethanol; Oil Palm Trunk Sap; Nutrient 

Supplementation; Response Surface Methodology 

I.  INTRODUCTION 

Malaysia has an abundant amount of oil palm biomass 
arising from replanting activities involving old oil palm tree 
aged above 20 years-old. According to Malaysian Palm Oil 
Board, about 10% of the total 5.23 million hectares of oil palm 
(Elaeis guineensis) plantation in Malaysia must be replanted 
yearly due to decrease in oil productivity of old trees besides 
the difficulty in harvesting their fruit [1,2]. This means about 
70 million old palm trees will be felled annually in Malaysia, 
which generates over 15 million tons of oil palm trunks [3]. In 
most cases the felled trees are left to rot on the plantation 
grounds, although some oil palm trunks were used for 
plywood manufacturing. The plywood manufacturing only 
utilises the header portion (the outer layer) of the felled oil 

palm trunk, whilst the soft inner portion is normally discarded. 
This soft inner portion contains a huge amount of sugar-rich 
sap that can be fermented into bioethanol [4]. 

The most common fermenting microorganism used for 
bioethanol production is yeast, particularly S. cerevisiae, 
which is also known as baker’s yeast [5]. S. cerevisiae is often 
chosen for ethanol production due to its excellent fermenting 
capacity, the capacity to grow rapidly under anaerobic 
conditions and high tolerance to ethanol [6]. The potential of 
oil palm trunk saps as feedstock for bioethanol production has 
been examined by Kosugi et al. [4] and Yamada et al. [7]. 
Limited study on oil palm trunk sap (OPTS) fermentation 
using various ethanol-producing strains in exception of those 
by Norhazimah and Faizal [8], who studied the effect of single 
and co-culture strain on ethanol production from OPTS. They 
studied several strains of yeast and bacteria, namely, S. 
cerevisiae, S. cerevisiae Kyokai no. 7 ATCC 26622, S. 
cerevisiae JCM 2220 ATCC 9804, Zymomonas mobilis JCM 
10190 ATCC 29191, Zymobacter palmae JCM 21091 ATCC 
51623, and Pichia stipitis JCM10742 ATCC 58376. They 
reported high ethanol yield (over 0.4 g ethanol/g sugar) was 
obtained from fermentation using any of the yeast studied. 
Meanwhile, all the bacteria strains tested produced low 
ethanol yield below 0.24 g ethanol/g sugar. No study 
concerning OPTS fermentation to bioethanol using K. 
marxianus ATCC 46537, Z. mobilis ATCC 29501 and E. coli 
ATCC 10536 is available in the literature, and hence screening 
their suitability is one of the objectives of this work. Three 
yeast species, namely, S. cerevisiae ATCC 9763, S. cerevisiae 
ATCC 26602 and baker’s yeast are also tested for comparison 
purpose. Moreover, limited study on the influence of nutrient 
addition to the bioethanol yield from oil palm trunk sap is 
available in the literature, in exception of the one by Nor 
Syahirah et al. [9]. However, the recent work by Nor Syahirah 
et al. [9] is limited to Saccharomyces cerevisiae, whereas this 
work includes the effect of microorganism types. The OPTS 
has a sufficient amount of micronutrients (i.e. Mo, Na, Ca, Zn 
and vitamins) for the growth of yeast [4], however, the content 
of macronutrients existed naturally in the OPTS is too low to 
effectively enhance bioethanol production [9]. Addition of 
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nutrient such as magnesium sulfate (MgSO4), ammonium 
sulfate ((NH4)2SO4), diammonium hydrogen phosphate 
((NH4)2HPO4), β-alanine (C3H7NO2), calcium chloride (CaCl2) 
or potassium dihydrogen phosphate (KH2PO4) are known to 
increase yield of bioethanol from sugar fermentation [10-14]. 
Thus, the primary objective of the current work is to study the 
effects of multiple nutrient additions to the bioethanol yield. 
Subsequently, optimization of the amount of nutrient addition 
was studied using response surface methodology. 

II. MATERIALS AND METHODS 

A. Preparation of Oil Palm Trunk Sap 

The OPTS in this work was obtained from a 30 year-old 
oil palm trunk from the Federal Land Development Authority 
(FELDA) Jengka 14, Pahang. The outer harder portion of the 
trunk was peeled to obtain the softer sap-rich core. The trunk 
core was then chopped into smaller pieces of about 20 × 20 × 
1 cm. Thereafter, the OPT core was squeezed using a heavy-
duty sugar cane juice machine to obtain the sap. The sap was 
centrifuged at 4629 ×g for 15 min at 4 °C (Eppendorf 5810R, 

Germany), filtered and stored in the freezer at -20 C before 
used for fermentation. 

B. Chemicals and Fermentation Strain 

The sulphuric acid was obtained from Merck (Darmstadt, 
Germany). Yeast extracts, peptone, ammonium sulfate, 
diammonium hydrogen phosphate, calcium chloride, 
potassium dihydrogen phosphate, magnesium sulphate and 
standard sugars for HPLC analysis, such as glucose, sucrose 
and fructose were obtained from Fisher Scientific 
(Leicestershire, UK). In addition, the galactose standard sugar 
and β-alanine were obtained from Acros (New Jersey, USA) 
while the Baker's yeast in powder form was obtained from AB 
MAURI (Balakong, Malaysia). The remaining strains of 
Saccharomyces cerevisiae ATCC 9763, Escherichia coli 
ATCC 10536, Saccharomyces cerevisiae ATCC 26602, 
Kluyveromyces marxianus ATCC 46537, Zymomonas mobilis 
ATCC was obtained from the American Type Culture 
Collection, USA (www.atcc.org). 

C. Pure Culture and Inoculum Preparation 

Six strains of microorganisms were used in this work 
which is Saccharomyces cerevisiae ATCC 9763, Escherichia 
coli ATCC 10536, Saccharomyces cerevisiae ATCC 26602, 
Kluyveromyces marxianus ATCC 46537, Zymomonas mobilis 
ATCC and baker’s yeast. All strains were prepared by 
streaking on new agar plates and incubated (Infors-HT, 
Switzerland) at 30 °C up to 3 days. The strains were kept at 4 
°C and sub-cultured every month on new nutrient agar to 
maintain the continuity of pure culture supply. 

Inoculums were prepared by transferring one loop of pure 
culture into 100 ml of sterile nutrient broth. All strains were 
incubated for 12-18h at 30 °C and 150 RPM until a standard 
initial concentration (optical density of 1.5-1.7 at 600 nm) was 
reached. The standard optical density of 1.5-1.7 corresponds to 
a stationary phase in the microbial growth deduced by 
studying the microbial growth curve. Cells were harvested via 

centrifugation in 50 ml conical centrifuge tubes for 10 minutes 
at 6300 ×g. 

D. Microorganism Screening Fermentation 

All fermentations were performed using the 250 ml 
Erlenmeyer flask with batch cultures of 100 ml working 
volume. The feedstock for fermentation, oil palm sap (± 90 
g/L) was added into fermentation flasks. After sterilization by 
autoclave, the flask was aseptically inoculated with 10% (v/v) 
of microorganism suspensions. Subsequently, the 
fermentations were incubated at 30 °C, agitated at 150 rpm 
and subjected to fermentation up to 72 hours. All experiments 
were performed in duplicate. Sample aliquots of 4 ml were 
taken aseptically at 0h, 12h, 24h, 36h, 48h, 60h and finally 
72h. The sample was centrifuged for 10 min at 10621 ×g and 
filtered through a 0.2 µm nylon syringe filter. The samples 
were stored at -20 °C freezer until further analysis. 

E. Experimental Design and Statistical Analysis 

Experimental design and statistical analysis were 
performed using the design-expert version 8.0.6 software 
(Stat-Ease Inc, Minneapolis, USA) with risk factor (α) values 
of 0.05 (95% level of confidence). The adjusted coefficient of 
regression (R

2
adj) value above 0.75 is considered acceptable. 

Variables with P-value lower than 0.05 were considered to 
have a significant effect on the response. The physical 
parameters were fixed at pH 5.5, agitation of 150 RPM, 
temperature of 30 °C and fermentation time of 16h. All 
experiments were carried out in duplicates and the results are 
reported in terms of mean values ± standard deviation. 

A two-level factorial experiment matrix was set to identify 
the important factors and to estimate their significance in 
ethanol production. The model predicts a linear relation of 
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒=𝑎+ 𝑏𝑖𝑋𝑖 where only main effects are taken into 
consideration. The response represents a dependent variable, 
i.e. ethanol production (g/l), a is the model interception, Xi 
represents different levels of independent variables and bi is a 
coefficient predicted by the equation. In this work, six 
independent variables were selected which are the amount of 
ammonium sulphate (A), diammonium hydrogen phosphate 
(B), magnesium sulphate (C), β-alanine (D), calcium chloride 
(E) and potassium dihydrogen phosphate (F). Nutrient 
screening for ethanol production were performed in an 
Erlenmeyer flask added with different nutrients according to 
the experimental design as shown in Table 1. 

TABLE I.  TWO-LEVEL FACTORIAL DESIGN EXPERIMENTS TO 

INVESTIGATE THE EFFECTS OF SIX NUTRIENTS (A, B, C, D, E AND F) ON 

ETHANOL PRODUCTION 

Factor Name Units Low (-1) Centre point (0) High (1) 

A  (NH4)2SO4 g/L 0 2.5 5 

B (NH4)2HPO4 g/L 0 2.5 5 
C MgSO4 g/L 0 2.5 5 

D C3H7NO2 g/L 0 0.25 0.5 

E CaCl2 g/L 0 0.4 0.8 
F KH2PO4 g/L 0 1 2 
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F. Cell Dry Weight Measurement 

The initial centrifuge tubes were marked, dried to constant 
weight and their weight were recorded. During fermentation, 
the cells were harvested at interval times by centrifugation for 
10 minutes at 10621 ×g and washed three times with distilled 
water and re-centrifuged. The cell pellet was dried at 60 °C to 
constant weight and the weight of each tube was recorded. 

G. Determination of Sugar Content 

The sugar components (sucrose, glucose and fructose) 
were analysed using HPLC Agilent Technology 1200 Series 
with Zorbax Carbohydrate Analysis Column, 4.6 mm ID × 
150 mm (5 µm). The mobile phase used was 75:25 of 
acetonitrile:water with a flow rate of 1.4 ml/min at 30 °C 
detected using a refractive index detector (RID). The volume 
injected was 10 µl and the run time was 10 minutes for each 
sample. 

H. Determination of Ethanol Content 

Ethanol analyses were performed using HPLC Agilent 
Technology 1200 Series equipped with autosampler, degasser 
and a RID-10A refractive index detector. A Rezex 8 μm ROA-
Organic Acid H

+
 (8%) LC Column 150 × 7.8 mm 

(Phenomenex, Torrance, CA, USA) was used with 
SecurityGuard

TM
 cartridges (Phenomenex, Torrance, CA, 

USA) as a guard column. The temperature was heated up to 65 
°C, and 0.005 N H2SO4 was used as eluent at a flow rate of 0.6 
ml/min. The volume injected was 20 µl. Run time was 15 
minutes and 50% methanol was used in the autosampler 
needle washing solution to avoid bacterial contamination. 

III. RESULTS AND DISCUSSION 

A. Microorganisms Growth Curve 

The preliminary experiment was conducted prior to 
microorganisms screening to check the growth of each 
microorganism. The six strains were Kluyveromyces 
marxianus ATCC 46537, Saccharomyces cerevisiae ATCC 
9763, Saccharomyces cerevisiae ATCC 26602, Escherichia 
coli ATCC 10536, Zymomonas mobilis ATCC 29501 and 
baker's yeast. The experiments were carried out at an 
inoculum size of 10 % (v/v), pH of 5.5, agitation speed of 150 
RPM, incubation temperature of 30 ºC and fermentation time 
of 24 h. All strains were screened in nutrient agar medium 
except for Escherichia coli ATCC 10536 which was carried 
out in nutrient broth. The growth curve for each strain was 
plotted by measuring their cell dry weight against time as 
shown in Fig. 1. 

Fig. 1 shows that all strains develop well in their standard 
medium. The kinetic parameters of each strain were calculated 
and presented in Table 2 to compare the growth rate between 
each strain. The Xmax is the maximum cell dry weight and the 
value of specific growth rate (μ) was calculated from the plot 
of ln (X) versus time. The specific rate of substrate utilization  
(qs) and cell doubling time (td) were determined by using the 
following equation: 

qs = μ Xmax / Yx/s               (1) 

td = ln 2 / μ              (2) 

 

 

Fig. 1. The growth curve by each strain. Symbols represent: (□) Z. mobilis 

ATCC 29501, (◊) E. coli ATCC 10536, (▲) Baker’s yeast, (∆) S. cerevisiae 
ATCC 9763, (■) S. cerevisiae ATCC 26602 and (♦) K. marxianus ATCC 

46537. 

TABLE II.  KINETIC PARAMETERS OF EACH STRAIN IN THEIR STANDARD 

FERMENTATION MEDIA 

Strains Xmax μ qs td 

S. cerevisiae ATCC 26602 6.75 0.19 9.8 3.72 

Baker's yeast 6.54 0.19 9.95 3.65 
E. coli ATCC 10536 6.10 0.19 9.94 3.67 

K. marxianus ATCC 46537 7.40 0.22 11.23 3.22 

S. cerevisiae ATCC 9763 7.15 0.20 10.49 3.46 
Z. mobilis ATCC 29501 5.91 0.19 10.19 3.58 

B. Microorganisms Screening 

Fig. 2 shows a representative fermentation profile of OPTS 
using K. marxianus ATCC 46537 without nutrient addition. 
The total sugar concentration decreased quickly in the first 36 
hours where all sugars were totally consumed by K. marxianus 
ATCC 46537. A rapid production of ethanol was observed 
within 12h and slightly decreased after 24h. The highest 
ethanol concentration was obtained at 24h which was 28.09 ± 
1.29 g/l. The maximum cell dry weight was achieved at 24h 
with 7.18 ± 0.32 g/g and retained until the end of the 
fermentation period. 

Similar trends can be observed for all four strains in 
ethanol production where there were rapid productions of 
ethanol in the first 24h and maintained constant until 36 
except for strain K. marxianus ATCC 46537 which decreased 
at 36h. Then, a slight decrease of ethanol yield can be 
observed after 48h. Walker [15] described the reduction of 
ethanol occurred due to glucose derepression. Glucose 
repression in yeasts describes a long-term regulatory 
adaptation to degrade glucose exclusively to ethanol and 
carbon dioxide. Therefore, when the yeast grows on high 
concentrations of glucose, fermentation accounts for the 
majority of glucose consumption. In batch culture, however, 
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when the levels of glucose consumption drop, cells will 
progressively become derepressed, resulting in induction of 
respiratory enzyme synthesis. This, consecutively, results in 
oxidative consumption of accumulated ethanol causing 
depletion of ethanol yield if further fermentation continues. 
The K. marxianus ATCC 46537 was chosen for further 
optimization because it can achieve a maximum ethanol 
concentration in shorter fermentation time beside capable of 
producing high ethanol yields.  

 

Fig. 2. Fermentation profile of un-supplemented OPTS by K. marxianus 

ATCC 46537. Symbols represent: (♦) total sugar, (■) ethanol concentration 
and (▲) cell dry weight. 

 

Fig. 3. Time course of ethanol yield by each strain for non-supplemented 

OPTS fermentation. Symbols represent: (□) S. cerevisiae ATCC 26602, (◊) Z. 

mobilis ATCC 29501, (▲) S. cerevisiae ATCC 9763, (∆) E. coli ATCC 
10536, (■) Baker’s yeast and (♦) K. marxianus ATCC 46537. 

Fig. 3 shows the theoretical yield of ethanol produced by 
each strain throughout the experiment. There are four strains 
that showed positive results, namely K. marxianus ATCC 
46537, baker's yeast, S. cerevisiae ATCC 9763 and S. 
cerevisiae ATCC 26602. The other two strains, Z. mobilis 
ATCC 29501 and E. coli ATCC 10536, did not produce 

ethanol. The maximum ethanol yield was obtained within 24h 
of a fermentation period for all the four strains that showed 
positive results. The highest ethanol yield was produced by 
strain S. cerevisiae ATCC 26602 (62.6%), followed by K. 
marxianus ATCC 46537 (60.9%). Meanwhile, S. cerevisiae 
ATCC 9763 produced 59.6% of ethanol yield and baker’s 
yeast produced 55.2% of ethanol yield. 

TABLE III.  ETHANOL PRODUCTION (G/L), PRODUCTIVITY (G/L/H), 
THEORETICAL YIELD (%) AND CELL DRY WEIGHT (G/G) BY FOUR ETHANOL 

PRODUCING STRAINS AT 24H 

Microorganisms 

Ethanol 

Concentration 

(g/l) 

Productivity 

(g/l/h) 

Ethanol 

yield (%) 

Cell dry 

weight (g/g) 

K. marxianus 
ATCC 46537 

28.09 ± 1.29 1.17 60.9 7.18 ± 0.32 

Baker's yeast 25.45 ± 3.50 1.06 55.2 6.50 ± 0.00 

S. cerevisiae 

ATCC 9763 
27.51 ± 2.95 1.15 59.6 8.95 ± 0.14 

S. cerevisiae 

ATCC 26602 
28.90 ± 1.41 1.20 62.6 6.75 ± 0.35 

Table 3 shows a comparison of ethanol production, 
productivity, theoretical yield and cell dry weight of all 
ethanol producing strains tested after 24h. The highest ethanol 
concentration, 28.90 g/l, equivalent to a productivity of 1.20 
g/l/h and 62.6% of theoretical yield, was achieved by S. 
cerevisiae ATCC 26602, followed by K. marxianus ATCC 
46537 that produced 28.09 g/l ethanol, productivity of 1.17 
g/l/h and 60.9 % of the theoretical yield. The baker’s yeast has 
the lowest ethanol concentration, which was 25.45 g/l, or a 
productivity of 1.06 g/l/h and a yield 55.2 % of the theoretical 
yield. The highest cell dry weight, 8.95 g/g was produced by 
S. cerevisiae ATCC 9763 whereas the lowest was 6.50 g/g 
produced by baker’s yeast.  Meanwhile, S. cerevisiae ATCC 
26602 and K. marxianus ATCC 46537 produced cell dry 
weight of 6.75 g/g and 7.18 g/g, respectively. 

C. Screening of Nutrients using Two-Level Factorial Design 

The development of a fermentation medium based on 
industrial substrates to enhance ethanol yield from OPTS 
fermentation is economically desirable. The nutrient screening 
experiments were carried out at an inoculum size of 10 % 
(v/v), pH of 5.5, agitation speed of 150 RPM, incubation 
temperature of 30 ºC and fermentation time of 16h. Table 4 
shows the experimental data as well as the values predicted by 
the models constructed using one response variable which is 
the final ethanol concentration. The quantity of ethanol 
produced by using K. marxianus ATCC 46537 varied from 
22.95 to 37.71 g/l. The Run 6 and Run 3 showed the minimum 
and maximum ethanol production, respectively. The mean of 
the ethanol produced by K. marxianus ATCC 46537 using 
selected supplements with selected concentration was 30.56 
g/l. 

Regression analysis showed that the models for final 
ethanol concentration is adequate with R

2
 = 0.91 and adjusted 

R
2
 = 0.84. The significance of each coefficient was determined 

by student’s t-test. The p-value was used as an indicator of the 
statistical significance of the test. The result of the model 
using the final ethanol concentration as the response is 
presented in Table 5. Significant linear terms were B, C and D 
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while A, E and F are non-significant terms. The interaction 
coefficient of AB, AC and ABD presented were significant too. 
Other interaction coefficient of AD, AE, AF, BD, BF and ABF 
exhibited non-significant terms. Taking accounts the 
coefficient estimate, only C and D, whose probability values 
are below 0.05 showed a positive effect on ethanol production 
in oil palm sap fermentation. 

TABLE IV.  THE EXPERIMENTAL DATA OF FINAL ETHANOL 

CONCENTRATION AND VALUES PREDICTED BY THE MODELS 

Run A B C D E F Ethanol 

yield (%) 

Ethanol concentration (g/l) 

       Experiment Predicted 

1 5 0 5 0.5 0 0 89.51 34.31 34.3 
2 5 5 5 0 0.8 0 75.40 29.09 28.97 

3 5 5 5 0.5 0.8 2 98.62 37.71 35.87 

4 5 0 5 0 0 2 84.15 31.55 33.52 
5 0 5 5 0.5 0 2 74.80 28.31 28.99 

6 5 5 0 0 0 2 59.86 22.95 23.07 

7 0 5 0 0 0.8 2 69.75 26.68 27.17 
8 0 0 0 0.5 0 2 96.94 36.84 36.63 

9 0 0 0 0 0 0 76.78 28.93 29.34 

10 2.5 2.5 2.5 0.25 0.4 1 86.83 32.54 31.14 
11 0 5 0 0.5 0.8 0 77.85 29.34 28.65 

12 2.5 2.5 2.5 0.25 0.4 1 80.26 29.85 31.14 
13 5 0 0 0 0.8 0 79.81 29.59 27.62 

14 5 0 0 0.5 0.8 2 74.03 28.4 28.4 

15 0 5 5 0 0 0 72.04 28 27.51 
16 0 0 5 0 0.8 2 79.23 30.08 29.68 

17 5 5 0 0.5 0 0 72.67 28.13 29.97 

18 2.5 2.5 2.5 0.25 0.4 1 81.94 31.11 31.14 
19 0 0 5 0.5 0.8 0 96.45 36.75 36.97 

20 2.5 2.5 2.5 0.25 0.4 1 79.64 31.05 31.14 

TABLE V.  THE COEFFICIENT ESTIMATE AND P-VALUE OF THE MODEL 

Factor Coefficient estimate p-value 

Intercept 30.56 
 

A-Ammonium sulphate -0.2 0.5229 
B-Ammonium phosphate -1.64 0.0047* 

C-Magnesium sulphate 1.56 0.0056* 

D-Alanine 2.06 0.0020* 
E-Calcium chloride 0.54 0.1341 

F-Potassium phosphate -0.1 0.7445 

AB 0.9 0.0357* 
AC 1.39 0.0084* 

AD -0.14 0.661 

AE 0.44 0.1987 
AF 0.04 0.9025 

BD 0.04 0.9015 

BF 0.24 0.454 
ABD 1.49 0.0066* 

ABF 0.69 0.0755 

* Significant (p < 0.05) 

AB, AC and ABD also showed significant positive effects 
on ethanol production. Nonetheless, A does not have a 
significant effect on the ethanol yield, but B certainly 
negatively affecting the ethanol production. Overall, the 
results of the screening experiment show that addition of 
magnesium sulphate and alanine significantly improves the 
ethanol production. Potassium dihydrogen phosphate, calcium 
chloride, ammonium sulphate and diammonium hydrogen 
phosphate did not significantly increase ethanol yield. 
According to Birch and Walker [12], magnesium ion has an 
important role to protect yeast cells from ethanol and 
temperature-induced stress by preventing the increase in cell 

membrane permeability. The addition of inorganic salts such 
as Mg

2+
, which also act as an activator of some enzymes in 

yeast cells will promote the ethanol yield [10, 13]. Thus, 
supplementation of fermentation media with magnesium has 
been shown to increase fermentation rate and ethanol 
productivity [10, 11, 14]. 

Meanwhile, there has been limited study on β-alanine 
addition as a supplement to ethanol fermentation yield. 
Williams et al. [16] has discovered that addition of β-alanine 
into the fermentation medium enhance the growth of yeast 
greatly. β-alanine can act as a growth promoting factor in 
yeast as the yeast likely utilize β-alanine by converting it into 
pantothenic acid [17]. Pantothenic acid is a vitamin required 
by yeast for the synthesis of coenzyme A which is necessary 
for formation of nitrogen-containing precursors, O-
acetylserine and O-acetylhomoserine. Taherzadeh et al. [18] 
observed that addition of pantothenic acid enhanced the 
biomass yield of yeast. 

D. Optimisation of Nutrients Addition 

Central composite design (CCD) is the most common 
experimental design used in response surface methodology 
(RSM). The F-test analysis of variance (ANOVA) was used to 
check the statistical significance of a model equation. The 
averages of the duplicate measurements of the ethanol 
concentration and its predicted value are shown in Table 6. 
The polynomial model for ethanol yield was regressed by 
considering only the significant terms. The expanded equation 
is shown as follows: 

Y = 34.54 + 0.22A – 0.35B + 0.22AB – 0.75A
2
 – 0.80B

2
     (3) 

Based on the experimental responses obtained in Table 6, 
the quantity of ethanol produced by K. marxianus ATCC 
46537 ranged from 32.40 to 34.93 g/l. Run 3 and Run 7 had 
the minimum and maximum ethanol production, respectively. 
The ANOVA result of quadratic regression model for ethanol 
yield is described in Table 7. ANOVA of the regression model 
for ethanol yield verified that the model was significance with 
the F-value of 8.51 and a very low probability value (< 0.05). 
The calculated F-value is greater than the tabulated F-value 
showed that the model predicted the experimental results well 
and the estimated factors are valid. ANOVA (F-test) for the 
model explained the response of the dependent variable Y. The 
high F-value of the model (8.51) and non-significant lack of fit 
indicates that the model fits the experimental data well. The 
model p-value of 0.0069 indicates the model is valid. All 
linear terms (A and B) were not significant within 95% 
confidence level. The interaction coefficient of AB is not 
significant, however the quadratic terms of A

2
 and B

2
 were 

significant within 95% confidence level. 

The isoresponse contour was constructed as a function of 
two factors at a time, holding all other factors at fixed levels, 
to determine the optimal level of each variable for maximum 
ethanol production. This surface plot is helpful to study both 
the main and the interaction effects of these two factors. The 
response values for the variables can be predicted from these 
plots. Fig. 4 shows the contour plot for the ethanol 
concentration for OPTS fermentation at varying nutrient 
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concentration. The ethanol concentration increased as the 
magnesium sulphate and β-alanine concentration increases 
until the optimum yield reached (magnesium sulphate at 7.63 
g/l and β-alanine at 0.90 g/l), but the ethanol concentration 
decreased thereafter. 

The required criteria were selected with maximum ethanol 
concentration as the target in the validation report. The choice 
of the solutions was automatically retrieved by the model. The 
magnesium sulphate concentration of 7.93 g/l and β-alanine of 
0.90 g/l was selected based on desirability value of 0.86. The 
ethanol target is above 34.58 g/l with a lower limit of 32.40 g/l 
and upper limit of 34.93 g/l. The predicted value given by the 
model was 34.58 g/l and the actual value obtained from the 
average of five replicates experiment was 35.50 ± 0.40 g/l, 
corresponding to an acceptable error of 2.66%. 

Costly organic additive such as yeast extract and peptone 
was proven to increase ethanol yield compared to “without 
additives” during the OPTS fermentation process [4]. The 
nutrients (inorganic salts supplement) used in this study are a 
lot cheaper compared to organic nutrients such as yeast extract 
and peptone. The supplement studied in this work may 
enhance ethanol production from the OPTS without 
significantly increasing the operating cost. 

 
Fig. 4. Effect of magnesium sulphate and β-alanine concentration on ethanol 

production 

IV. CONCLUSIONS 

The results showed that K. marxianus produced the highest 
ethanol yield (60.9%) at a shorter fermentation time (16h) 
compared to the other strains. Six nutrients, namely, 
ammonium sulphate, diammonium hydrogen phosphate, 
magnesium sulphate, β-alanine, calcium chloride and 
potassium dihydrogen phosphate were screened using this 
strain and the highest ethanol yield (98.62%) was achieved in 
fermentation supplemented by magnesium sulphate and β-
alanine. Subsequently, the optimisation study using a 
reseponse surfae methodology found the optimum value of 
magnesium sulphate was 7.93 g/L and 0.90 g/L for β-alanine. 
Under the optimum conditions, the predicted ethanol 
concentration was 34.58 g/L while the experimental value 
(35.50 g/L) was in good agreement with the predicted value 
with 2.66% error. 
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Abstract— The detection of the leak detection is the 

main investigation issue in order to get the fast and 

reliable leak detection method. Even thought the reasons 

for these leaks are very well known, some of the current 

method is quite complicated and not precise. In addition, 

it is all about time consuming and cost of instalment. In 

this paper, we proposed a leak detection method using 

acoustic. The chirp signal injected into the pipeline 

system and the estimation of the leak detection from the 

delay time passing by the reflection of pressure wave in 

the pipeline if there have a leak. Using wavelet as the 

noise filtering, there can give a useful signal to verify the 

leak. Wavelet is the tool to de-noise the noise from the 

original signal and then tuned using maximum values of 

kurtosis. The main idea is the echoes detection of the 

pressure wave from the signal given by the original 

signal. Kurtosis plays the main role as the component to 

choose the filter parameter because of their nature to 

measure spikiness. The result shows that the highest 

value of kurtosis for the pipeline with leak is 6.465 while 

for the pipe without leak, the highest value for the 

kurtosis 5.3214.  

 
Index Terms—leak detection, gas pipeline, wavelet, kurtosis 

I. INTRODUCTION  

In any application of engineering structure, pipelines are 

almost the main part to complete the media transport. The 

pipeline can be used to transfer air, water, oil and other 

fluids because of their cost and safety. Thus, as the main 

media transport they should be properly maintained, to 

avoid leaks. Usually, the leaks occur caused by damage 

from nearby excavation equipment, accident, terrorism, 

earth movement or sabotage.  

There are two categories which are liquid and gas. Both 

categories have similar problem associate even though 

physical properties are different. The leaking and location of 

leaks needs to detect early. Monitoring any leaking is 

important in order to prevent any losses of fluid in term of 

cost. In addition, it can prevent any hazard to the 

surrounding. Different methods are used to investigate the 

leaking and their location. It includes visual inspections, 

acoustic emission, and dynamic pressure measurement. The 

study on leak detection in acoustic before was done using 

cross-correlation analysis [1-3], cepstrum analysis [4-6], and 

also wavelet based-filtering [4, 5, 7, 8].  

Transforming the time domain signal into frequency 

domain is really important in order to reveals the result of 

signal. Recently, many transforming method such as Fourier 

transform (FT), Short Time Fourier Transform (STFT), 

Continuous Wavelet transform (CWT), Discrete Wavelet 

transform (DWT), and Hilbert transform (HT).  

This project proposes a new criterion for new method of 

signal processing which is Continuous Wavelet transform 

using Mexican hat as mother wavelet and tuned using 

maximum value of kurtosis based on experimental data with 

advance in chirp signal as input sound to the pipeline. The 

advantage of using CWT is because of the suitability signal 

processing tools for detection of singularities as discussed 

by Mallat [9] and Flandrin [10]. The details of algorithm for 

CWT are discussed in section IV. The reflection of the 

pressure wave can be detected if there have blockage such 

as hole, junction, crack and ruptures. 

II. WAVE PROPAGATION IN PIPE 

Current monitoring procedures require the multiple 

sensor such as pressure, flow meters or and valve sensor [8]. 

The passage of the wave can be detected by a change of 

pressure at a fixed point underneath of surface. So, the 

changes in the pipeline geometry such as valve, junction, 

blockage and leaks will create a reflection. This reflection is 

known as pressure wave that through inside the pipeline at 

the speed of sound [11]. The pressure wave is simulated 

using time domain based on transmission line modelling 

techniques [8, 12, 13]. Wave also can be detected by the 

motion of fluid particles. The time of reflected wave can be 

captured by generating pressure wave at certain location 

together with single remote sensor [1]. Speed is the distance 

travelled by wave per the time taken for the wave to travel 

to that distance. The length of the pipeline can be calculated 

by multiple of the time travel down in pipeline with speed 

of sound. 

l = 𝑡𝑎       (1) 
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The speed of sound formulated from multiplying of 

fluid properties which are ɣ, Ru, and M and also temperature 

in degree Kelvin. 

𝑎 = √
𝛾𝑅𝑢𝑇

𝑀
    (2) 

The pipe is assumed rigid because flexible pipes will 

slow down the speed of the system. The pressure waves 

only travel in the fluid [1].  

III. LEAK DETECTION 

The leak detection techniques introduced in order to 

minimize the losses of medium transported by the pipeline. 

Three major categories can be divided to classify the 

technique. The first technique is automated detection which 

can detect by monitoring system of pipeline network 

without human operator after the installation while, semi-

automated detection need a certain input to perform some 

task in order to detect the leakage. The third category is 

manual detection which is using the system and device. It 

always needs to operate by human [14]. 
 

 

Fig. 1. Classification of gas leak detection techniques based on their 

technical nature [14]. 

 

Fig. 1 show the methods also can be categorized by the 

major techniques based on their technical nature. Hardware 

based method can be describe as method that using device 

as their main component for leakage detection. Compared to 

software, this method has software as their main component 

on order to detect the leakage [14]. 

IV. SIGNAL PROCESSING 

Signal processing is a combination of three major parts 

which are system engineering, electrical engineering and 

applied mathematics. It is also dealing with operations on 

our analysis of analogue to represent time-varying physical 

quantities. Signals of include sound, electromagnetic 

radiation, images, and sensor readings. The goal of signal 

analysis is to extract information from the signal to reveal 

the underlying mechanisms of various physical phenomena. 

In the cross-correlation analysis, a signal was produced in 

the pipeline networks by using either the joint leak or by 

opening the valve at the downstream end of pipe in order to 

produce noise and pressure. Then velocity is calculated 

based on the net travelled distance of measured signal and 

their time shift. Signals generated using a source at a known 

location [3]. Cross-correlation techniques also used to 

identify a number of reflection points in simple pipe 

networks [1]. 

After use cross-correlation analysis, they try to use 

another technique which is ceptrum analysis. This technique 

is a non-linear signal processing involving the forward 

Fourier transform of the logarithm of the power spectrum. 

There are two types of spectrum which is power cepstrum 

and complex cepstrum. Cepstrum is defined as the Fourier 

transform of the logarithm of the Fourier transform [15]. It 

is defines as: 

 

𝐶𝐴 = 𝐹−1(log 𝐴{𝑓})    (1) 

  

Where A{f} is the complex spectrum of a{t}. It can be 

represented in terms of the amplitude and phase at each 

frequency by 

 

𝐴{𝑓} = 𝐹{𝑎(𝑡)} = 𝐴𝑅 + 𝑗𝐴𝐼{𝑓}  (2) 

  

Taking the complex logarithm of Equation (1.4) gives 

 

𝑙𝑜𝑔𝑣𝐴(𝑓) = ln|𝐴(𝑓)| + 𝑗ɸ(𝑓)  (3) 

 

where 𝑗 = √−1, and ɸ(𝑓) is the phase function. 

 

CWT is suitable for analyzing non-linear and non-

stationary signal which is widely happen in real engineering 

application. The CWT is defined as: 

 

 𝑊𝑔(𝑎, 𝑏) =
1

√|𝑎|
 ∫ 𝑥(𝑡)𝑔 ∗ (

𝑡−𝑏

𝑎
)

+∞

−∞
𝑑𝑡  (1) 

 

where x(t) is the original signal, g(t) is the mother wavelet, 

b is a translation parameter as locality, a is a dilation or 

scale parameter and ‘*’ is the complex conjugate. Mexican 

hat choose as mother wavelet in this case, defined as below. 

 

𝑔(𝑡) =
2

𝜋
1
4√3𝜎

(
𝑡2

𝜎2 − 1) exp (−
𝑡2

2𝜎2)  (2) 

  

For signal processing, wavelet transform is widely used 

in the application of multi-resolution editing, signal filtering 

for noise, edge detection, marking reduction, data storage, 

compression, recognition, enhancement and synthesis of 

speech. It is powerful tools of application, where wavelet 

transform is used to detect, localize, identify, classify, 

compress, store and analyze of power disturbance signals [4, 

16]. 

Wavelet based filtering is a method use to analyses the 

result of the wave propagates in the pipelines. The idea of 
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this method comes from the detection of echoes reflected 

from turbulence induced by leak. However, it is hard to 

detect echoes due to high noise level occurred. Thus in 

order to identify the echoes, noise needs to be filtered. 

 Wavelet-based filter is tuned using the maximum value 

of kurtosis as simulated by Urbanek [7]. The advantages of 

this method include location of the leak and capable to 

estimate their severity. Limitation in this method is they 

need additional measurement channels for recording signal 

that transmitted from the leak. Hence, the cost increased and 

gives troublesome for industrial installation [7, 17]. 

V. EXPERIMENTAL DESIGN 

The medium density polyethylene (MDPE) pipe were 

used in this project with length 58 m and diameter of 6.3 m. 

MDPE pipe widely use in gas and water distribution system 

because of their durability and easy to handle.  

 
 

 

 
 

Fig. 2. Basic experiment design 

 

For experimental process, the natural gas which is air will 

be induced in the pipeline as input. The compressor is the 

main component to force the air to flow in the pipe. The gas 

will flow in the pipe and the hole that drilled at 15 m from 

the front pipe and 42 m to the open end to simulate leak 

point. The diameter of the hole is 10 mm.  

For excitation signal, the speaker used in order to give 

good propagation. The speaker with closed end and sealed 

together with a waveguide lens to decrease the noise from 

surrounding. It has made sure to get the useful signal or 

output of leakage from the hole. The transmission signal 

acquired from the wave that catch by microphone and then 

collected in data by DasyLab. National Instrument (NI) is 

the component to collect data and DasyLab is the also 

known as Data Acquisition System Laboratory to save the 

data. DasyLab will act as a filter of noise. The NI would be 

synchronized with the transducer and DasyLab using 

NIDAQ-MX software. The wavelet tool analysis in Matlab 

used to analyze the raw data to show the significant result. 

The data samples at 8192 per second and 20 kHz were 

acquired in this experiment. The sensitivity of the 

microphone is 47.89 mV/Pa. The robustness Hamming 

window chirp signal was injected from the loudspeaker with 

20-600 Hz as the transmission signal in this experiment as 

shown in Fig. 3.  This experiment just runs on leak and 

without leak pipeline for comparison of the kurtosis value. 

 

 
 

Fig. 3. A Hamming window chirp signal (20-600Hz) 

 

VI. RESULT AND ANALYSIS 

The experimental data from the pipeline were analyzed 

from the original signal. The experiment tests were carried 

using MDPE pipe. For every data, the input signal combined 

with the Mexican hat as mother wavelet. Then, the signal 

was filtering using continuous wavelet transform (CWT).The 

small scale interpret that there have high frequency and more 

compressed in the wavelet and vice versa. 

The result of the CWT was computed by kurtosis for all 

wavelet scales. The reason why kurtosis used in this case is 

because they can indicate any spikes in signal which is 

appropriate for detecting short echoes in the pipeline system 

[7]. The formula of kurtosis is defined as below. 

 

𝐾 =
𝜇4

𝜎4 − 3    (3) 

 

where µ4 is the fourth moment about the mean, and σ is the 

standard deviation. 

The inverse wavelet transform for the scale exhibiting the 

largest kurtosis value and give significant result to show the 

leak energy.  

 

 
 

(a)  

 

Speaker 
Waveguide 

lens 

Compressor 
Hole 

Microphone 

Open end Pipe 
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(b) 

 
Fig. 4. Data of the signal for pipeline (a) without leak and (b) with leak. 

 

Fig. 4(a) shows the signal was filtered in the pipeline 

without leak using CWT at scale a=20. The result of the 

signal compared to leak pipeline. In the pipeline with leak 

filtering by CWT at scale a=64 in step by step mode. The 

data for pipeline with leak shows in Fig. 4(b) with 

instantaneous amplitude at 1.5 s. The wavelet scalogram 

used to show the spectral energy of the signal.  

 

 
 

 

Fig. 5. Scalogram diagram for the pipeline with leak. 

 

 

 
 

 

Fig. 6. Wavelet-based filtering signal for the scale parameter a=64 for pipe 

with leak. 

 

Besides that, to indicate whether leak is detected or not 

in pipelines, a significant echo will reflect in the construct 

signal. Furthermore, the highest amplitude can also indicate 

that area containing leak or not. Inverse continuous wavelet 

transform will determine the reflected echo based on the 

highest kurtosis value calculated. 
 

 

 
 

(a) 

 

 
 

(b) 

 

Fig. 7. Kurtosis calculated for all scales: (a) pipe without leak and (b) pipe 

with leak.  
 

Then, kurtosis high range value for the coefficients 

obtain after the filter is determined. The kurtosis value is the 

plot to determine the highest value.  Fig. 7 below shows the 

graph of kurtosis value for the pipelines. For the leak 

pipeline, the highest value for kurtosis is 6.465 on a scale of 

20. The highest value of kurtosis indicates that the most 

suitable scale to exhibits signal echoes. It is clearly shows 

the spike compared to kurtosis for pipe without leak, which 

is the highest value for the kurtosis 5.3214 at scale, a=8. 

From the highest value of kurtosis, the signal is inversed 

based on the scale. Inverse continuous transform can 

reconstructed the signal to the later form. Fig. 8(a) shows 

the reconstructed signal for wavelet transform and the time 

for the leak to occur. The time for the highest amplitude to 

occur is 0.78 second. Figure 8(b) show the inverse 

continuous transfer for the pipeline without leak, there is no 

reflected signal to indicate the leak. Therefore, this proves 

that there is no leak in the pipelines.  

 

350

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 

 

 
 

(a)  

 

 
 

(b) 

 

Fig. 8. Inversed continuous wavelet transform for signal in pipeline (a) with 
leak and (b) without leak. 

 

VII. CONCLUSION 

As the conclusion, the early leak detection can prevent 

any waste and avoid harm to people. Any method should be 

reliable, faster and low cost. For the low reliability, CWT as 

the decomposition signal shows the capability to detect the 

leak in gas pipeline. The kurtosis gives good indicator to 

determine the highest value for both conditions by choosing 

the scale based on higher value of kurtosis. This method 

also has more accuracy of reflected to the actual frequency 

components of signals compared to others. The pipeline 

without leaking shows the lower value of kurtosis which is 

5.3214 compared to value of kurtosis in pipeline with leak, 

6.46. Both kurtosis shows leptokurtic distributions. 
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Abstract—This paper presents the Orthosiphon stamineus 

polyphenol extraction and microencapsulation study using whey 

protein isolate, gum arabic and maltodextrin. Polyphenol content 

was analysed using ultra-performance liquid chromatography. 

The highest yield of rosmarinic acid (38.70 mg RA/g DW) was 

obtained using 70% aqueous methanol, whereas the highest yield 

of sinensetin (261.21 µg Sin/g DW) and eupatorin (2.71 mg Eup/g 

DW) was obtained using isopropanol. Aqueous solvent such as 

70% ethanol provide a broader range of polarity than the pure 

solvent, and hence enhances a simultaneous extraction of both 

methoxylated and hydroxylated compounds. It was found that 

microwave assisted extraction is capable to perform an efficient 

and very fast extraction of polyphenols within 2 minutes, 

compared to the ultrasonic assisted extraction which require 90 

minutes. Microencapsulation of polyphenols from O. stamineus 

using WPI, maltodextrin and gum arabic has successfully 

reduced polyphenol degradation during spray drying. The 

highest polyphenol retention of rosmarinic acid (84.25%), 

sinensetin (83.96%) and eupatorin (85.61%) was achieved by 

microencapsulation using gum arabic. The gum arabic derived 

microcapsule has a smooth spherical surface which enhance 

particle flowability.  

Keywords—Orthosiphon stamineus; misai kucing; phenolic 

content; flavonoid; microencapsulation; gum arabic 

I.  INTRODUCTION 

Orthosiphon stamineus is locally known as ‘misai kucing’ 
is consumed widely as a herbal tea in Malaysia. Previous 
studies revealed that extract of O. stamineus contained many 
medically useful bioactive compounds such as terpenoids, 
polyphenols and sterols that poses a diuretic [1], antidiabetic 
[2], antiangiogenic and antiproliferative properties [3].  

The active components from O. stamineus leaves such as 
rosmarinic acid, sinensetin and eupatorin, is recovered through 
the extraction process. The yield of bioactive component in the 
extract is affected by the type of solvent used, extraction 

method and condition. Most of the previous work related to 
extraction of polyphenol from O. stamineus used a thermal 
intensive extraction such as maceration [4] and accelerated 
solvent extraction [5]. These methods are often time 
consuming besides affected by thermal degradation of 
polyphenols due to heat exposure over a prolonged period. 
Nowadays, better extraction methods of polyphenols have been 
developed such as the ultrasonic-assisted extraction (UAE) [6, 
7], microwave-assisted extraction (MAE) [8, 9] and accelerated 
solvent extraction (ASE) [5]. However, ASE is normally 
performed at high temperature to increase the diffusivity of 
solvent and to maintain the solvent in liquid form using high 
pressure which may cause thermal degradation of thermolabile 
active component. Extraction is a mass transfer process 
involving solvent transport to the solid phase (inner transport), 
dissolution of the solutes (solubility) and release of solutes 
from the solid matrix to the bulk phase (external transport). The 
UAE technique reduces the inner and external mass transfer 
limitation and hence increases the yield of extraction. Zhang et 
al. [10] for instance, showed that ultrasonic wave can break the 
cell membranes reducing control of inner mass transport. 
Similarly, rapid temperature rise during MAE also breaks the 
plant cell wall. Thus, extractions using MAE and UAE 
methods were chosen for this work. 

Solvent type plays an important role to ensure successful 
extraction of bioactive compounds from plant material. Solvent 
diffuses into the solid plant material and solubilize compounds 
with similar polarity during extraction [11]. It is understood 
that phenolic compound concentrations in extracts from the 
same plant material may vary accordingly with the solvent 
used. A combined effect of the different extraction methods 
(ME and UAE) and varying solvent polarity to the polyphenol 
extraction from O. staminues has never been studied 
previously, and hence this is one of the aims of this work. In 
the present study, ultra-performance liquid chromatography 
(UPLC) was used for the determination of polyphenols from O. 
stamineus extracts. UPLC provides improved separation in a 

Funded by Ministry of Education Malaysia through RACE RDU121308 
and FRGS/2/2013/TK05/UMP/02/4. 

352

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 
 

 

shorter analysis time of O. stamineus extracts without 
compromising peak capacity and sensitivity [12]. 

A powder-based product is desirable for convenience of 
consumption besides having a longer shelf life and ease of 
handling. Spray drying is a common method of producing 
powder, but it requires very high temperature, which may 
adversely affect the quality of product. Furthermore, the 
polyphenol from O. stamineus extracts is prone to thermal 
degradation [12, 13]. The thermal degradation is undesirable 
because the degraded product is of low nutritional value and 
consequently, hampers the intention to produce a functional 
food or nutraceutical product. However, very limited study 
concerning drying and preservation of polyphenol in O. 
stamineus extract is available in the literature [12]. The 
microencapsulation by spray drying is an effective way to 
reduce thermal degradation. Microencapsulation is a process in 
which small particles are enclosed by a coating, or embedded 
in a homogeneous or a heterogeneous matrix of wall material 
or encapsulating agent. The choice of wall material is one of 
the main concerns for microencapsulation process. Common 
microencapsulation agents such as whey protein isolate (WPI), 
gum arabic, maltodextrin are often used for herbal or plant-
related product. WPI was used for microencapsulation of 
phenolic compounds from the bilberry extracts [14], while 
Shahin-Nadeem et al. [15] used maltodextrin for 
microencapsulation of phenolic compounds from herbal tea 
(Salvia fruticosa). Krishnan et al. [16] found that gum arabic 
offered greater protection to the oleoresin than maltodextrin 
and modified starch. Pang et al. [12] studied the 
microencapsulation of O. stamineus using WPI and 
maltodextrin, however, no study on gum arabic was done.  
Therefore, this work aims to study the performance of gum 
arabic as encapsulating agents for O. stamineus derived 
polyphenols in comparison to WPI and maltodextrin. 

II. MATERIALS AND METHODS 

A. Chemicals and Plant Material 

The HPLC grade solvents such as the acetonitrile (ACN) 
and analysis grade solvent such as methanol, isopropanol and 
ethanol were purchased from Merck (Darmstadt, Germany) and 
trifluoroacetic acid (TFA) was purchased from Fisher 
Scientific (Leics, UK). The dimethyl sulfoxide (DMSO), 
standard of rosmarinic acid, eupatorin and sinensetin were 
obtained from Sigma Aldrich (St. Louis, MO). The lactose-free 
whey protein isolate powder was obtained from Ultimate 
Nutrition (Fleetwood, UK) with 99% of undenatured proteins 
meanwhile Maltodextrin DE10 was obtained from San Soon 
Seng Food Industries (Malaysia). The leaves were collected in 
Gambang, Pahang, Malaysia from a white flowered O. 
stamineus similar to one that has been deposited at the Forest 
Research Institute, Malaysia (voucher no. ZAS1113). Freshly 
collected leaves were washed with deionised water and dried at 
37 °C for 3 days before crushed to powder. Prior to use the 
powder was kept in an air-tight plastic bag in a desiccator at 
room temperature to prevent moisture absorption.  

B. Extraction of Phenolic Compounds 

The powdered plant material was weighed (1 wt. %) and 
mixed with solvent in a 250 ml sealed Erlenmeyer flask. UAE 
was carried out in an ultrasonic bath (CREST P1800D, US) at 
45 kHz for 90 minutes and temperature was set at 40 °C. A 
similar plant material to solvent ratio (1 wt. %) was placed in a 
50 ml PTFE Teflon vessel (Figure 3.2) for MAE using a 
domestic microwave oven (Samsung, MW71E, Korea). Effect 
of solvent study was performed at microwave power of 200 W 
for 2 minutes. The supernatant was then separated from the 
plant residue by vacuum filtration through 0.45 µm nylon 
membrane. 

C. Microencapsulation by Spray Drying 

The extracts were encapsulated by three types of wall 
material which are whey protein isolate gum Arabic and 
maltodextrin DE10. The encapsulant concentration of 10 wt.% 
was set for all samples where the optimum polyphenols 
retention can be achieved [13]. O. stamineus extract (0.7 wt.% 
solid content) was mixed with WPI, gum arabic or 
maltodextrin. The solution was mixed with magnetic stirring at 
40 °C for 30 minutes to obtain a homogeneous solution. The 
resultant solution was spray dried using a lab scale spray dryer 
(Lab Plant SD06A, UK) fitted with 0.5 mm atomizer and air 
velocity of about 4.1 m/s was set constant throughout the 
experiment. The inlet air temperature was set at 180 °C and 
maintained at ±1°C by the proportional–integral–derivative 
controller. The feed was metered into the dryer by means of a 
peristaltic pump at 407.1 ml/hr. Similar setups were employed 
in all experiments to ensure a fair comparison. Dried powder 
samples were collected from a Schott bottle attached at the 
bottom of the cyclone separator. 

D. Analysis of Polyphenols Content 

The total solid content from O. stamineus extract was 
determined by evaporating the liquid from 5 ml solution 
completely in an oven. Moisture content for all dried powder 
samples is determined using a moisture analyser, and the water 
content is subtracted during preparation of solution for UPLC 
analysis of polyphenol after spray drying. The same dry weight 
of solid (bioactive compounds) is set for the initial solution 
(extract) and after drying the solution to ensure a fair 
comparison of polyphenol retention [12]. The predetermined 
amount of dried powder was dissolved in 60% aqueous 
methanol with the aid of vortex mixer to ensure dissolution of 
less polar compounds. The stock solution of rosmarinic acid 
(10 mg/ml) was prepared in methanol, whereas eupatorin (10 
mg/ml) and sinensetin (5 mg/ml) were dissolved in DMSO. 
The three analytical standards were further diluted to 0.08 
µg/ml to develop an eight points calibration curve. Qualitative 
and quantitative determinations of O. stamineus extracts major 
constituents (rosmarinic acid, sinensetin and eupatorin) were 
performed on a Waters Acquity UPLC H-Class (Milford, MA) 
fitted with Acquity UPLC HSS T3 column (2.1 x 75 mm, 1.8 
µm) and a Acquity UPLC HSS T3 VanGuard column guard 
(2.1 x 5 mm, 1.8 µm). The UPLC system is equipped with 
photodiode array detector and connected to a computer running 
Waters Empower 2 software. The mobile phase consists of 
solvent A:water:TFA (20:0.001; v/v) and solvent B: ACN:TFA 
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(20:0.001; v/v) and the following gradient elution: 0–2.0 min, 
26% B; 2.0–3.9 min, 26–50% B; 3.9-6.9min, 50–95% B and 
finally washing the column with 95% B for 0.6 min and 
reconditioning the column with 26% B isocratic for 1.4 min. 
The temperature was maintained at room temperature (24 °C), 
with the injection volume of 2 µl and flow rate at 0.17 ml/min. 
The sample was filtered with 0.2 µm PES membrane filter 
before injected to the UPLC system. The peaks for rosmarinic 
acid (3.10-3.30 min), sinensetin (5.50-5.60 min) and eupatorin 
(5.65-5.75 min) were detected at 340 nm. 

E. Particle Surface Morphology 

The morphologies of the spray-dried particles were 
evaluated with field emission scanning electron microscope 
(JEOL JSM-7800F, Japan). The dried powder was mounted on 
specimen stubs with double-sided adhesive carbon tapes. The 
specimen was coated with platinum and was examined at 1 to 3 
kV with a magnification ranging from 500x to 20000x. 

F. Particle Moisture Content 

The moisture content of the spray dried powder was 
determined using a moisture analyzer (AND MS-70, Japan). 
Initially, about 1g of powder sample was placed on the heating 
pan of the moisture analyser. The moisture content evaporates 
as a result of continuous heating, and the experiment stopped 
automatically once the mass of the sample become constant. 

G. Statistical Analysis 

Each experiment was repeated in triplicates. Analysis of 
variance (ANOVA) was performed by using the data analysis 
tools in Microsoft Excel 2010, and a least significant difference 
(LSD) test was used to compare the means with a confidence 
interval of 95%. 

 
Fig. 1. UPLC chromatogram for  O. stamineus extract by MeOH, IPA, water, 

70% MeOH, 70% EtOH and 70% IPA. 

III. RESULTS AND DISCUSSION 

A. UPLC Quantification of Polyphenols 

The phenolic compounds were identified by means of the 
retention time and UV spectra of the standard (rosmarinic acid, 
sinensetin and eupatorin). The UV spectra and retention time 
for all three target components were found to be good matched 
with each standard compound obtained from Sigma-Aldrich. 

Active components were quantified by comparing peak areas 
with the results of a calibration series of the standard. The 
calibration curves of all target compounds showed good 
linearity (R

2 
> 0.997) for the whole range of concentration 

studied (0.08 – 250 µg/l). Limit of detection was determined by 
setting the signal to noise ratio of 3:1. The UPLC method 
developed for the first time by Pang et al. [12] is capable of a 
fast and accurate qualitative and quantitative analysis of 
polyphenols from O. stamineus extract. The analysis time is 
less than 7 minutes as shown in Fig. 1, which is about three 
times faster than those of the other reported method [17]. The 
UPLC detection is not affected by the different solvent type 
and encapsulant used in this work. Thus, similar method for 
determination of polyphenol content was employed throughout 
this work. 

B. Influence of Solvent Type and Extraction Method to 

Polyphenols Extraction 

Influence of solvent type on polyphenols extraction was 
examined by employing solvent of various polarities (MeOH, 
IPA, H2O, 50% MeOH, 50% IPA, 70% MeOH, 70% IPA and 
70% EtOH) for both MAE and UAE methods. The extraction 
time for MAE and UAE were set at 2 and 90 minutes, 
respectively, following the preliminary study which indicates 
their optimum extraction time. Prolonging UAE extraction 
beyond 90 minutes decreased the yield due to thermal 
degradation. The solubility of the bioactive component in 
different solvent is affected by its structural characteristic. The 
highly methoxylated compound such as sinensetin and 
eupatorin, which are lipophilic were more stable in low polar 
solvent such as isopropanol. Similar findings are also reported 
by Akowuah et al. [4] who found that amount of sinensetin and 
eupatorin is higher in low polar solvent, i.e. chloroform extract. 
However, a highly hydroxylated compound such as rosmarinic 
acid is hydrophilic, thus more soluble in methanol than in 
isopropanol. For the same reason, rosmarinic acid can be found 
in water extract, but not sinensetin and eupatorin. The results 
suggest that aqueous alcoholic solvent has a higher (> 30%) 
extracting capacity of flavonoid and phenolic content 
compared to pure solvent which is consistent with findings 
from other researchers [18]. Wach et al. [18] for instance, 
found that aqueous methanol ranged from 40 to 80% is 
preferable for rutin and quercetin extraction from H. 
perforatum. It is thought that aqueous solvent provides a wider 
range of polarity in contrast to the pure solvent, and hence 
enhances simultaneous extraction of both methoxylated and 
hydroxylated compounds. This phenomenon can be seen 
clearly in the case of aqueous isopropanol, which increased 
extraction of rosmarinic acid (hydroxylated compound) over 
ten folds from 2.93 to 34.78 mg/g DW without adversely 
affecting the extraction of the methoxylated flavonoid 
(sinensetin and eupatorin). 

Water is capable of extracting phenolic and flavonoid 
content using UAE method. Presence of sinensetin, eupatorin 
and rosmarinic acid cannot be observed from the UPLC 
chromatogram in Fig. 1 for the extract of the same dilution 
because their concentration is below the detection limit of the 
UPLC. However, as mentioned earlier in section 2.5 the water 
extract is freeze-dried prior to UPLC analysis, which enable 
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detection of the targeted phenolic compounds. UPLC analysis 
shows a tiny presence of sinensetin (26.75 µg Sin/g DW), 
eupatorin (0.07 mg Eup/g DW) and rosmarinic acid (8.41 mg 
RA/g DW) from water extract. This is in agreement with the 
previous study by Akowuah et al. [4] who found very little 
phenolic compounds from water extract and in some case 
undetectable.  

The UPLC analysis of MAE extracts shows a significant 
amount of rosmarinic acid (13.47 mg RA/g DW), which is 
expected due to its solubility in aqueous solution. Tiny 
presence of sinensetin (76.85 µg Sin/g DW) and eupatorin 
(0.06 mg Eup/g DW) are also detected. Amount of RA and Sin 
obtained from MAE is much higher (about 2x) to that of UAE. 
This is due to microwave heating, which interacts selectively 
with the free solvent molecules present in the homogenized 
solution; this leads to localized heating, and the temperature 
increases rapidly. Thus, such systems undergo a dramatic 
expansion, with subsequent rupture of cell walls, allowing the 
polyphenol to flow outwards from the finely crushed leaves 
[19]. Although UAE may enhance inner mass transfer by 
breaking the cell membrane wall, they are lacking the rapid 
localized heating, which could alter the polyphenol solubility in 
the bulk region. Extraction of polyphenol using a pure solvent 
(MeOH or IPA) favours UAE with over 20% higher yield for 
rosmarinic acid, eupatorin and sinensetin compared to MAE. 
Extraction using aqueous solvent shows no significant 
differences between UAE and MAE methods, although it can 
be seen that eupatorin extraction in UAE favours aqueous 
isopropanol, while for MAE aqueous methanol is better. 
Maceration which was performed only for the 70% aqueous 
isopropanol showed as good polyphenol extraction as the UAE, 
and somewhat better than the MAE. Nevertheless, the MAE 
method has the advantage of being the fastest at 2 minutes 
compared to 90 minutes for UAE and 4 hours for maceration 
technique. Conventional solvent extraction without microwave 
assistance is a time-consuming process based on heat to 
increase the mass transfer rate in the extraction system. In 
contrast, microwave-assisted extraction is a fast extraction 
process where microwave energy is delivered efficiently to 
materials through molecular interaction with the 
electromagnetic field and offers a rapid transfer of energy to 
the extraction solvent and raw plant materials [20, 21]. 
Furthermore, the direct interaction of microwave with solvent 
also results in the rupture of the plant cells, triggering a quicker 
release of intracellular products into the solvent [22]. 

Solvent with high dielectric constants (e.g. high polarity 
solvent like water) can absorb more microwave energy, which 
makes water molecule rotates as they try to align themselves 
with the alternating electric field of the microwaves, and 
resulting in rapid heating. This is also one of the reasons why 
extraction efficiency of MAE differs to those of UAE. As 
shown in Fig. 2, water under microwave irradiation is capable 
of extracting rosmarinic acid (13.57 mg RA/DW) but not 
during ultrasonic extraction. At the same time total flavonoid 
content from MAE (73.28 mg QE/DW) is almost double of that 
obtained using UAE (40.66 mg QE/DW). It is also interesting 
to note that only a mere 5.16% increase in rosmarinic acid 
extraction yield for UAE when 50% aqueous methanol is used 
as opposed to pure methanol. Meanwhile, a noteworthy 

54.34% increase in rosmarinic acid extraction yield for MAE 
using a similar solvent. Although water can extract rosmarinic 
acid, it cannot extract sinensetin and eupatorin from the plant 
matrix. Therefore solvent in which the target analyte is soluble 
must be considered. Hence, aqueous solvent is still preferable 
in microwave extraction in order to obtain higher yield of the 
targeted analyte. Finding from this work suggests that solvent 
with lower amount of water added such as 70% MeOH, 70% 
EtOH and 70% IPA are the preferred solvent to achieve 
simultaneous extraction of hydrophilic component (rosmarinic 
acid) and lipophilic component (sinensetin, eupatorin). O. 
stamineus extracts using MAE with 70% EtOH was used for 
the microencapsulation study because MAE can perform fast 
extraction and ethanol GRAS statue (Generally Recognized as 
Safe). 

 

 

 
Fig. 2. Effect of solvent and extraction method on polyphenols extraction 

from O. stamineus 

C. Microencapsulation of Phenolic Compounds from O. 

stamineus 

The polyphenols retention of WPI, gum arabic and 
maltodextrin encapsulated powder were compared to the initial 
solution to assess the level of polyphenols preservation. The 
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initial solution (denoted as ‘extract’ in Fig. 3) and the dried 
powder were examined for their rosmarinic acid, sinensetin and 
eupatorin content using UPLC. All microencapsulant tested in 
this work showed a good retention (ranging from 66.67% to 
85.60%) of the targeted components in Orthospihon stamineus 
extract (Fig. 3). According the finding from Pang et al. [12], 
spray dried powder without microencapsulation showed severe 
degradation of polyphenol content i.e., rosmarinic acid 
(54.24%) and eupatorin (39.81%). The retentions of individual 
polyphenol without microencapsulation are 45.76%, 78.31% 
and 60.19% for romarinic acid, sinensetin and eupatorin, 
respectively. Both the rosmarinic acid and eupatorin showed 
higher degradation than sinensetin due to presence of hydroxyl 
groups in their molecular structure. Flavonoid with more 
hydroxyl groups is known to be more susceptible to thermal 
degradation [23]. However, these degradation issues can be 
reduced by microencapsulation. Results from this work shows 
that microencapsulation using 10 wt.% of gum Arabic provides 
the highest polyphenol retention of rosmarinic acid (84.25%), 
sinensetin (83.96%) and eupatorin (85.61%). Similar finding 
was obtained by Krishnan et al. [16] found that gum Arabic 
offered greater protection to the oleoresin than maltodextrin 
and modified starch. The efficient entrapment of the 
constituents and volatiles in gum arabic is due to good film 
forming capability and their plasticity rather than a glassy 
property. Plasticity is known to prevent cracking of the 
protective matrix [24, 25]. However, Tonon et al. [26] found 
there is not a significant difference between açai juice powders 
produced with maltodextrins and gum Arabic respect to both 
anthocyanin content and antioxidant activity. From this study 
suggests that microencapsulation using gum Arabic provides 
slightly better (0.8- 5.51%) preservation of polyphenol during 
spray drying compared to maltodextrin. WPI encapsulated 
powders have lower retention compare to gum arabic and 
maltodextrin encapsulated powder this might be due to the 
protein denaturation during spray drying, entrapped 
polyphenols may not be as accessible as those encapsulated by 
undenatured soluble protein [27]. 
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Fig. 3. Retention of rosmarinic acid, sinensetin and eupatorin using a 

different encapsulation agent. 

D. Moisture Content 

The maltodextrin encapsulated powder (5.57%) has a lower 
moisture content compared to WPI (6.66%) and gum arabic 
(7.16%) encapsulated powder. Higher values were obtained for 
microcapsules produced with gum arabic, due to its more 
hydrophilic characteristics. Similar finding was made by 

Frascareli et al. [28] who reported that microcapsules of coffee 
oil produce by gum arabic have higher moisture content than 
WPI microcapsules. Nevertheless, the moisture content for all 
three encapsulating agents tested in this work is below 10%, 
which is a desired moisture for spray dried powder.  

E. Particle Morphology 

Spray dried powder of O. stamineus polyphenols 

encapsulated by WPI, gum arabic and maltodextrin were 

observed to have a granular structure using FESEM as shown 

in Fig. 4. The microcapsules encapsulated by gum arabic has a 

shallow wrinkle than the particle encapsulated by WPI. The 

dried powder obtained without encapsulant contains broken 

particles, and the surface morphology comparable to the one 

encapsulated by maltodextrin, which contains many rough 

wrinkle. The broken particle is not desirable because it 

exposes the entrapped polyphenol with the hot drying 

condition. Formation of dented surfaces of spray-dried 

particles is attributed to the shrinkage of the particles during 

the drying process [29]. The dried powder encapsulated with  

maltodextrin and the one without encapsulation has a much 

rougher surface that those encapsulated by WPI and gum 

arabic. The increase in surface roughness may decrease the 

amount of contact adhesion between two particles and 

between a particle and surface of the spray dryer, but at the 

same time may adversely affect particle flowability. WPI 

based powder has a deeper wrinkle than other particle, but the 

surface is rather smoother than that of maltodextrin.Overall, 

the gum arabic based powder has a smoother surface with 

almost spherical appearance. Theoretically, spherical particle 

has a better flowability than the particle with wrinkle surface.  

 
Fig. 4. The surface morphology of microcapsule obtained using a different 

encapsulation agent. A) Gum arabic, B) Maltodextrin, C) WPI, D) without 
encapsulation. 

IV. CONCLUSIONS 

The results suggest that the polyphenol extraction from O. 
stamineus leaves is affected by the solvent type. The highest 
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yield of rosmarinic acid (38.70 mg RA/g DW) was obtained 
using 70% aqueous methanol. The highest yield of sinensetin 
(261.21 µg Sin/g DW) and eupatorin (2.71 mg Eup/g DW) was 
obtained using isopropanol. Aqueous solvent such as 70% 
methanol and 70% ethanol provide a wider range of polarity 
than the pure solvent, and hence enhances simultaneous 
extraction of both methoxylated and hydroxylated compounds. 
It was found that MAE is capable to perform an efficient and 
very fast extraction of polyphenols within 2 minutes, compared 
to the UAE which needs 90 minutes. Microencapsulation of 
polyphenols from O. stamineus using WPI, maltodextrin and 
gum arabic has successfully reduced polyphenol degradation 
during spray drying. The highest polyphenol retention of 
rosmarinic acid (84.25%), sinensetin (83.96%) and eupatorin 
(85.61%) was achieved by microencapsulation using gum 
arabic. The gum arabic derived microcapsule has a smooth 
spherical surface which enhance particle flowability. 
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The main objective of this study is to evaluate the behaviour of 

asphalt mixtures with recycled Polyethylene Terephthalate (PET) 

and High Density Polyethylene (HDPE) as fine aggregate 

replacement. The modified asphalts were determined by 

engineering properties of asphalt such as stiffness, permanent 

deformation and fatigue behaviour using Asphalt Testing System. 

The percentage of recycled PET and HDPE replace fine 

aggregate in asphalt mixture start up 25% percent. The recycled 

plastic subsitute aggregate of sieve size aggregate from 1.18 to 

3.36mm content as follow with hot mix asphalt wearing course 14 

(ACW14) in Standard Specification of Public Work Department 

of Malaysia. The bitumen content of asphalt mixture was 5.5% of 

weight of asphalt mixture. The Repeated Load Axial Test 

(RLAT), Indirect Tensile Stiffness Modulus Test (ITSM) and 

Indirect Tensile Fatigue Test (ITFT) were used to determine the 

permanent deformation, stiffness and fatigue properties of 

asphalt, respectively. In stiffness aspect, the result shows that all 

PET modified asphalt is less stiff than unmodified asphalt. All 

HDPE modified asphalts are stiffer rather than unmodified 

asphalt except 25% HDPE modified asphalt. In term of 

permanent deformation via RLAT, all modified asphalt slightly 

resists axial strain compare to unmodified asphalt. In ITFT view, 

the unmodified asphalt is more resistant to fatigue rather than 

HDPE modified asphalt except 10% of HDPE modified asphalt. 

The 5% and 15% PET modified asphalt are more resistant to 

fatigue compare to unmodified asphalt. In conclusion, the 10% 

HDPE modified asphalt could consider comply with all 

engineering properties requirement.  

 

Keywords- recycle High Density Polyethylene; recycled 

Polyethylene Terephthalat; fatigue; permanent deformation; 

stiffness 

I. INTRODUCTION 

 Nowadays, plastics are used as substitute for other 

materials to improve the performance of product and/or reduce 

cost of manufacture. For instance, the plastic bottles are used 

widely by water manufacturers to place their drink product in 

supermarket. This material is very cheap and at same time it is 

strong enough to accommodate water load. However the 

problem of plastic bottles raise after the costumers does not 

know to use plastic bottles after they drink. As the easiest and 

quickest solution, the consumers will most likely throw it 

away.  

 Plastic consumption in Malaysia has grown in recent 

years. This situation, increasing plastic consumption as well as 

consumption of other waste materials has led to pressure on 

landfill sites to accommodate this waste. According to the 

Waste and Resources Action Programme (WRAP) survey, 

majority plastics collected for recycling from the household 

waste stream are plastic bottles. While there are many polymer 

types, the most of bottles are made from either Polyethylene 

Terephthalate (PET) or High-Density Polyethylene (HDPE) 

material and approximated the ratio is 55-60% PET to 40-45% 

HDPE [1]. The environment and traffic volume are the factor 

of pavement life service. The environment like high 

temperature and heavy rain could accelerate permanent 

deformation and damage subgrade structure due to water 

penetration into subgrade. 

 

 The experimental research on the application of waste 

plastic bottles PET as additive has been applied with stone 

mastic asphalt (SMA). The 80/100 penetration grade bitumen, 

crushed granite, Portland cement (as mineral filler) and the 

waste PET were used in their project. The percentage of the 

added PET in this research was from 0 to 10% by weight of 

bitumen. The result show that the stiffness modulus of PET 

modified asphalts was higher than unmodified asphalt as high 

as 16% by using 6% PET. The wheel tracking test results 

illustrate that the PET modified asphalt has much higher 

rutting or permanent deformation resistance compare to 

unmodified asphalt. The lowest rut depth occurred at 4% PET 

modified asphalt which reduced the rut depth by 29% 

compared to the unmodified asphalt. The appreciate amount of 

PET was evaluated to be from 4% to 6% by weight of 

optimum bitumen content.  [2]. 

 

 The investigation of the waste material containing 

powdered HDPE in the hot mix asphalt as a bitumen modifier 

was studied in Turkey. The 19mm continuously graded asphalt 

mixture was developed from HDPE modified bitumen and 

crush limestone. The weight of powdered HDPE was 

359

http://mucet2014.utem.edu.my/conference-venue-and-fee
mailto:nazmi@ump.edu.my


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 

 

calculated between 4 and 8% of the weight 50/70 penetration 

grade bitumen. They found this modified asphalt mixture was 

highly resistance to permanent deformation because it has 

Marshall Quotient values higher than conventional mixture 

[3]. 

 The stiffness, fatigue and permanent deformation are 

the main properties criteria of asphalt mixture. The main 

objective of this study is to evaluate the behaviour of asphalt 

mixtures with recycled Polyethylene Terephthalate (PET) and 

High Density Polyethylene (HDPE) as fine aggregate 

replacement. 

 

II. EXPERIMENTAL PROGRAM 

 

 This study used 80/100 penetration bitumen grade as 

this grade is the most familiar used in road pavement in 

Malaysia. The percentage of recycled PET and HDPE replace 

fine aggregate in asphalt mixture start up 25% percent. The 

recycled plastic subsitute aggregate of sieve size aggregate 

from 1.18 to 3.36mm content as follow with hot mix asphalt 

wearing course 14 (ACW14) in Standard Specification of 

Public Work Department of Malaysia. The bitumen content of 

asphalt mixture was 5.5% of weight of asphalt mixture.  

 

 The modified asphalt mixture consists of recycled 

plastic, bitumen, aggregate and mineral filler. All these 

ingredients were mix and compacted at temperature 140˚C and 

90˚C, respectively. The modified asphalt mixture was 

compacted 75 blows each surface because the application of 

this sample would be complies with high volume traffic. The 

palletised recycled PET and HDPE was obtained from supplier 

with diameter around 2cm, density between 930 kgm
-3

 and 

1500 kgm
-3

 as well as melting point from 186˚C to 248˚C. 

However, the stability of both materials is stable although 

heating above temperature at 300˚C. This property is very 

important because the temperature compaction and mixing of 

asphalt between 90˚C and 150˚C is to avoid those materials 

become liquid.  

 

 The Repeated Load Axial Test (RLAT), Indirect 

Tensile Stiffness Modulus Test (ITSM) and Indirect Tensile 

Fatigue Test (ITFT) were used to determine the permanent 

deformation, stiffness and fatigue properties of asphalt, 

respectively [4]. The temperature of 25˚C was selected to 

conduct ITSM and ITFT because this temperature is 

suitable,common and relevant temperature in Malaysia. The 

temperature to implement RLAT was 30˚C due to permenant 

deformation or rutting occur in this temperature and the 

experiment will stop at 1800 cycles. 

 

III. RESULT AND DISCUSSION 

 

 The PET and HDPE modified asphalts were 

developed by using the ACW14 aggregate recipe and 5.5% 

bitumen content. This modified asphalt replaced the aggregate 

size range from 1.18mm to 3.35mm with PET and HDPE 

recycled pallet. The replacement starts between 5% and 25% 

of the aggregate size. 

Figure 1 indicates the comparison between stiffness 

modulus of unmodified and recycled plastic modified asphalt 

with 5.5% bitumen content as optimum bitumen content. The 

0% modified asphalt on the left side in the bar graph is the 

unmodified asphalt around 3227MPa. This graph also reveals 

the trend PET modified asphalt very clear that stiffness 

modulus decrease continuously. However this pattern is same 

with recycled LDPE modified asphalt mixture and has been 

done by researcher in United Kingdom [5]. 

 

 

Figure 1: Stiffness Modulus of Control and Modified Asphalt  

 

 On the other hand, the 5%, 10%, 15% and 20% 

HDPE modified asphalt were greater stiffness modulus value 

than unmodified asphalt namely 3609MPa, 3715MPa, 

4076MPa and 3356MPa respectively. After 20% HDPE 

modified asphalt, any additional of recycled HDPE pallet 

would not help the stiffness of asphalt. In general, the stiffness 

of HDPE modified was greater than PET modified asphalt. 

Therefore the additional of recycled HDPE pallet in asphalt 

could enhance stiffness of asphalt properties. 

 

The effect axial strain of recycled HDPE and PET 

pallet as aggregate replacement in asphalt mixture using 

RLAT at 1800 load application cycles is shown in Figure 2. 

This figure also indicates that the straight line graph of HDPE 

modified the axial strain decrease slowly as additional of 

quantity of recycled HDPE plastic as aggregate on asphalt 

mixture. Meanwhile, the line graph of PET modified asphalt 

also show that the axial strain steadily decline except at 20% 

PET modified asphalt as the axial strain drop sharply and 

followed by rise axial strain again at 25% PET modified 

asphalt around 0.6%. 

 

All both HDPE and PET modified asphalt resist axial 

strain deformation at 1800 cycle. Both 10% HDPE and PET 

modified shows same reading of axial strain around 0.78%. 

The 15% and 25% HDPE modified asphalt less axial strain 
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relative to PET modified asphalt. In contrast, 5% and 20% 

PET modified asphalt are more resistant to axial strain 

compare to HDPE modified asphalt. The different axial strain 

for both modified asphalt is not too much different except at 

25% aggregate replacement. Thus both recycled HDPE and 

PET plastic could help resist permanent deformation and 

would be suitable as pavement in urban area. 

 

 

Figure 2: Axial Strain of Modified Asphalt at 1800 Cycles 

 

The fatigue life of HDPE and PET modified asphalt 

are shown in Figure 3 and Figure 4, respectively. The graph 

result is plotted as initial strain against number of cycle to 

failure (Nf) on a log-log graph [6].  

 

 

Figure 3: Fatigue Life of HDPE Modified Asphalt  

 

For instance, in unmodified asphalt case, the equation 

of the fatigue life trend line is y=3766x
-0.359

 and R
2
 is 0.869. 

The slope of the fatigue trend line is -0.359.  The negative 

value indicates that the έini decrease as Nf increase. The greater 

slope or steeper fatigue trend line reveals that the sample of 

asphalt performance is more sensitive to the strain [7]. 

 

Figure 4: Fatigue Life of PET Modified Asphalt 

 

The comparison of fatigue life trend line between 

unmodified and modified asphalt are also shown in Table 1. 

This Table also indicates that the prediction of strain of 

unmodified and modified asphalt for 1000 cycle. As far the 

data of fatigue is concerned, the strain of unmodified asphalt 

at 1000 cycle is 335.645 microstrain. The 10% HDPE, 5% 

PET and 15% PET indicate more resistant to fatigue than 

unmodified asphalt at 1000 cycle. For example, the 15% PET 

modified asphalt is the most resistance of fatigue with 288.183 

microstrain at 1000.  
 

TABLE 1: FATIGUE LIFE OF MODIFIED ASPHALT 
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Unmodified έini= 3766.(Nf)
-0.35

 335.645 

5% HDPE έini   = 2195.(Nf)
-0.25

 390.332 

10% HDPE έini= 2501.(Nf)
-0.32

 274.229 

15% HDPE έini   = 1455.(Nf)
-0.19

 391.618 

20% HDPE έini  = 1712.(Nf)
-0.21

 401.332 

25% HDPE έini = 6194.(Nf)
-0.4

 390.815 

5% PET έini  = 2545.8(Nf)
-0.327

 265.965 

10% PET έini   = 970.53(Nf)
-0.135

 381.952 

15% PET έini   = 1797.5(Nf)
-0.265

 288.183 

20% PET έini   = 2412.6(Nf)
-0.261

 397.636 

25% PET έini   = 1284.1(Nf)
-0.197

 339.305 
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IV. CONCLUSION 

  

 In stiffness aspect, the result shows that all PET 

modified asphalt is less stiff than unmodified asphalt. All 

HDPE modified asphalts are stiffer rather than unmodified 

asphalt except 25% HDPE modified asphalt. In term of 

permanent deformation via RLAT and statistic analysis, all 

modified asphalt slightly resists axial strain compare to 

unmodified asphalt. In ITFT view, the unmodified asphalt is 

more resistant to fatigue rather than HDPE modified asphalt 

except 10% of HDPE modified asphalt. The behaviour of 

stiffness and permanent deformation HDPE modified asphalt 

also has been done in Malaysia [8]. The 5% and 15% PET 

modified asphalt are more resistant to fatigue compare to 

unmodified asphalt [8]. In conclusion, the 10% HDPE 

modified asphalt could consider comply with all engineering 

properties requirement and suitable used for road pavement. 
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Abstract— Clustering analysis has been considered as a useful 

means for identifying patterns in dataset. The aim for this paper 

is to propose a comparison study between two well-known 

clustering algorithms namely fuzzy c-means (FCM) and k-means. 

First we present an overview of both methods with emphasis on 

the implementation of the algorithm. Then, we apply six datasets 

to measure the quality of clustering result based on the similarity 

measure used in the algorithm and its representation of 

clustering result. Next, we also optimize the fuzzification 

variable, m in FCM algorithm in order to improve the clustering 

performance. Finally we compare the performance of the 

experimental result for both methods. 

Keywords—clustering; fuzzy c-means; k-means; inter-class 

cluster  

I.  INTRODUCTION  

Clustering analysis has been considered as useful means for 
identifying patterns of dataset [8]. Clustering is a technique for 
finding similarity groups in data, called clusters. The clustering 
algorithm will groups data into clusters based on the similarity 
among data. The goal of this process is to group the similar 
data in one group and the rest of data in other groups. Soft 
clustering is about assign a degree to which object in cluster 
and they are viewed as probability or score. Hard clustering is a 
partitioning the objects where the each objech in exactly one 
partition.  

The fuzzy c-means clustering approach by Bezdek [1] are 
commonly  used for fuzzy clustering. FCM allow each point to 
have degree with every cluster center. So that, each data points 
are given with a value between 0 and 1 membership to 
determine the degree of belonging to each group. The 
performance of FCM clustering depends on the selection of the 
initial cluster center and the initial membership value. The 
method are perform in iterative process. FCM using Sugeno 
training routine to make improvements in system modelling 
error [11]. 

K-means clustering algorithm is a hard clustering algorithm 
that can solve the well-known or well-separated clustering 
problem [2] [4].  K-means is about to find a k centroid for each 
cluster. The centroid should be place as much as possible from 
other centroid. These method is a simple clustering to classify 

the data to the nearest centroid [13]. It will keep updating until 
no longer data point can move. Determine the number of 
clusters in a data set, the quantity often labeled k, k-means 
algorithm, is a frequent problem in clustering data, and is an 
issue that is different from the process of solving problems of 
this group [10].  

There are two similarity measure used for clustering 
performance, called intra-cluster and inter-cluster similarity. A 
good clustering method will produce clusters with a high intra-
class similarity and low inter-class similarity [3]. The criterion 
of cluster validity is based on external and internal validity that 
represent best cluster for particular dataset. The most important 
of cluster validity is to test whether the data point are randomly 
being structured or otherwise. Beside the internal and external 
criteria the cluster validity also include the validity indices 
[5][6][7].  

In FCM, many researchers use 2 as default for m, fuzziness 
coefficient or exponent for matrix U in FCM clustering. Alata 
et al. shows that value 2 is not optimal for all kind of research 
in many areas of clustering analysis. It must be depending on 
the dataset and the problems. Based FCM clustering algorithm, 
it needs the optimal number of clusters by optimize the 
parameters of the clustering algorithm by iteration search 
approach and then to find m, fuzziness coefficient, for the FCM 
algorithm. In order to get an optimal number of clusters, the 
iterative search approach is used to find the optimal single 
output Sugeno type fuzzy inference system (FIS) model to 
optimizing the algorithm parameters that give minimum error 
using the real data and Sugeno fuzzy model [9][13].  

This paper aim to compare the clustering performance 
between hard clustering and soft clustering. Here the fuzzy 
clustering represent the soft clustering, whereas the k-means 
represent the hard clustering. In the rest of the paper we 
describe in detail the clustering techniques and the quality 
measure in Section II and give the experimental result in 
Section III. 

II.  TECHNIQUES AND QUALITY MEASURE 

In this section, we discuss two clustering methods for 

evaluation the clustering results, known as fuzzy c-means and 

k-means.  
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A. Fuzzy c-means 

 FCM is a clustering method which allows one piece of 
data to belong to two or more clusters. It is based on 
the minimization of the objective function can see in 
(1). 

 𝐽𝑚 = ∑ .𝑁
𝑖=1 ∑ 𝑢𝑖𝑗

𝑚‖𝑥𝑖 − 𝑐𝑗‖
2C

𝑗=1 , 1 ≤ 𝑚 < ∞          (1) 

                  

 m is the exponent for the partition matrix U and range 
is from 1 to 3. 𝑢𝑖𝑗 is a membership degree of 𝑥𝑖 in the 

cluster 𝑗, 𝑥𝑖 is the ith of measured data, 𝑐𝑗 is the centre 

of the cluster, and || || is any norm that measured the 
similarity between data in centre cluster. FCM are 
executed through an iterative optimization of the 
objective function algorithm shown above, and also 
update membership degree 𝑢𝑖𝑗 (2) and the point of 

cluster centres 𝑐𝑗 by this function in (3). 

𝑢𝑖𝑗 =
1

∑ (
‖𝑥𝑖 − 𝑐𝑗‖
‖𝑥𝑖 − 𝑐𝑘‖

)

2
𝑚−1

𝐶
𝑘=1

 

                             (2) 

𝑐𝑗 =
∑ 𝑢𝑖𝑗

𝑚𝑁
𝑖−1 . 𝑥𝑖

∑ 𝑢𝑖𝑗
𝑚𝑁

𝑖=1

 

               (3) 

 This iteration will stop when (4). 

Max
𝑖𝑗

{|𝑢𝑖𝑗
(𝑘+1)

− 𝑢𝑖𝑗
(𝑘)

|} < 𝜀, 

               (4) 

B. K-means 

 The main idea is to define k centroids, one for each cluster. 
The next step is to take each point owned by the data given set 
and cluster it to the nearest centroid. Then compute a new 
centroid k barycentre clusters resulting from the previous step. 
After we have these k new centroids, a new bind must be done 
between similar dataset points and the closest new centroid. A 
updating and iteration has been generated. As a result of this 
process that the k centroids change their location step by step 
until there is no longer move. In other words, centroids are the 
last one. Finally, this algorithm aims to minimize the objective 
function, in this case the squared error functions. The objective 
function can see in (5).  

 𝐽 = ∑ .𝑘
𝑗=1 ∑ ‖𝑥𝑖

𝑗 − 𝑐𝑗‖
2n

𝑖=1  

              (5) 

 Where ‖𝑥𝑖
(𝑗)

− 𝑐𝑗‖
2
is a chosen distance measure 

between a data point 𝑥𝑖
(𝑗)

and the cluster centre 𝑐𝑗, is an 

indicator of the distance of the n data points from their 
respective cluster centers. 

 

 The algorithm can best summarized by the following steps: 

 Place K points into the space represented by the 
objects that are being clustered. These points represent 
initial group centroids. 

 Assign each object to the group that has the closest 
centroid. 

 When all objects have been assigned, recalculate the 
positions of the K centroids. 

 Repeat Steps 2 and 3 until the centroids no longer 
move. This produces a separation of the objects into 
groups from which the metric to be minimized can be 
calculated. 

C. Inter-class cluster similarity 

The inter-class and intra-class cluster similarity is a crucial 
part in clustering. The validity of good clustering can be test 
based on this experiment. In figure 1 show the difference 
between inter-class and intra-class. The inter-class cluster show 
the distance between data point with cluster center, meanwhile 
intra-class cluster show the distance between the data point of 
one cluster with the other data point in other cluster.  

 

 

Figure 1. Example of inter-class and intra-class cluster 

similarity 

In this paper, we emphasis only for inter-cluster similarity. 
This experiment is about to compare between these two 
methods FCM and k-means clustering by the distance of inter-
class cluster similarity. The data are similar, and nearest to 
each other’s belongs to one cluster. The results are based on 
total summation distance by summation all the distance within 
one clusters of the dataset. The comparison uses the same 
number of cluster for both two methods FCM and k-means to 
execute a function on the dataset. For FCM, the summation are 
getting from maximum U in every cluster and after that, divide 
with the total vectors. For k-means are calculate based on total 
summation of distance and divide with the total of vectors.  
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D. Reconstruction error 

 This experiment are based on FCM algorithm, and the 
optimal m is based on the minimum error. The error are called 
as reconstruction error. At (7) is the formula to construct an 
error and a new �̂�. When getting the new 𝑥 based on (6) 
formula. Next get the error for every different m exponent. The 
m values change with different value range 1 to 3. Later, the 
experimental result for a reconstruction error is to find m 
optimal based on minimum error is executed in the next 
chapter using the ten generated synthetic dataset [12].  

 

𝑥 ̂ =
∑ (𝑢𝑖

~)𝑣𝑖
𝑐
𝑖=1

∑ (𝑢𝑖
~)𝑚𝑐

𝑖=1

 

                (6) 

 

            Error = 𝑥- �̂�                         (7) 

                    

III. RESULTS AND EXPERIMENTAL 

A. Synthetic Datasets 

In table 1, four real datasets were obtained from UCI 

Machine Learning Repository and two synthetic datasets are 

listed, and the total of vectors are show. These dataset contains 

a characteristic such as a borderline data, overlapping data and 

wellseparate data to execute with the experiments. 

Table 1: Six synthetic dataset in 2-d 

Name of  

dataset 

Total of  

vectors (data) S2 5000 

S3 5000 

Flame 240 

Pathbased 300 

Ds3 85 

Ds4 300 

 

B. Comparison of FCM and K-means 

First experiment starts with s2 dataset and for both methods 
that are FCM and k-means executed in Matlab. As can see in 
table 2 for s2 data, s2 is a scattered dataset and have some data 
are close to each other at certain point. S2 data have 5000 
vectors. The number of clusters chosen is 4. In figure 1(a) 
show a membership degree for each data point to the four 
center cluster. The highest membership degree is at the 4th row 
of the first column means the data point have a high 
membership with a second cluster. It was showed that for the 
first data in s2 dataset belonged to cluster number 4 clusters. It 
is the same way for the next 5000 vectors. Column is 
representing a data and a row with the highest degree is 
representing in which cluster they are. The membership 
degrees of FCM show the fuzzy value set. The equal 
summation of one column is 1. Here we can see that the data 
point are belong to all cluster based on the membership degree.  

For k-means, the visualization in figure 1(b) also use the 
same dataset, s2, the scattered data in dataset was plotted based 
on k-means with the number of clusters is 4. Additional, the 

index  of data show they are belonging to which cluster. The 
first row means the first data belongs to cluster 1. It is the same 
way for the next 5000 vectors. Comparison between these two 
clustering method is the membership degree of FCM and k-
means are based on fuzzy or crisp value table as can see in 
figure 1. The division of the membership function of k-means 
is only 0 and 1, crisp set. If the data belong to that cluster, the 
value is 1 or otherwise. 

0.110833 0.122358 0.13192 0.115561

0.326223 0.255689 0.224906 0.343065

0.093062 0.092521 0.09309 0.09822

0.469882 0.529432 0.550085 0.443154  

(a) 

1 1 3 1  
(b) 

Figure 1. (a) Membership degree of s2 dataset (b) Index of s2 
dataset for k-means  

Figure 2(a) are show the visualization of s2 dataset in four 
cluster for FCM. In this figure, the data point are clustered 
based on the highest membership degree. The s2 data are 
complex and FCM helps to solve the data point at borderline 
using membership degrees. Figure 2(b) show the visualization 
for k-means in four clusters. For a s2 dataset, k-means are not 
suitable because the s2 is a complex data and every data point 
are need a knowledge such a membership degree given by 
FCM. From the graph we can see both algorithm give similar 
clustering result.  

 

(a) 
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(b) 

Figure 2. Synthetic data S2 with k = 4 (a) FCM  (b) k-means  

  

 Figure 3 show the membership degree of experiment with 
flame dataset. This data contains 240 vectors. It was clustered 
to two clusters only. At figure 4 for dataset flame, the 
visualization shows the separation of two clusters also has a 
borderline case just at a certain point. At figure 3(a), the third 
column shows the more or less degree than the other one 
membership degree. The FCM helps to solve data at borderline 
case. Even though this dataset have a certain point of 
borderline cases, this data point is a scattered data that have a 
separation with each other. This data are also suitable used with 
k-means clustering algorithm because there is not a complex 
dataset and do not have many vectors. In figure 4, dataset 
showed the visualization for k-means and the index of which 
cluster can see in figure 3(b). It goes the same for other four 
dataset. The chosen number of cluster for those dataset - s3, 
pathbased, ds3 and ds4 is 6, 2, 2 and 2 respectively. The 
visualization of plotted graph is in table 2. 

 

0.7000058 0.6378923 0.5944086 0.6130863

0.2999942 0.3621077 0.4055914 0.3869137  

(a) 

 

2 2 1 1  

(b) 

Figure 3. (a) Membership degree of Flame dataset (b) Index of Flame 
dataset for k-means 

 

 

(a) 

 

(b) 

Figure 4. Flame data with k = 2 (a) FCM  (b) k-means  

 

The summarization can be conclude based on this six 
experimental with different synthetic 2-d dataset and using the 
two methods algorithm of FCM and k-means. The s2 and s3 
dataset have a 5000 vectors and this data show the complex 
data. By choose the number of clusters, the visualization 
pattern of dataset such as a borderline, outliers and overlapping 
cases can be seen. The knowledge of the membership function 
can show a very detail exactly which clusters that every data 
point belong to. By see the results of visualization for k-means 
and the index which cluster are the data point belongs to, just 
can see the simple of results and not details such a membership 
degree of FCM. As mention above in the literature review part, 
k-means are about to solve Apriori specification based on the 
centroid (cluster center).  

Based on the results of experimental of flame, pathbased, 
and ds4 dataset show that in one dataset that have a scattered 
data also can have such as separated data and borderline case of 
data. These problems showed that the knowledge of the 

Cluster 1 

Cluster 2 

Cluster 1 

Cluster 2 
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membership degree is very important to classify the different 
pattern of data in clustering. The membership degree will 
define more or fewer grades or much-separated grades of the 
data. The FCM helps to present the nature of clustered data.  

 Based on the results of experimental of ds3 dataset, shows 
that these dataset have a very well separate data can see by the 
visualization of the results. This kind of dataset is to prove that 
it is suitable to execute with k-means clustering algorithm. This 
kind of dataset is not necessarily needs to execute with FCM, 
otherwise the knowledge of the membership function are needs 
or to execute with other dimensional data, so the membership 
degree of FCM are important. 

Table 2: Comparison scattered data for FCM and k-means 

Data 

set 

FCM K-means 

S3 

 

 

 

Path- 

based 

 

 
 

 

 
 

DS3 

 

 

 

DS4 

 

 
 

 

C. Summation distance for inter-cluster for FCM and K-

means 

 The experiments are used the same four real datasets and 
two synthetic datasets, s2, s3, ds3, ds4, flame and pathbased. 
The experiment was executed used both methods. The results 
as can see in Table 3.  

In order to obtain the summation of inter-cluster center, 
functions in Matlab are executed to get the center of a cluster 
based on the number of clusters. After the process of updating 
and iteration until the place of center are no longer move (only 
for k-means), whereas for FCM the initial cluster center and 
membership are initialize. After that, the data point are 
clustered based on similarity of the data and to the nearest 
center cluster whereas. The function will sum all the distance 
of the data in one cluster. After that, the function will give a 
final score for the summation of distance for a particular 
dataset. Based on table 3, the results show that FCM for the 
summation distance are smaller than k-means summation 
distance for all dataset. The good score (low value of a 
summation of distance) show that in one cluster in one dataset 
have higher memberships between data point and the cluster 
center. 

Table 3: Summation distance for inter-cluster for  

FCM and k-means 

Dataset FCM K-means 

S2 2.3965 × 𝟏𝟎𝟓 2.3958 × 1010 

S3 2.0096 × 𝟏𝟎𝟓 1.1276 × 1010 

Flame 2.8783 13.0157 

Pathbased 10.8455 29.8597 

Ds3 6.8302 8.1886 

Ds4 3.6798 35.1584 

 

D. Finding m optimal based on reconstruction error 

The experiment continues by the function of reconstruction 
error to find optimal m, exponent by using different value m 
for FCM. The range of is m, about 1 to 3. m is the exponent 
for the partition matrix U in FCM. In FCM clustering 
application, many researchers used 2 as a typical m. The 
optimal m obtain based on the minimum reconstruction error 
after executed with different value m, with much time of the 
run. The graph was plotted to show the optimal m for every 
dataset. The dataset used for this experiment is the synthetic 2-
dimensional same as the previous experiment.  

The reconstruction error means construct a new x from the 
previous x based on the center and the membership degree of 
data points to the center cluster. After getting the new x, will 
be deducted with the previous x and get an error. The error is 
record for various number of m. The optimal m are getting 
from minimum errors after many runs in Matlab.  

The dataset s2 and s3 are a complex data. Based on the 
experiment for a reconstruction error, the optimal m exponent 
for these two dataset is 1.7. For a flame and pathbased dataset, 
these data have a pattern as can see in the visualization for the 
previous experiment. These two data are scattered data and be 
clustered to the number of clusters depends on the pattern of 
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the data. The optimal m for these two dataset is 1.5 and 1.6. 
For a well-separated data, such ds3 is 2.1. For a ds4 dataset 
that have points at borderline and the separated data get the 
optimal m for this experiment is 1.5. The optimal m can be 
view by the results on figure 4.  

 

  
(a) 

 

 
(b) 

 

 
(c)  

 

 
(d) 

 
(e) 

 

 
(f) 

 

Figure 4. m optimal by minimal reconstruction error 

 

IV. CONCLUSION 

As a conclusion, for  experimental to compare between 
both methods, the FCM is better than k-means that the 
membership degree of FCM can give knowledge and exactly 
information in fuzzy set, about the data either the data is 
complex or simple data. The understanding of row and column 
for membership function is also helping to know which data 
are belong to which cluster. The k-means is suitable to solve a 
simple and well-separated dataset which is can see by the 
visualization of plotted graph for k-means by the index give 
which cluster are the data belongs to. 

The experiment for inter-class cluster similarity are based 
on low-value summation of distance. Based on the results, 
FCM have a good score of the inter-class cluster similarity. 
The good score (low value of a summation of distance) show 
that in one cluster in one dataset have higher memberships 
between data point and the cluster center. 

The reconstruction error experiment can help to find the m 
optimal for every dataset and also to prove that the value m 
exponent is can be any number range 1 to 3 including the 
typical m, exponent = 2. This matter can prove that not all the 
research field of clustering suitable with default m. This 
experiment proves that to get these values of optimal m also 
depends to the dataset and the problems. 
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Abstract—Extractive reaction has interesting potential for 

biodiesel synthesis as the temperature window for the optimum 

process does not require reaching the distillation state, the high 

reaction temperature deteriorates the fuel property and the 

consumption of non-edible oils faces free fatty acids hurdle. This 

paper reports the characterization of flooding properties of the 

liquid-liquid system of palm oil and ethanol. Determination of the 

Sauter diameter of ethanol and oil droplet in the excess oil or 

ethanol, coalescence factor of excess volume in various ratios, and 

hydrodynamics in cylindrical viscometer were carried on. Sauter 

diameter of 2 mm was measured for both ethanol and oil droplets 

in oil and ethanol phases, respectively, with the speed of 7.29 x 10-

3 m s-1 and 7.3 x 10-1 m s-1, respectively. The Sauter diameter 

value suggests the use of minimum 5 mm of the aperture of 

theoretical plate. The test on ethanol-oil mixing revealed a 

maximum time elapsed for phase settlement at the ethanol:oil 

volumetric (EOV) ratio of 1:1 and linear response with 0.78 slope 

of liquid-holdup versus the EOV ratio. The phase settlement 

result indicates the highest risk of flooding at equal amount of 

volume of both phases. Viscosity test on the mixtures with 

various EOV ratios revealed pseudo-plastic behaviour attributed 

to the shear thinning and the hypothetical viscosity of pure oil 

shows 25% of the actual one. 

Keywords—flooding phenomena, Sauter diameter, liquid 

holdup, hydrodynamic properties and viscosity 

I.  INTRODUCTION  

Biodiesel productions are getting more attention so that the 
cost for such an alternative fuel can be reduced. The 
immiscibility of reactants in the biodiesel synthesis widens the 
readily problematic kinetics of reversible reaction [1]. Hence, 
the extraction part may play main role in biodiesel synthesis. 
The liquid-liquid extractive reactor technology for biodiesel 
synthesis is still new where the hydrodynamics of two 
immiscible liquid systems is necessary to be studied to 
elucidate possible limitations including the flooding. 

Flooding is considered to have occurred when one fluid 
phase flows into the discharge stream of the other. its 
limitations set a restriction for the maximum flow rate in 
equipment involved with multiphase. The point at which an 
extractor floods is a function of the internal design as this 
affects the holdup characteristics of the extractor, the solvent-

to-feed ratio and physical properties. Consequently, the liquid-
liquid dispersion behavior and the agitation power is affected. 
The latter is often expressed in terms of the volumetric flow 
rate per cross-sectional area and liquid velocity.  

Ideally extractors are designed to operate near flooding to 
maximize productivity. In practice, however many new column 
extractors are designed to operate at 40 to 60 percent of the 
predicted flood point because of uncertainties in design and 
materials, and allow for future capacity increases. This practice 
varies from one type of extractor to another and one designer to 
another [2]. In a static extraction column, counter current flow 
of the two liquid phases is maintained by virtue of the 
difference in their densities through the equipment. Only one of 
the liquids may be pumped through the equipment at any 
desired velocity of flow rate (dispersion phase); the maximum 
velocity of the other phase is the fixed by the flood point. If an 
attempt is made to exceed this hydraulic limit, the flooding will 
occur [3]. 

Usually, liquid-liquid flow systems are operated close to 
flooding point. In a reactive liquid flow system with two 
immiscible or partially immiscible liquids, the flooding would 
also be due to the appearance of emulsion media either in the 
dispersed phase or in the continuous phase. The phenomenon 
will definitely be a significant impact to the mass transfer 
limitation of the process. Despite the typical hurdle with the 
liquid-liquid flow systems the process also faces the 
uncertainty of mixture environment. The determination of 
significant factors using an appropriate factorial design would 
help optimize the operational condition of the column during 
reactions [2, 4]. 

This is a preliminary study before going into the actual rig. 
All experiments and testing were done under batch modes in 
the bench-scale rigs. Even so, the results can be used to discuss 
flow system in a conceptual manner by means of dimensionless 
number in hydrodynamics. Firstly, the oil is fresh palm oil and 
the ethanol is the one which 95% grade of quality (technical 
grade) as the economically available feedstock. This grade of 
purity easily gets and can produce a significant result. Then, 
the temperature of mixing is 45

o
C, optimum temperature for 

enzymatic reaction.  

Sponsored by the Ministry of Education, Malaysia through Fundamental 
Research Grant Scheme in 2012   
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II. MATERIALS AND EXPERIMENTAL METHODS 

This study consists of three sections of experiment: 
determination of Sauter diameter and the droplet velocity 
procedure, liquid layer settlement and hold up study and batch 
hydrodynamics study using cylindrical viscometer. All tests 
were repeated at least twice. 

A. Materials 

Technical grade ethanol (95% pure) was obtained from 
Merch. Fresh palm oil (100% pure) branded as Seri Murni was 
purchased from local shops.   

B. Sauter Diameter Study 

The movement of dispersed phase in continuous phase was 
usually simulated by dropping or injecting a liquid in the other 
liquid [5]. Ethanol or oil was put into a 500 ml measuring 
cylinder that was stuck with graph paper. By using lab dropper 
or J-needle syringe, oil or ethanol was dropped or injected, 
respectively. As the dispersed phase droplet was moving a 
camera and a stopwatch were used to capture the droplet 
images for its diameter estimation and to measure the time 
elapsed.  

C. Liquid Layer Settlement and Holdup Study 

Various volumetric ratios between ethanol and palm oil 
were mixed in a 100 ml beaker at 45

o
C (optimum temperature 

for enzymatic reaction) under vigorous stirring for 20 minutes 
and the time elapsed to form phase layers was recorded 
accordingly. The heating was done through a bigger beaker 
containing water, which was used to submerge the 100 ml 
beaker, by employing a hot plate magnetic stirrer.  Then, the 
height of the two layers was additionally measured for 
determination of the liquid holdup. The volumetric ratios of 
palm oil to ethanol include 2:1, 1:2, 3:1, 1:3, 5:1, 1:5, 7:1, and 
1:7. 

D. Hydrodynamic Study Using Cylinderical Viscometer 

  10 ratios of ethanol to oil, spanning from excess ethanol to 
excess oil, were tested in the Brookfield viscometer equipped 
with cylindrical spindles. The mixture was preliminarily mixed 
at 45

o
C while the viscometer was calibrated and its reading was 

zeroed. Viscosity, shear rate, torque and revolutionary speed 
were recorded once their readings were stable.  

III. RESULTS AND DISCUSSIONS 

A. Sauter Diameter and Droplet Velocity 

In this experiment few variables were set as the control 
variables such as surrounding temperature and volume of the 
excess phase which is 500mL. While the manipulated variables 
for this experiment is the medium used whether in excess oil or 
excess ethanol. The measured variables are Sauter diameter 
and velocity of the droplet. The Sauter diameter is 0.2cm based 
on the calculation. The velocity of the droplet calculated as the 
distance travelled by droplet divided by the time taken to reach 
the top of the cooking oil. The velocity would be 7.29x 10-
3m/s. 

The diameter of the oil droplet is approximately 0.2cm. 
Based on this, the Sauter diameter can be calculated. Sauter 
diameter for this experiment is 0.2cm because almost all 

droplets give the same diameter when the experiment 
conducted. The velocity of the droplet calculated as the 
distance travelled by droplet divided by the time taken to reach 
the top of the cooking oil. The velocity would be 0.73m/s. 
According to these results, the Sauter diameter of the droplet 
does not affect the flooding criteria but the velocity of the 
droplet plays important role in the flooding. If the velocity of 
the droplet is high, the tendency of escaping droplet into the 
discharge stream is very low. It is because the oil will fall very 
quickly from the top of the inlet column. Lower the velocity 
can cause a flooding in the column. So, the prevention can be 
made by increasing the ethanol ratio to oil. 

B. Liquid Layer Settlement and Holdup Study 

The control variables for this experiment are temperature at 
45

0
C and stirring time at least 20 minutes. So, these variables 

made as a constant because the standard enzymatic reaction 
take place at 45

0
C and the 20 minutes of stirring time make 

sure the ethanol and oil form an emulsion. The manipulated 
variable for this experiment is the ratio between ethanol and oil 
to study the time taken for the settling. Lastly, the feedback or 
measured variables is time taken for settling and the formation 
of liquid holdup after the settlement.  

Liquid-liquid hold-up as a result of various feeds were 
simulated in a series of batch mixing procedures using stirring 
speed, temperature and agitation time. The initial volume ratio 
would reflect to the difference of volumetric flow rate of 
liquid-liquid flow system, while the final fraction of liquid 
phase would represent the liquid hold up. In the test, the phase 
fraction after the settlement is complete was measured in terms 
of height of the liquid phase. 

From the graph in Fig. 1, the liquid hold up is increases 
along with increasing the volumetric ratios. The volume of 
ethanol slightly decreases after a mixing for 20 minutes at 
standard reaction temperature because partial miscible into oil 
phase. The partial solubility of ethanol into oil is 0.104. As a 
result an emulsion of ethanol and oil formed in the bottom of 
the beaker.  

 
 

Fig. 1. Liquid hold up versus volumetric ratios 

The time for settling plays an important part in flooding 
between two liquids. The time taken for 1:1 oil to ethanol to 
form settlement is 13.2 minutes while 1:7 ratio of oil to ethanol 
takes only 0.5 minutes. This indicates the settlement become 
faster if the ratio is very high. So, the flooding can occur in low 
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ratio (ex: 1:1 oil to ethanol) compare to high ratio based on the 
time taken for the settlement. Slightly increasing the flow of 
continuous phase can ensure the flooding does not happen. 
From the graph in Fig. 2, the ratio of continuous phase should 
be more than 0.104 to avoid flooding. 
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Fig. 2. Time taken for settling versus volumetric ratios 

C. Hydrodynamic Study Using Cylinderical Viscometer 

This experiment conducted in cylindrical viscometer where 
easily can measure the viscosity of the mixture, shear rate, and 
rotation per minutes (rpm) of the spindle. Torque of the spindle 
will be the constant variable in this study. The manipulated 
variable would be ratio between ethanol and oil where the 
conditions changes either excess in ethanol or vice-versa.  
Viscosity of the mixture, shear rate, shear stress and rotation 
per minute (rpm) are the measured variables in this experiment. 
Based on this result few calculations and graph plotting used to 
discuss the output of the result. The Reynolds number 
calculated to characterize the flow of this system.  

From the Fig. 3, the revolutionary speed increases with oil-
to-ethanol volumetric ratios. In contrast, the viscosity decreases 
with volumetric ratios. Although the blank test revealed that 
the viscosity of oil is approximately 64 times more than the 
viscosity of ethanol, the declination of the liquid mixture 
viscosity shown here might suggest that the rheology of each 
liquid appeared to collectively behave as the pseudo-plastic 
manner as can be seen in Figure 3.4. This difference might also 
be attributed to the presence of emulsion in both liquid phases. 
More rotation would be yielded per second when the viscosity 
is relatively low because the same shear stress was consistently 
employed. 

To the flooding point of view, low viscosity would make 
the flow of the liquid easier. For the ideal two-immiscible 
liquid system, the light liquid phase would be affected by the 
heavy liquid phase which normally operated as the dispersed 
phase. From this result, the oil interestingly affected inversely, 
where more oil reduced the viscosity. So the spindle can easily 
spin as the engine oil and piston concept applies here. 

 

Fig. 3. Revolution Speed and Viscosity versus Ethanol to Oil Volumetric 
Ratios 

The viscosity-shear rate graph in Fig. 4 also suggests that 
the viscosity of the oil is 0.12 Pa.s (25% higher than the 
empirical value from the blank test. The trend leads to the non-
Newtonian fluid. For more specific, the type of this non-
Newtonian is called as pseudo plastic where increasing shear 
rate will result in decreasing the viscosity. This type of 
behavior also called as shear thinning. 

 

Fig. 4. Viscosity versus Shear Rate 

Based on Error! Reference source not found., Reynolds 
number increases with shear rate. So, the Reynolds number is 
directly proportional to shear rate. This is a laminar flow where 
the Reynolds number is below than 2300.  

Based on the Figure 3.7, Reynolds number and shear rate 
exponentially increases with volumetric ratio. At low oil to 
ethanol volumetric ratio, the Reynolds number and shear rate is 
very high. The maximum Reynolds number and shear rate 
achieved at 1:6 ratio of excess oil. 

The variables that can influences in flooding for this 
experiment are the RPS and viscosity. When the agitation 
speed which is rotation per second increases the tendency of 
drop breaking is very high. If the number of drops is very high, 
the liquid-liquid hold-up will increase and cause the column 
becomes unstable. It can lead to the flooding in the column. 
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Fig. 5. Reynolds Numbers versus Shear Rate 

 

Fig. 6. Reynolds Number and Shear Rate versus Volumetric Ratios 

Other than that, the flooding may occur because of the 
viscosity of the mixture. This is full response of ratio between 
the ethanol to oil. If the mixture is more viscous the tendency 
of flooding occur is very high. It is because the dispersed phase 
drops might gradually increase in diameter until complete 
coalescence occurs. Coalescence can lead to the flooding by 
forming high value of liquid hold-up. 

IV. CONCLUSION 

The first objective has been successfully achieved where 
the Sauter diameter and its velocity of ethanol and oil 
determined. The Sauter diameter of oil is 0.002m while its 
velocity is 0.73m/s. Moreover, the Sauter diameter of ethanol is 
same as oil which is 0.002m while the velocity is 7.29x10-
3m/s. When related to flooding, the Sauter diameter does not 
affect the flooding criteria because the same size of droplet 

formed. Meanwhile, the velocity does play part in flooding in 
column because the velocity of the ethanol in excess oil is 
much low compared to oil droplet velocity in excess ethanol. 
So, we can conclude that the higher the velocity the more 
drastic is the settlement of phase prevents flooding in 
extraction column. 

Secondly, has succeeded the effect of various volumetric 
ratios of ethanol to oil on the time elapsed for liquid-liquid 
settlement. The settlement time become faster if the ratio is 
either in ethanol or oil. Based on this result, we conclude that 
the flooding occurs when longer time taken to form two layer 
which is when the ratio is low such as 1:1. 

Finally, the hydrodynamics study in cylindrical viscometer 
carried on to find the relationship of viscosity, rpm (rotation 
per minute) and shear rate. It is concluded that the viscosity 
and rpm are the key factors for flooding phenomena in 
extraction. High viscosity related to high flooding in column 
because the rate of emulsion formation is high. Same goes to 
rpm where the high rpm causes flooding in the extraction 
column. 
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Abstract—In this paper, lightweight aluminium AL2024-O 

sandwich panels were tested using drop-weight impact tower 

with lateral impactor to evaluate impact responses and to identify 

the associated failure mechanisms under various impact loading 

conditions. The simulations of impact responses of triangular 

corrugated-core sandwich panels were presented, which were 

validated against the corresponding experimental data. The 

triangular corrugated-core sandwich panel configurations were 

studied by using commercial finite element (FE) code, 

Abaqus/Explicit. The FE code is used to develop numerical 

models by using plasticity with strain hardening, and ductile 

damage criteria, etc., to cover the most representative cases. A 

good agreement was obtained, which indicates the finite element 

models developed are capable of predicting the dynamic 

behaviour of the triangular corrugated-core sandwich panels 

subjected to uniform lateral impact.  

Keywords—corrugated-core; low velocity impact; finite element 

analysis; sandwich panel. 

I.  INTRODUCTION 

Sandwich panels are considered as optimal designs for a 

wide range of engineering applications such as insulated 

structures, aerospace vehicles, marine constructions, etc.  A 

composite sandwich panel is typically made from a 

lightweight foam, honeycomb or corrugated-core sandwiched 

between two composite skins. Such a combination offers 

exceptional specific strength-to-weight or stiffness-to-weight 

ratio, buoyancy, dimensional stability, and thermal and 

acoustical insulation characteristics. Recently, many 

researches have been study on various types of sandwich 

panels (Biancolini, 2005; Herrmann, Zahlen, & Zuardy, 2005; 

Kazemahvazi & Zenkert, 2009; Lin, Liu, Kuo, & Chen, 2007; 

Nyman & Gustafsson, 2000; Rejab & Cantwell, 2013; Xiong, 

Ma, Wu, Liu, & Vaziri, 2011; Yokozeki, Takeda, Ogasawara, 

& Ishikawa, 2006; Zenkert, 1995; Zhang Y, 2011). However, 

it was found that few of published worked involved in 

triangular corrugated-core sandwich panels in spite of a 

versatile applications.  

In this paper, the triangular corrugated-core sandwich 

panels made by bonding two cover sheets to the core material, 

consisting of triangular with angled at 45
o
 formed sheet metal, 

were used, tested and modelled in order to study the influence 

of low velocity impact. Response of the sandwich panel was 

investigated by using the uniform lateral indenter. 

II. EXPERIMENTAL SETUP  

The triangular corrugated-core sandwich panels in this 

study were based on AL2024-O aluminium alloy sheets from 

fabricated by bonding two cover sheets intpo core material, 

which consists of triangular formed sheet metal, using adhesive 

bonding technique.  Fig.1 shows a design and dimension of the 

sandwich panel. 

 

 

 

Fig. 1: Geometry of corrugated-core sandwich panel. 
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Generally, the unit cell is based on a triangular profile. The 

geometric parameters plotted in Fig. 1 are annotated as 

follows: θ and β are the internal angle of a unit cell for the 

corrugated-core sandwich panel; T is the height of the core; 

HU and HL are the upper and lower thickness of the skins, 

respectively; H is the average thickness of inclined core 

members and also called as wall thickness (H = 0.5mm in the 

study); x is the length of the core; and w is the width of a 

sample. Due to the predetermined mould design, the value of x 

is 20mm length while θ and β are set to be 45
o
 and 90

o
, 

respectively. For preparation of the test specimens, the value 

of w was consistently cut into 25mm width. And then, five 

different numbers of corrugated cores have been cut according 

to the size of unit cells. 
Low velocity impact tests on the panels started from 

0.99m/s and increased gradually until 4.43m/s, were 

conducted by using an instrumanted drop-weight tower 

machine. A flat impactor of 1.247kg with dimension of 

120mm x 80mm was used.  The test specimens had the 

dimension 100mm. x 25mm. Details about the test 

configuration are shown in Fig. 2.   

 

 

Fig. 2: (a) The instrumented drop-weight impact test set-up 

adopted for testing the corrugated-core sandwich panels (b) A 

closer view of the test set-up for a drop-weight impact test. 

In order to get the materials properties for the input 

parameters used in finite element modelling, the aluminium 

sheets were tested by using Instron 4505 to conduct the 

uniaxial tensile test following the standard tensile test BS 

10002-1.  

III. NUMERICAL MODELLING 

Abaqus/Explicit (Abaqus 6.13, 2013) was used to develop 

numerical simulations of the triangular corrugated-core 

sandwich panels under low velocity impact. The aluminium 

alloy was modelled as an elasto-plastic material with rate-

dependent behaviour. For a rate-dependent material, the 

relationship follows the uniaxial flow rate definition as:   

 

                                                  (1) 

 

where h is a known strain hardening function, q is the von-

Mises equivalent stress,  is the equivalent plastic strain, 

and    is the temperature. The isotropic hardening data for the 

AL2024-O aluminium alloy are given in Table 1. The density 

of the aluminium was taken as     = 2780 kg/m
3
. The material 

properties of the AL2024-O can be found from the tensile test 

results, where the Young’s modulus, E = 70.6 GPa and the 

Poisson’s ratio, υ = 0.3. 

 

Table 1: Isotropic hardening data for the AL2024-O 

aluminium alloy 

Yield 

stress 

(MPa) 

71 104 133 152 165 175 200 222 

Plastic 

strain 
0 0.009 0.018 0.028 0.037 0.046 0.093 0.137 

 

The rate-dependent hardening curves can be expressed as:  

 

                          (2) 

 

Where     and R are the equivalent plastic strain and stress 

ratio (= / y) respectively. 

 

Damage initiation criteria 

Ductile damage criterion is a phenomenological model for 

predicting the onset of damage due to nucleation, growth, and 

coalescence of voids. The model assumes that the equivalent 

plastic strain at the onset of damage, , is a function of stress 

triaxiality and strain rate: 

 

                                                               (3) 

 

where   = - p/q and  is the stress triaxiality, p is the pressure 

stress, q is the Misses equivalent stress, and   is the 

(b) 

(a) 
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equivalent plastic strain rate. The criterion for damage 

initiation is met when the following condition is satisfied: 
 

                                             (4) 

where  is a state variable that increases monotonically with 

plastic deformation. At each increment during the analysis the 

incremental increase is computed as:  

 

                                            (5) 

 

 

Shear failure criterion 

The shear failure model is based on the value of the 

equivalent plastic strain at element integration points; failure 

is assumed to occur when the damage parameter exceeds 1. 

The damage parameter, , is defined as : 

 

               (6) 

 

where   is any initial value of the equivalent plastic strain, 

 is an increment of the equivalent plastic strain,  is the 

strain at failure, and the summation is performed over all 

increments in the analysis. The strain at failure, , is 

assumed to depend on the plastic strain rate,  ; a 

dimensionless pressure-deviatoric stress ratio, p/q (where p is 

the pressure stress and q is the Mises stress); temperature; and 

predefined field variables. However, in this model, the 

temperature parameter would be ignored as a small effect to 

the results.  

 

Geometry and mesh design 

The response of the corrugated-core sandwich panel under 

low velocity impact loading was modelled using the 

conventional shell element, S4R. The corrugated-core was 

modelled together with upper and lower skins, as in Fig. 3. 

The element size for each of the skins was of 12 x 50, giving a 

total of 600 elements. A total of 3500 elements were generated 

in the corrugated-core, as same as used in the quasi-static FE 

models.  Overall, the total number of 4700 element meshes 

was used in this sandwich panel model. 

 

 
Fig.3: The meshes of the sandwich panel modelling. 

 

The impactor was modelled as a flat plate using the 

discrete rigid surface, R3D4, and positioned above the 

sandwich model with a 1 mm offset. The small offset was 

introduced so that the impactor and the sandwich model were 

not in contact at the beginning of the simulation. 

 

Boundary conditions and loading 

Fig. 4 shows the model assembly used to simulate the dynamic 

compression test.  A point mass, equal to the mass of the 

experimental impactor, was assigned to a reference point 

located at the centre of the flat plate. The reference point also 

was used to record the displacement from this model.  

 
Fig.4: Loading direction, boundary conditions and assembly 

for the dynamic compression model.  
 

An initial velocity was prescribed to the rigid plate, was 

equal to the impact velocity engaged in the experiments. An 

initial imperfection was also introduced in the sandwich 

structure modelling to accurately predict the buckling 

behavior. A surface-to-surface contact algoritham was used to 

define contact between the impactor and the sandwich model. 

Self-contact within the corrugated-core was also modelled. 

The interaction properties were set to ‘softened’ in the normal 

direction and a friction coefficient of 0.15 was assumed in the 

tangential direction. All nodes along the upper and lower core 

edges were tied to the skins. The lower surface of the bottom 

skin was fixed, to restrain from any movements. 

IV. RESULT AND DISCUSSION 

The FE results for the panels were compared to the 

experimental results to verify the numerical model. Fig. 5 

shows the force-displacement traces of experimental and FE 

results, for an aluminium system. The Fig. 5.(a) and (b) show 

the impact response at low and beyond the energies to break 

the panels, respectively. In general, a small imperfection with 

a scale factor of 1% as used in quasi-static FE model, was 

applied to the thickness of the model, the FE results indicate 

good agreement with the corresponding experimental results. 

The deformation trends in the dynamic FE models mirror 

those observed in the quasi-static FE models, where buckling 

was dominating the initial damage mechanisms of the panel, 

as shown in Fig. 6. 

 (a) 
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Fig. 5: The measured response for an aluminium corrugated-

core structure compared to the numerical simulation. The 

force-displacement responses for the model with FE–ξ = 0.01 

show reasonable agreement with the measured response. Note 

that in this FE analysis, an initial velocity of (a) 0.99 m/s and 

(b) 3.13 m/s has been applied. 

 
 

 

 

  

 

 

 

 

 
 

Fig. 6: Experimental and predicted deformation modes for an 

aluminium corrugated-core panel at a velocity of 3.13 m/s; (a) 

initial contact and (b) buckling of the struts. 

V. CONCLUSION 

Agreement between the experimental and predicted data is 

reasonably good, with the model tending to follow the 

experimental data. Only in some regions were observed not 

associated in particular the impact displacement, which seem 

offers slightly greater than measured data. Imperfection 

sensitivity factor improved the impact response of the 

simulation.   

For the future work, the numerical modelling could be 

improved at high speed velocity impact, which relate to the 

realistic scenarios. The parametric study such as the projectile 

diameter, oblique impact, should be included in order to 

optimize the sandwich panels. Eventually, this study could be 

used for transportation applications, which the lightweight 

panels are significantly impacted to reduce fuel consumption.    

ACKNOWLEDGMENT  

The authors are grateful to the Ministry of Education for 

funding this research (FRGS/1/2014/TK01/UMP/02/3). The 

authors also like to thank the University of Liverpool for the 

low velocity impact test facility. 

 

REFERENCES 

Abaqus 6.13. (2013). Analysis User’s Manual. Dassault 

Systemes Simulia Corp.  .  

Biancolini, M. E. (2005). Evaluation of equivalent stiffness 

properties of corrugated board. Composite Structures, 

69(3), 322-328.  

Herrmann, A., Zahlen, P., & Zuardy, I. (2005). Sandwich 

Structures Technology in Commercial Aviation. In O. T. 

Thomsen, E. Bozhevolnaya & A. Lyckegaard (Eds.), 

Sandwich Structures 7: Advancing with Sandwich 

Structures and Materials (pp. 13-26): Springer 

Netherlands. 

Kazemahvazi, S., & Zenkert, D. (2009). Corrugated all-

composite sandwich structures. Part 1: Modeling. 

Composites Science and Technology, 69(7–8), 913-919.  

Lin, Y.-K., Liu, H.-K., Kuo, W.-S., & Chen, Y.-D. (2007). 

Fracture evolution in thick composites under 

compression. Polymer Composites, 28(4), 425-436. 

doNyman, U., & Gustafsson, P. J. (2000). Material and 

(b) 

(a) t =20 μs ; δ = 0.062 mm ; F = 0.69 kN  

 

(b) t =250 μs ; δ = 0.689 mm ; F = 4.19 kN  

 

377

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 

 

structural failure criterion of corrugated board facings. 

Composite Structures, 50(1), 79-83.  

Rejab, M. R. M., & Cantwell, W. J. (2013). The mechanical 

behaviour of corrugated-core sandwich panels. 

Composites Part B: Engineering, 47(0), 267-277. 

Xiong, J., Ma, L., Wu, L., Liu, J., & Vaziri, A. (2011). 

Mechanical behavior and failure of composite pyramidal 

truss core sandwich columns. Composites Part B: 

Engineering, 42(4), 938-945.  

Yokozeki, T., Takeda, S.-i., Ogasawara, T., & Ishikawa, T. 

(2006). Mechanical properties of corrugated composites 

for candidate materials of flexible wing structures. 

Composites Part A: Applied Science and Manufacturing, 

37(10), 1578-1586. Zenkert, D. (1995). An introduction to 

sandwich construction / Dan Zenkert: Engineering 

Materials Advisory Services Ltd, 1995. 

Zhang Y, Z. S., Wang Z. (2011). Crush behavior of corrugated 

cores sandwich panels. Advanced Materials Research, 

217-218,1584-1589. 

 

378

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 
 

High capacity performance using new dual diffuser 

modulation technique to reduce the scintillation effect 

in free space optical communication 

A.K Rahman, S.A Aljunid,  Anuar M.S  

School of Computer and Communication Engineering 

University Malaysia Perlis (UNIMAP) 

01000 Kangar, Perlis, MALAYSIA  

Corresponding email: huuu_kr3@yahoo.com 

 

 
Abstract—This paper analyze the capacity performance in 

term of bit rate for free space optical (FSO) communication 

between the conventional intensity modulation-direct detection 

on off keying (IM/DD OOK) and new dual diffuser modulation 

(DDM) technique. This technique employs two transmitters 

and two receivers with differential mode detection at the 

receiver. This technique can improve the threshold decision 

process and expand the diffuser effect. As a result, the bit rate 

of FSO can be increased with 6 magnitude of BER or equal to 

100% improvement percentage with considering at 2.5Gbps bit 

rate. Meanwhile at the effective power transmit for the 

comparison between 0dBm and 5dBm, the result of BER is at 

3.45x10-9 and 2.26x10-12 respectively. This indicate that the 

DDM technique can performance better than conventional 

modulation technique with able to operate at low power 

transmit under the acceptable error floor BER 10-9.  

Keywords—turbulence; free space optic; scintillation; 

intensity modulation, on-off keying; bit error rate 

I. INTRODUCTION  

 

 Nodaway most of the commercial FSO communication 
employ the conventional IM/DD OOK for the modulation 
technique.  Basically this technique use bit ‘1’ to represent 
sending data which indicate in ‘ON’ condition and bit ‘0’ 
represents no sending data indicate in ‘OFF’ condition. 
However the major drawback of this technique is threshold 
decision process. In normal condition, the threshold is set to 
0.5 which is half of the signal between bit ‘1’ and ‘0’. So if 
the incoming signals exceed the 0.5 threshold it will be 
assume to be bit’1’ and vice versa. However when FSO 
experiencing fluctuation signal due to scintillation effect at 
0.5 threshold decision become not accurate condition. Thus 
cause the burst error to increase which directly affected the 
BER performance.  

 In order to improve this problem, the new DDM 
technique can be employed. It is a combination technique 
between modulation and phase screen diffuser [1,6-9]. As a 
result improved the threshold decision processes which will 

explained detail in section III and also reduce the scintillation 
index. The phase screen diffuser creates a 'new' Gaussian 
beam characteristic which effectively propagates through 
scintillation effect. The rest of paper, Section II explained 
detail on diffuser effect and Section III discuss the system 
model of proposed DDM technique. Meanwhile Section IV 
and V discuss the result and summary of paper. 

II.PARTIALLY COHERENT BEAM 

The partially coherent beam is formed when the laser 
through the diffuser [2], the phase and amplitude between 
two random points in an optical beam wanders by significant 
amount such that the correlation between them partially 
decreases.  In this section we calculate the scintillation index 
caused by the combination of diffuser and atmospheric 
turbulence under weak and moderate to strong conditions. In 
the presence of atmospheric effect, we need to take into 
account some scattering properties caused by the diffuser. 
Now speckle cells associated with diffuser acts as scattering 

center with the spatial correlation radius ‘ cl ’ (cell size) of 
the diffuser surface produces a separate beam coherence 
center within the original beam source diameter. Hence, the 
diffuser acts as an array of independent scattering centers. 
The number of scattering centers is given by, 

2

2

02
1

c

S
l

w
N 

 (1).  The value of w0
2
 = 0.025m and lc 

=0.0001 for all calculation in this paper. The effect of 
diffuser on an optical beam at the receiver is characterized by 

replacing the standard beam parameter 11,
 by effective 

beam parameter eded  ,
 define in term of sN

 as follows 
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 The initial Fresnel ratio 
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 and the initial phase 

curvature 
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 are given by 
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 In this paper the value for Fo = ∞, collimated beam for 
all calculation. Expressions for partially coherent beam are 
derived as same as coherent beam [3] equations except the 
output beam parameters are change due to diffuser located at 
the transmitter side with different diffuser correlation length. 
The typical value for diffuser correlation length(lc

2
) are 

0.1,0.01,0.001 and 0.0001 .Using the kolmogorov spectrum 
and standard extended Rytov theory the on axis scintillation 
index for weak turbulence (inner scale l=0, Outer scale 
L= ) partially coherent Gaussian-beam is given by.  
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where 
2

I
 indicate the strength of irradiance fluctuations 

and proportional to Rytov variance as  

6/116/722 23.1 LkCnR 
 

For weak fluctuation, it is less than 1 and for strong 

fluctuation it is greater than 1.  
2

nC
 is the refractive index 

structure constant that characterizes the strength of the index 

of refraction fluctuations. The typical 
2

nC
 value weak 

turbulence is 10
-17

 m
-2/3

 and strong 10
-12

 m
-2/3

. For moderate 
to strong turbulence scintillation index is  
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Now, let us define scintillation index for receiver detector 

having lens diameter ‘D’. For that we assume  is the 

normalized receiver aperture defined as 
2

2

GkW

L


 where 
2

GW
 is the Gaussian lens radius. The log irradiance due to 

large scale eddies is given as 
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where the quantity nx is the normalize large-scale cutoff 

frequency determined by asymptotic behavior of 

2

ln x
in 

weak turbulence and saturation regime[4]. 
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Meanwhile the log irradiance due to small-scale eddies is 
given by  
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where the corresponding cutoff frequency is 
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. Therefore the total 
log irradiance due to large-scale and small-scale is 

       1exp 2
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 (12) 

A. Effective Spot Beam 

The effective spot beam Weff.ζ(L) and global coherent 
parameter ζ of partially coherent beam can be denoted as 
[10] 
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where  
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 is the source coherence parameter 

of the laser beam emitted by the transmitter and  
2
  is the 

variance of the Gaussian describing the ensemble average of 
the random phases. If ζs equal to 1 ,  the beam is fully  
coherent and the beam is partially coherent beam if the ζs 
above value 1. 

B. Mean Intensity 

The unit amplitude of partially coherent beam for average 
intensity given as [10] 
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III.SYSTEM MODEL 

The system employs two transmitter and on-off keying 
(OOK) modulation as reference for conventional system. 
When the first transmitter send binary '1',  the second 
transmitter in inverted condition send binary '0' in 
simultaneously and vice versa. Meanwhile at the receiver 
part, the signal will through the subtractor for differential 
detection process. Here we assume the ideal subtractor 
condition where no losses signals occur during subtraction. 
Therefore, the signal output will become '1' for sending 
binary '1' and bit '-1' for sending binary '0'. This condition 
lead to modification on conventional OOK modulation 
particularly in improves signal threshold detection and 
reduces power loss.  

 

Figure 1: Dual Diffuser Modulation setup 

 

A. Signal to noise ratio (SNR) 

First, we define the output SNR in the absence of optical 

turbulence by the ratio of the detector signal current si  to the 

root-mean-square (rms) noise current- N
, which yields

 N

siSNR


0

 

The SNR for partially coherent beam (for dual diffuser), 
SNRPo in absence of turbulence as derived in [5]  
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where PPo is the received power partially coherent beam 
and Po is the power of coherent beam  
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In equation (16), the noises consider are shot noise, 
background noise and thermal noise. D is diameter receiver, 
W (L) is beam spot size at receiver, N (λ) = spectral radiance 
of sky, W(λ) = spectral radiant emmittance of sun, Δλ = 
bandwidth of optical bandpass filter (OBPF),  = 
photodetector field of view angle (FOV) in radians, kb is the 
Bolztman's constant, Tn is the temperature of receiver noise, 
B is the electrical equivalent noise bandwidth of the receiver 
and RL is the load resistant. In the presence of atmospheric 
turbulence, the received signal exhibits additional power 
losses (refraction, diffraction) and random irradiance 
fluctuations. Therefore SNR becomes  

22

1
5

12

1 63.11 oIIc

o

SNRq

SNR
SNRP

 



 

where SNRo is obtain from equation (13), Pso  is the 
signal power in the absence of atmospheric effects and 

)(2 DI
 is the irradiance flux variance on the photo 

detector. Angle bracket represent mean. The power ratio 
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 provides a measure of SNR deterioration caused by 
atmospheric induced beam spreading given by  
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B. Probability of Error 

The two conditional PDFs for DDM can be written as: 
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where No/4 is a variance (σ
2
) with zero mean obtained from 

involving two random variable by using chi-square random 
variable approximation and Yn is the received signal. Here 

we use the bE  as signal energy representative and No/2 
variance of noise. By considering equally likely condition, 
we obtain the probability error in absence atmospheric 
turbulence.  
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where Q(x) is Gaussian Q-function with 
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In the presence of atmospheric turbulence, the probability 
of error is given by [11] 
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where 
 upI  is a gamma-gamma distribution with unit 

mean 
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. When aperture averaging 

effects are consider, parameters   and 


 for the gamma-

gamma PDF are define as
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where σ
2
lnX (D) and σ

2
lnY (D) can 

be calculate using equation (10) and (11) respectively.  

IV.RESULT AND DISCUSSION 

The data bit rates are evaluated from 0.622Gbps up to 
10Gbps. The Figure 2 shows the performance of DDM 
compare with conventional IM/DD-OOK for receiving 
power set fix at -10dBm under strong turbulence condition. 
Clearly the DDM shows the superior performance where at 
data bit rate 2.5Gbps, the BER of DDM is 4.48x10

-12
 and 

BER for conventional IM/DD-OOK is only at 1.09 x10
-6

. 
This shows that the margin changing magnitude of BER is 6 
with 100% improvement percentage.     

The Figure 3 shows the performance of BER DDM to 
investigate the effective bit rate at various powers transmit 
levels. At 2.5Gbps, the 5dBm powers transmit produce BER 
2.26 x10

-12
. When transmit more lower power at 0dBm, the 

DDM technique still manage having good quality signal with 
BER at 3.45x10

-9
. This indicates that the DDM technique 

able to operate in low power so that reduce the cost in FSO 
to provide high power laser. In real condition the FSO need 
high power to support good quality transmission when 
having various weather condition. However high laser power 
need a high cost to implementing in FSO. Therefore the 
DDM technique is cost effectiveness where only require 
minimum power to operate with optimum performance. 

Table 1: Parameters for theoretical analysis 

Parameters Symbols Value 

Wavelength λ 1550 nm 

Distance L 2000 m 

Electron charge e 1.6 x 10
-19

 C 

Plank constant h 6.6 x 10
-34

 J.s 

Speed of light c 3 x 10
8 
Km/s 

Photo detector efficiency η 0.7 

Power transmit Po 0 dBm 

Diffuser strength lc 0.001 

Collecting lens WG 0.01 m 

Radius of curvature Fo ∞ 

Spot beam at transmitter 

(z=0) 

Wo 0.025 m 
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Figure 2: Comparison bit rate under strong turbulence at fix 
power received -10dBm 

 

 
 

Figure 3: Comparison various power transmit  of DDM 
technique 

V.SUMMARY 

In this paper we analyze the performance of BER for new 
DDM technique against the atmospheric turbulence in FSO 
communication. The result shows that at data bit rate 
2.5Gbps, the BER of DDM is 4.48x10

-12
. Meanwhile the 

BER for conventional IM/DD-OOK only at 1.09x10
-6

. This 
show that the margin changing magnitude of BER is 6 with 
100% improvement percentage. In analysis effective power 
transmit, at 2.5Gbps the 5dBm power transmit can produce 
BER 2.26x10

-12
. However when transmit more lower power 

at 0dBm, the DDM technique still manage having good 
quality signal with BER at 3.45x10

-9
. Therefore the DDM 

technique is a cost effectiveness where only require 
minimum power to operate with optimum performance. 
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Abstract—This paper introduced an enhancement version of 

Quality Threshold ARTMAP using the Mahalanobis function. 

It’s known as Mahalanobis Quality Threshold ARTMAP 

(QTAM-m) that increase its capability for pattern classification 

and prediction purposes. In addition this enhancement also does 

not consist any initial parameters setting that will affect the final 

classification outcomes. Thus it’s fulfilling the requirement of on-

line learning scheme. All parameters involved are also updated 

using an equation that produced the exact value and not just 

based on estimation. In general the results had indicates that this 

improvement increase the classification result based on several 

testing of benchmark dataset. The proposed technique is also 

compared with several other techniques within it class. 

Keywords—Fuzzy ARTMAP, Quality Threshold ARTMAP, 

Pattern Classification, Neural Network. 

 I. INTRODUCTION  

Ever since the Fuzzy ARTMAP neural network (FAM) 

network introduced back in 1992, there are many 

improvements have been done. One of the essential objectives 

of these enhancements is to improve the FAM prediction 

accuracy. One way to accomplish it is by adopting the 

probability function to the FAM algorithm. Carpenter, G.A. 

[1] had produced the FAM network that is capable of being 

used as nonparametric probability estimator. They had 

achieved this by modifying the learning algorithm of FAM 

map field. This modified version of FAM was capable to be 

applied in a noisy input environment. 

Marriott, S. and Harrison, R.F. [2] had introduced other 

version of FAM called Probability ARTMAP (ProAM). This 

network also was constructed based on the FAM map field 

modification. ProAM retains all the FAM network desirable 

properties but requires fewer categories especially for 

function approximation problem. Further improvement of 

ProAM was taken by Srinivasa, N. [3] where the winner-take-

all prediction strategy was replaced with distributed 

prediction mode. 

Lim, C.P. and Harrison, R.F. [4,5] had further improved 

the FAM network by combining it with Probability Neural 

Network (PNN). The combination is based on two different 

algorithms.  First, FAM algorithm is utilized as an underlying 

clustering method for learning phase. This is important 

because FAM can classify the input patterns into different 

categories for a given class. Secondly, the PNN paradigm is 

employed during the prediction phase for non-parametric 

probability estimation procedure. Jervis, B.W., [6] too used 

the same method by combining both PNN and FAM network. 

This technique is known as Integrated Probabilistic Simplified 

Fuzzy ARTMAP (IPSFAM). The main different between this 

method and Lim work is that Jervis utilized this hybrid 

method is for both learning and testing phase. The IPSFAM is 

actually an extended version of Probabilistic Simplified Fuzzy 

ARTMAP (PSFAM) [7] that consists of simplified FAM and 

associated program for calculating the estimated Bayes 

posterior probabilities. This probabilities function is used to 

find the possible classes for test input pattern. 

In order to reduce the effect of noise data environment 

and inefficiency of fuzzy categories, Williamson, J.R. [8,9] 

had introduced the Gaussian ARTMAP (GAM) network. This 

method adopted the concept of separable Gaussian 

distribution for learning and testing phase of GAM. Unlike 

FAM, this technique used the maximum probability 

estimation function during the prediction phase. Granger, E. 

[10] had demonstrated that GAM with its prediction scheme 

can achieve better classification results compare to FAM 

network. This is especially true when the incremental learning 

process is desired. 

Verzi, J.S., [11] also had developed a modified version of 

FAM known as Boosted  ARTMAP  (BoAM)  that  applied  

boosted  learning  in  probabilistic  setting. BoAM network 

had better performance result in classification task compare to 

FAM. This technique also produced less categories and it was 

demonstrated that BoAM does not over-fit the training data. 

Dagher, I., [12] used Mahalanobis distance in order to 

increase the prediction performance of FAM. This 

improvement method is called Fuzzy ARTMAP-Var (FAM- 

V). One of the advantage features of FAM-V is that its 

algorithm does not depend on any parameters tuning. 

Vuskovic, M. and Du, S. [13] also adopted Mahalanobis 

distance to reduced the network size and increased the 

efficiency in training and classification. This network is 

384

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 

known as Mahalanobis ARTMAP (MaAM). However, they 

had found that the computational of covariance matrix and its 

inversion has introduced some computational overhead to the 

MaAM. Xu, H. and Vuskovic, M. [14] had extended the 

MaAM network by providing a better technique to update the 

covariance value of Mahalanobis distance function. This 

function also was adapted by Vigdor, B. and Lerner, B[15] to 

produce a new technique called Bayesian ARTMAP (BaAM). 

This technique is developed based on Bayes’ decision theory 

for learning and inference with combination of Gaussian 

distribution for category representation. Other benefit of using 

BaAM is that its main algorithm allowed category in 

recognition layer to grow and shrink. 

Nevertheless, the next section will discussed on the 

Quality Threshold ARTMAP algorithm then followed with the 

explanation on the proposed enhancement of QTAM. Then, a 

brief presentation is given on the experiment setup. Section V 

will provide the discussion of the result. Finally the summary 

is given in Section VI. 

II. QUALITY THRESHOLD ARTMAP (QTAM) 

The QTAM was introduced in [18] and it has the same 

architecture as FAM neural network. This technique also had 

been used in image classification as shown in [19]. Basically 

QTAM is designed based on the combination of FAM and 

Quality Threshold (QT) [16] clustering technique. Generally 

the algorithm consists of a Euclidean Quality Threshold 

ARTa (QTAa) module as ARTa to process a stream of input 

patterns and a Fuzzy ART module as ARTb to process a 

stream of the corresponding output classes.  Similar to FAM, 

the map field is used to connect both ARTa and ARTb 

modules together. Each QTA category (node j) encodes three 

important parameters: nj which represents the number of 

training samples it has coded; µj which  represents  the  M-

dimensional  mean  vector;  and  σj which  represents  the 

standard deviation. Each category j also has its own QT 

parameter, εj. A number of modifications are introduced to 

the original QT clustering algorithm in order to make it more 

efficient for supervised learning.  First, the user-defined QT 

parameter, ε, is determined automatically during the learning 

phase of QTA. The threshold value is set according to data 

characteristics. Second, there is no minimum cluster size nT 

for QTA. So, a node created in QTA can be constructed by 

only one input pattern. Third, instead of the Standard 

Correlation Coefficient QTA utilizes the Euclidean distance 

as its main similarity measure for the input patterns.  

A. QTAM Training Phase 

The details of the training procedure of QTAM are as 
follows:  

1) Given a set of training data (M input patterns/vectors, 

I, and K output classes), find the threshold parameter 

for each input pattern using Eq. (1).  The threshold of 

input pattern j (Eq. (2)) refers to the nearest Euclidean 

distance between input pattern j and another input 

pattern k of a different class (label), 

                      (1) 

                             (2) 

2) Start recruiting nodes for QTA.   An input pattern 

is randomly selected from the input pattern list.   

Then, find the best candidate node from every 

available input pattern 

i) To find the candidate node x of input pattern j, first 

set (initial value) 

                                       (3) 

               (4) 

ii) Compute  the  Euclidean  distance  between  input  

pattern j and  another  input pattern  k  using  Eq.  

(1). Find the smallest value of δxk, and select the 

associated input pattern as the winner. 

iii) Input pattern k is to be accepted as part of the 

candidate node x if both input patterns j and k 

belong to the same class and fulfill the following 

conditions. 

                                    (5) 

                                              (6) 

If either one of the conditions is not satisfied, go to 

step 3. 

iv) Update the information associated with candidate 

node x, as follows: 

                                   (7) 

               (8) 

v) Based on the new µxi, search for another winner 

using Eq. (1). The winning input pattern should 

again satisfy all conditions in step (iii).   The 

process continues until no further input patterns 

can be added to candidate node j without 

surpassing the conditions in step (iii). The process 

iterates through all input patterns and forms a 

candidate node with reference to each available 

input pattern. In other words, during the early 

phase of training, the number of candidate nodes x 

is the same as the number of input patterns. 

vi) Then, select the candidate node with the highest 

value of nx for each class (label).  If there are two 

or more candidate nodes that have the same 

number of nx, the candidate node with the lowest 

total standard deviation, Sx as in Eq.(9), is selected 

as the winner.  The standard deviation of node x 

can be found using Eq. (10). 

                         (9) 

              (10) 
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Where     

vii) Retain the selected winning node in the 

recognition layer of QTA for the rest of the 

training phase.   The input patterns that have been 

used to produce this winning node are now 

removed. All the remaining input patterns are 

used again to find another winning node in the 

QTA training phase. 

3) Repeat  step 2 until  all  input  patterns  have  been  

used to create  nodes  in  the recognition layer of QTA.  

B. QTAM Test Phase 

The testing phase of QTAM is designed based on the fact 

that each node can be constructed using one or many input 

patterns. The following steps are required during the testing 

phase in order to find the appropriate predicted class for a 

given input pattern, k.  
1) Compute the Similarity Degree of Match (SDM) for 

each candidate node z using 

          (11) 

2) The predicted class is the one with the lowest value of 

SDM. N is the total number of category/node available. 

            (12) 

 

III. MAHALANOBIS QUALITY THRESHOLD ARTMAP 

(MQTAM) 

The proposed enhancement for QTAM prediction is based 

on Mahalanobis distance function. Therefore it is called 

QTAM with Mahalanobis prediction (QTAM-m). Basically 

this method has the same training and testing phase of QTAM 

except that Eq. (13) is used to replace Eq. (1) in training and 

Eq. (11) in testing phase. The variable Cj represents the 

covariance matrix of the jth category.  

 

         (13) 

A. Updating Variance 

One of the issues is on how to update the variance value. 

Even though, some of the past research introduced an 

equation to update this variable, but the formula constructed 

is just estimation only. Therefore, a new equation is used to 

perform this task as shown in Equation (21). 

Proof: Given the standard computational method for 

variance in Eq.(14). Where n is equal to the number of 

elements that produced σ. This equation can be written back 

as Eq. (15) given that and 

 

          (14) 

                   (15) 

Replace  
 
with  

 
n with nnew and µ with µnew 

       (16) 

         (17) 

Then, Z can be derived from Eq. (16) to produce Eq. (17) 

where Z can be shown in Eq. (18). Given Eq. (18) and nold = 

nnew - 1, Eq. (20) is constructed based on Eq. (19) 

          (18) 

            (19) 

          (20) 

Insert Eq.  (20) back to (17) and change Input  to . 

Finally the below equation is generated 

          (21) 

B. Updating Covariance 

The computational of covariance matrix and its updates is 

one of the issues discussed when adopting Mahalanobis 

distance [13]. The process of updating covariance is based on 

each individual value rather than using matrix operation [15]. 

Thus a new equation is adopted to perform this task and it is 

shown in Equation (30). While the covariance matrix of jth 

category is demonstrates in Eq. (22) 

                       (22) 

Proof: Given the standard computational method for variance 

in Eq. (23). Where n (for QTAM n can be referred as the 

number of input pattern coded in j
th

 category) is equal to the 

number of elements that produced cvxy . This equation can be 

written back as Eq. (24). 

                             (23) 

                       (24) 

Replace  with ,  with  and  with  

         (25)   

                                (26) 

Then, A can be derived from Eq. (25) to produce Eq. 

(4.33) where Z can be shown in Eq. (27). Given Eq. (27) and 

nold = nnew - 1, Eq. (29) is constructed based on Eq. (28) 

                                   (27) 

           (28) 

                      (29) 
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Insert Eq. (29) back to (26) and change Input xn to Ii and 

yn to Ii+1. Finally Eq. (21) is generated and can be utilized to 

update the covariance value. 

         (30) 

IV. EXPERIMENTAL SETUP 

Overall 10 different datasets are used to analyze the 
performance of proposed technique. Where three artificial data 
sets [23] is used which are the Gaussian 2-D, Concentric and 
Clouds. Four of the data sets are taken from [20], i.e., Pima 
Indian Diabetes (PIMA), Wisconsin Breast Cancer (WBC), 
Heart Disease (HD) and Dermatology, while the Kala-azar 
Disease (KZAR) and Hepatobiliary Disorders (HEPATO) data 
sets are based on [22] and [21] respectively. The Acute 
Coronary Syndrome (ACS) data set is collected from real 
patient records from a hospital in Malaysia. Generally the 
accuracy measurement of all the techniques used is prepared 
based on the 10-folds cross validation process. This work also 
implemented the Gaussian Quality Threshold ARTMAP 
(QTAM-g) used in [19] for further comparison with the 
proposed technique. Details of the data sets are summarized in 
Table 1. 

Table 1: Details of the data sets used 

 

Number of 

Classes 
Number of Data Samples 

Gaussian 2D 2 1000 

Concentric 2 1000 

Clouds 2 1000 

PIMA 2 768 

WBC 2 699 

HD 2 270 

KZAR 2 68 

ACS 2 118 

DERMATOLOGY 6 366 

HEPATO 4 536 

V. RESULT AND DISCUSSION 

To further understand the performance of those proposed 

techniques, BaAM also been utilized. Table 2 shows the 

classification results produced by each neural network used 

in this work. 

   Table 2: Classification results for prediction analysis 

 QTAM QTAM-g QTAM-m FAM BaAM 

Gaussian 2D 62.54 66.17 66.24 62.74 66.8 

Concentric 97.41 98.31 99.03 95.12 98.76 

Clouds 83.63 85.16 86.48 79.71 84.52 

PIMA 71.18 73.83 74.2 63.03 74.14 

WBC 96.91 98.15 99.1 94.71 98.55 

HD 75.93 78.85 79.32 63.33 79.98 

KZAR 69.12 73.54 73.48 70.88 73.02 

ACS 80.91 81.97 82.15 80.82 82.57 

DERMA-

TOLOGY 
94.44 95.78 96.13 88.61 95.21 

HEPATO 77.74 78.12 79.59 66.79 78.63 

From the classification results, it is found that QTAM-g 

network demonstrated better prediction performance 

compared to the original QTAM for every data set. This is 

because, QTAM-g used the probability function with 

Gaussian distribution which can measure the similarity 

between patterns based on mean, µij and variance, σij . Unlike 

the original QTAM which utilized Euclidean distance as the 

primary measurement tool to predict the unknown class of 

input pattern. The QTAM-g also produced similar 

classification results with QTAM-m for KZAR and Gaussian 

data sets. However, QTAM-g performed slightly better in 

prediction phase using the KZAR data set. Like other 

networks used in this work, QTAM-g only achieved around 

66% accuracy in predicting the Gaussian data set. It is proved 

that the noise data imitated by this data set is not so easy to 

classify. But, the prediction accuracy demonstrated promising 

characteristic of QTAM-g to classify the densely overlapped 

data distribution. QTAM-g demonstrated a good result in 

predicting the unknown input pattern for Concentric data set 

which consists of non-overlapping classes. 

Meanwhile, from Table 2 it is shown that QTAM-m 

produced significantly increased in the classification 

performance compared to the original QTAM network and 

QTAM- g. QTAM-m generated the highest accuracy for 6 out 

of 10 data sets used in this experiment. In addition, 2 of them 

which are the Concentric and WBC data sets demonstrated 

that QTAM-m performance achieved almost 100% in the 

prediction accuracy.  This proved that the probability function 

with Mahalanobis distance introduced in the prediction phase 

is exceptionally accurate and reliable. This shown that 

Mahalanobis function is better in measuring the similarity 

between given input patterns compared of using the Euclidean 

distance. It is because QTAM-m can determine the similarity 

between patterns not only based on mean, µij and variance, σ
2
 

but also using the covariance, cvji measurement. Similar to 

QTAM-g, this technique also achieved around 66% accuracy 

in predicting the Gaussian data set which proved that the noise 

data imitated by this data set is tough to classify. But, the 

prediction accuracy produced by QTAM-m show that its 

capability to classify the densely overlapped data distribution. 

This work also investigated the performance of BaAM in 

prediction accuracy. It is perceived that this network produced 

the highest classification result for three different data sets 

which are Gaussian, HD and ACS. This indicates that BaAM 

with its category hyper volume limitation scheme capable of 

predicting the given unknown input patterns. Furthermore, all 

of its classification results are better than the original FAM 

network. However it is hard to set the initial value for mean, 

µij and covariance matrix, cvij for BaAM. The proposed 

solution to this problem is by using a small number as the 

initial value of both parameters. This initial will then updated 
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to the actual value as the training progress. However this 

enhancement should be investigated in the future work. 

As overall, it is notice that all the networks adopted in this 

experimental work generated the lowest classification result in 

Gaussian data set. In contrast, the Concentric and WBC data 

sets produced high accuracy rates (more than 90%) for all the 

techniques. This signified that data with overlapping classes is 

most likely to become very challenging task to classify. It is 

because the characteristic of the data is similar to the noise 

data where there are no feasible boundaries between classes. 

Table 3: The number of nodes produced of each technique 

 
QTAM QTAM-g QTAM-m FAM BaAM 

Gaussian 
2D 

513 510 505 730 530 

Concentric 295 292 292 467 289 

Clouds 450 445 436 693 476 

PIMA 438 430 428 534 443 

WBC 392 390 385 501 399 

HD 103 101 99 130 97 

KZAR 45 44 39 47 32 

ACS 45 42 40 60 49 

DERMA-
TOLOGY 

140 137 128 188 121 

HEPATO 254 243 240 324 237 

Table 3 shows the number of nodes generated by all 

techniques used in this work. In general the highest number of 

nodes produced by all methods is in Gaussian 2D data set. 

This happen because it is found that the huge number of 

overlapping pattern between two classes occurred in this data 

set. Meanwhile the lowest numbers of nodes (compared to the 

number of data) created by all the techniques are in Clouds 

data set. This is due to the low number of overlapping between 

data which also the opposite side of Gaussian data set 

characteristic.  

It is not surprised to find that FAM generated the highest 

number of node since all other techniques are the 

improvement version of it. While QTAM-m produced similar 

number of nodes compared to BaAM network. This is also 

true when compare with the original QTAM and QTAM-m. In 

general the difference between these techniques is considered 

small. 

VI. CONCLUSION 

The Mahalanobis function is introduced in order to 
enhance the prediction accuracy of QTAM. The proposed 
prediction technique is based on the Mahalanobis distance 
function. The improvements are taken place during the testing 
phase of QTAM network. An innovative approach had been 
developed to update the variance and covariance values for 
both Mahalanobis function respectively. It is important to 
update both parameters so that the proposed prediction 

techniques can generate high classification accuracy. From the 
experimental study it is found that QTAM-m can achieved 
better prediction compared to BaAM and other networks.  

One of the advantage features of QTAM is that its 
algorithm is designed such that there are no initial parameters 
value setting required. Furthermore these all parameters 
involved in QTAM-m are updated automatically. This 
characteristic is important to make the technique suitable for 
on-line learning system development. This is not true with 
BaAM [17] technique where the users have to decide the 
initial value for several parameters. In addition, the value of 
variance σij and cvij are updated based on estimation only. 
However in QTAM-m, these two variables are updated 
precisely using both Eq.(21) and Eq.(30). 
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Abstract—The usage of various effective algorithm will be 

helpful in early fire detection and prevention. In this paper, an 

in-building early fire detection algorithm has been proposed 

using Multivariate Analysis (MVA) using Principal Component 

Analysis. The experiments were performed on recorded smell 

samples from combustion of ten different commonly available 

household, including candle, joss sticks, air freshener, mosquito 

coil, newspaper, card board, plastic materials, Styrofoam and 

wood. All the experiments were done in a test room with 

humidity and temperature sensors. Portable Electronic Nose 

(PEN3) from Airsense Analytics is used as the measurement 

device. The smell source is placed 1.5m from the PEN3 and the 

time-series signal is measured for two minutes. The odour 

metrics is fed to the PCA for analysis. It is found that the MVA is 

able to cluster the odour sample accordingly with its first 

principal component of 92.74%. 

Keywords— olfactory; fire detection; time series signal; 

classification; principal component 

I.  INTRODUCTION  

Fire detection is very significant and in many fields, a fire 

detection system is necessary. Basically, a fire is a chemical 

reaction in which a carbon based material (fuel), mixes with 

oxygen (usually as a component of air), and is heated to a 

point where flammable vapours are produced. These vapours 

can then come in contact with something that is hot enough to 

cause vapour ignition, and a resulting fire. In simple terms, 

something that can burn touches something that is hot, and a 

fire is produced. When the ignition source contacts the fuel, a 

fire can start. Following this contact, the typical accidental fire 

begins as a slow growth, smouldering process which may last 

from a few minutes to several hours. The duration of this 

"incipient" period is dependent on a variety of factors 

including fuel type, its physical arrangement, and quantity of 

available oxygen. During this period heat generation increases, 

producing light to moderate volumes of smoke. The 

characteristic smell of smoke is usually the first indication that 

an incipient fire is underway. It is during this stage that early 

detection (either human or automatic), followed by a timely 

response by qualified fire emergency professionals, can 

control the fire before significant losses occur.  

Analysis for odour is stills a relatively new and challenging 

field and under intense research and implementation. For 

many decades, specific gas sensing detector with simple 

detection techniques has been used in various electrical 

devices and appliances to detect specific gases emanated in the 

process [4]. The recent research conducted by a group of 

scientists from China, used the new method of smoke 

detection and classification based on a semi-supervised 

clustering model, which using an improved voting strategy to 

cluster types of smoke generated [9].  

In this paper, a multivariate based algorithm has been 

successfully developed to classify various sources of domestic 

burning smells and nuisances. The algorithm not only 

classifies the same smell from different brands, but also the 

same smell at different concentration levels using different fire 

signatures. The smells detected are possibly the source of fire. 

Existing fire detector has limited capability to detect the fire at 

the early stage. The alarming system is only activated when 

greater smoke density or temperature is detected. Most of the 

fire detectors are only equipped with limited sensors and 

focusing on selected element of smell, making the probability 

of the detector creating false alarm is higher. Fig. 1 shows the 

commercial fire detector in operation.  
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Fig. 1. Commercial fire detector in operation [4] 

Thus, an electronic nose algorithm that can detect various 

smells of burning domestic material is proposed in the attempt 

to improvise the early fire detection in buildings. A test data 

was gathered to be trained and tested using multivariate 

analysis. For initial testing, domestic burning materials such as 

mosquito coil, candle, joss sticks of different brands, 

newspapers, wood, plastic materials, Styrofoam and nuisance 

sources such as air freshener were tested. The tests were 

conducted in a temperature and humidity controlled room. The 

humidity and the temperature are monitored and recorded. The 

inlet of the electronic nose was put directly over the tested 

smell. Fresh air is mixed with the tested smell before being 

sucked into the electronic nose. The time-series signals from 

the ten metal oxide gas sensors in the electronic nose were 

recorded over a period of two minutes. The baseline trimming 

is performed to ensure that only the readings after the sensors 

stable are taken into consideration. The readings were at a 

sampling rate of 10 samples per seconds, compared to one 

sample per second sampling rate used in previous researches. 

Forty trials were done and the data collected were converted 

into temporal features for clustering using multivariate 

analyser. The best clustering rate recorded is 95%, and the 

average classification rate for 40 repetitions is 92.74%. The 

result also shows that multivariate analysis can be utilised in 

electronic nose application as a reliable early fire detection 

system by sensing the changes in the air quality.  

The rest of the paper has been organised as follows: Section 

II narrates the literature reviews on related studies. In Section 

III, the methodology of the research has been discussed. 

Section IV shows the results and observations from the 

experiments. Finally, the paper is concluded in Section V. 

II. BACKGROUND STUDIES 

Fire cases in Malaysia are reported approximately 300 to 

5000 cases per month, caused by various sources of fire, 

according to the source from 2012 statistics from Fire and 

Rescue Department of Malaysia. Almost all the cases of fire 

can be prevented if the existing fire detection system is 

improved with reliable hardware incorporated with effective 

algorithm for early fire detection and prevention. The 

problems in existing fire detection system is it has limited 

capability to detect the fire at the early stage, the alarming 

system is only activated when high smoke density or 

temperature is detected, most of the fire detectors are only 

equipped with limited sensors and focusing on selected 

element of smell, and the probability of the detector creating 

false alarm is higher.  

As mentioned in the section I of this paper, many 

researches were carried out for years in detecting the early fire 

using various technologies. The improvement of electronics, 

information and computer technology have contributed 

directly to the advancement of the early fire detection research 

for the last one decade [9]. It is proven since there are many 

literatures published in this field for the last ten years. The 

objective of this research is to improve the current fire 

detection systems. Similar to many other applications and 

researches, it is required to escalate the detection sensitivity, 

reduce the detection time, and raise the reliability to the 

system in times of uncertainty and nuisance. In simplified 

term, the detection system should detect the fire very early and 

can avoid the alarming due to the nuisance sources [2]. The 

system should be tested to reliability in order to be 

implemented in remote, automatic fire prevention systems. 

Multivariate based detection technology is used in the mean of 

attaining both improvised real fire sensitivity and reduced 

vulnerability to the false alarm sources. The output measured 

from different gas sensors in an electronic nose is processed 

using an intelligent pattern classification technique in an early 

fire detection alarming system.  

Many stages are involved in the effective classification as 

the pattern classification system is utilized in the multi- 

criteria or multi- sensor systems. The sensors convert the 

tested physical information to a numerical form of matrix. The 

sensor readings are defined in its respective axis in a multi-

dimensional space. It can be interpreted as, in the case of ten 

gas sensors involved, ten axes will be created in the multi- 

dimensional space [3]. Each fire and nuisance element will be 

symbolized as a point within this space based upon the sensor 

responses. Similar type of gases or nuisance will tend to group 

together in the space, gives each type of cluster to have its 

own mathematical boundaries. The mathematical boundaries 

enable the pattern clustering algorithms in the analysis to 

explain the pattern relationship in the data sets and thus, can 

be used to classify the fire and separate the nuisance sources. 

This multi- sensor approach has been investigated with 

various degrees of success. Few researchers have compared 

and reported the improvement of multi- sensor approach over 

the existing threshold- based smoke detectors [4].  

In recent times, electronic nose based indoor air monitoring 

and fire alarm system has become commercially available. 

This system, however, has not been adjusted to suiting specific 

environment and only available for general-purpose 

application. Precisely, the new systems available are only 

focused on the early fire detection and not really covering the 

wide range of nuisance source detection and rejection. 

Another limitation observed is the widely accepted standard 

such as the EN54 fire sources standard which limits the 

improvement to be made through test demonstration in fire 

detection sensitivity. In this paper, the electronic nose based 

indoor air monitoring and fire alarm system is investigated for 
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the commonly available fire and nuisance sources in Malaysia.    

The following section discusses about the methodology used 

for this research. 

III. METHODOLOGY 

The methodology in the research is divided into three main 

sections. These sections are discussed as follows.  

A. Test Data Collection  

Data is required to train and test the multivariate analyser 
for better clustering of data. Thus, a simple test data recording 
protocol is formulated to record the smell detected when the 
smell source is scorching or smouldering. The experiments are 
conducted to record the smell sensing of ten burning and 
nuisance material, namely, Fumakilla mosquito coil, BT Lites 
candle, BIC joss stick, GLRS joss stick, card board, 
newspaper, plastic materials, Styrofoam, wood and air 
freshener, in the chamber. The data is recorded at a rate of ten 
samples per second. Using ten samples per second as the 
sampling rate is to ensure that more samples are available for 
the improved clustering. The previous researches used one 
sample per second as the sampling rate. 

Portable Electronic Nose (PEN3) from AirSense Analytics 

GmbH is used for this research as the measurement device. 

Fig. 2 shows the image of PEN3. PEN3 is a small, fast and 

flexible identification system for gases and vapours. PEN3 is 

based on a ten metal oxide gas sensor array built into a small- 

volume measuring chamber. It has sensitive hot sensors, 

which can operate at extreme temperatures of 200 ºC to 500 ºC 

and sensor protection for long lifetime usage. It has a built-in 

vacuum pump at the flow rate, customizable between 10 

ml/min to 400 ml/min. The sensor response time is less than 1 

second, and it has a sensitivity of 0.1 ppm to 5 ppm for gases 

and organic solvents. The typical operating condition for the 

PEN3 is 0 ºC to 45 ºC for temperature and 5% to 95% for 

relative humidity. Charcoal filter is attached to the zero gas 

port as the air filter. The user has full access to all parameters 

of the instrument. The reading can be monitored through the 

measurement software, WinMuster allowing data acquisition 

and analysis. It can be communicated to the personal computer 

through RS232 or USB cable. PEN3 is designed according to 

the safety class compliant to EN292 Part 1 and 2, EN294, 

EN61010-1, EN1050, EN60204-1, EN 55011 G1 CB, 

EN50270 and EN6132 standards. 

 

 

Fig. 2. Portable Electronic Nose (PEN3) [9] 

Figure 3 shows the experimental setup for the test data 

collection. Prior to the data collection, the electronic nose is 

calibrated by allowing the clean air to rinse the metal oxide 

gas sensors from unwanted gas particles, which can contribute 

to reading error [4]. Rinsing, in this context, means to make 

the sensor reading to return back to the base line (background 

value), by allowing the clean air to pass through the sensors. 

The humidity and the temperature were measured to ensure 

that, during the measurement, the values are within 20ºC to 

30ºC and relative humidity of 30% to 40% respectively [5]. 

The values were recorded for monitoring. The distance 

between the electronic nose and smell source is 0.3 meter. 

Each measurement was taken for two minutes. Each recording 

will only start one minute after the burning process to ensure 

that the material is fully burned or smouldered. The ventilation 

fan in the chamber was also turned off to ensure that the 

smoke generated will not be sucked out. The raw data was 

saved in .nos format and has been converted to Microsoft 

Excel 2003 compliance file.  

 

 

Fig. 3. Experimental Setup for Test Data Collection 

B. Signal Preprocessing  

A simple preprocessing is performed on the recorded 

signals. Initially, the first minute of the recording for each 

sample is removed as the baseline trimming. This is due to the 

settling time needed by the sensors before the data 

measurement is stable. Based on the trial and error, it is 

observed that the settling time needed for this test to be 50 to 

55 seconds. Thus, one minute is chosen as the settling time of 

the sensor reading. The outlier values of the data set are 

removed prior to the analysis. For each smell source, 6000 
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samples were collected for 40 repetitions. 6000 samples for 

the recorded ambient air are also included in this test [6].  

 

C. Principal Component Analysis  

Principal component analysis (PCA) is a statistical 

procedure that uses an orthogonal transformation to convert a 

set of observations of possibly correlated variables into a set 

of values of linearly uncorrelated variables called principal 

components. The number of principal components is less than 

or equal to the number of original variables. This 

transformation is defined in such a way that the first principal 

component has the largest possible variance (that is, accounts 

for as much of the variability in the data as possible), and each 

succeeding component in turn has the highest variance 

possible under the constraint that it is orthogonal to 

(uncorrelated with) the preceding components.

 

Fig. 4. Principal Component Analysis for Temporal Features  

Principal components are guaranteed to be independent if the 

data set is jointly normally distributed. PCA is sensitive to the 

relative scaling of the original variables [7,8,9]. 

PCA was invented in 1901 by Karl Pearson, as an analogue 

of the principal axes theorem in mechanics. It was later 

independently developed by Harold Hostelling in the 1930s.
 

The method is mostly used as a tool in exploratory data 

analysis and for making predictive models. PCA can be done 

by eigenvalue decomposition of a data covariance (or 

correlation) matrix or singular value decomposition of a data 

matrix, usually after mean centering (and normalizing or using 

Z-scores) the data matrix for each attribute. The results of a 

PCA are usually discussed in terms of component scores, 

sometimes called factor scores (the transformed variable 

values corresponding to a particular data point), and loadings 

(the weight by which each standardized original variable 

should be multiplied to get the component score).  

PCA is the simplest of the true eigenvector-based 

multivariate analysis. Often, its operation can be thought of as 

revealing the internal structure of the data in a way that best 

explains the variance in the data. If a multivariate dataset is 

visualised as a set of coordinates in a high-dimensional data 

space (1 axis per variable), PCA can supply the user with a 

lower-dimensional picture, a projection or "shadow" of this 

object when viewed from its most informative viewpoint. This 

is done by using only the first few principal components so 

that the dimensionality of the transformed data is reduced. 

In this paper, PCA is used to dimensionally reduce the 

multivariate temporal features and represent the clustering of 

smell samples as two dimensional images.  

IV. RESULT AND OBSERVATION 

Fig. 4 shows the PCA for temporal features in-building 
materials burning. From the figure, it can be seen that the odour 
sample were clustered accordingly in the PCA. The first 
principal component is 92.74% while the second principal 
component is 4.35%. The first principal component is higher 
since the dataset has high variances between the different types 
of materials. The Styrofoam has the best clustering rate since 
the distribution of the values is closer compared to other data. 
From the PCA plot also, we can see that the mosquito coil’s 
values have a distributed pattern but still distinguished from 
other materials, which make them easily clustered. At the top 
of the figure, it can been observed that there are some values 
from candle and GLRS joss sticks which are distributed far 
from the other data. It might be because the values have high 
variance from other data but is considered outlier which not 
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belongs to the specified class. 2.91% value which are not 
plotted in the PCA chart is assumed to be converted to other 
principal components which has lower and insignificant 
variances. 

V. CONCLUSION 

The multivariate analytic capability of the Principal 
Component Analysis is highly appreciated as a dimensional 
reduction and data selection method in various other 
applications. In this paper, PCA is used in clustering the dataset 
according to the types of smells generated in burning, yielding 
to 92.74% success rate. Thus, it can be concluded that the PCA 
can be used as a tool in clustering the smells generated from 
the in-building fires in early fire detection application. In future 
works, PCA will be used together with other intelligent 
classifiers for better classification accuracies. 
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Abstract— A defect in products is something that cannot be 

avoided and, usually, occur during the production process. A 

defect in a product means that the product cannot fulfill its 

function requirement. Once it occurs the quality of product will 

be downgraded and it will also affect the company. The company 

needs to rework or reproduce the product again to fulfill the 

customer requirement. This paper presents product defects 

analysis using failure mode effects and criticality analysis 

(FMECA). A case study in automotive parts manufacturing 

industry is presented. The objective of FMECA in this case study 

is to analyze and identify the product defects characteristics 

based on product reject data received from the inspection line of 

the industry. The failure effects, causes and criticalities are 

explored and offer the basis for improvement to undertake. 

Keywords — Product defect; FMECA; criticality analysis; 

automotive parts; quality. 

I.  INTRODUCTION 

In industry, a defect in products is something that cannot 
be avoided and, usually, occur during the production of the 
product. A defect in a product means that the product cannot 
fulfill its function requirement. Product defect can be 
categorized as a production failure. Once its occur the quality 
of product will be downgraded and it will also affect the 
overall costs of the company operation. The company needs to 
rework or reproduce the product again to fulfill the customer 
requirement. This rework or reproduce process will affect the 
company profit, which is, the material and worker cost will 
increase in order to fulfill the customer requirements  

In this paper, failure mode effect and criticality analysis 
(FMECA) is applied to systematically identify and investigate 
the characteristics and pattern of product defects. Normally, 

FMECA is adopted to analyze the potential failure mode, and 
failure effects of a system or equipment, then some prevention 
and improvement measure are put forward to minimize its 
failure risk. In this context, the general steps of FMECA starts 
with classifying the failure data; second, to quantitatively 
calculate the probability of failure causes and influences, to 
ensure the criticality; third, to obtain the frail reliability failure 
parts; and finally, to evaluate and improve the product 
reliability [1].  

The FMECA consist of two distinct analyses which is the 
failure mode and effect analysis (FMEA), extended to analyze 
failure mode criticality, and called criticality analysis (CA) to 
determine the higher defective rate by referring SOP. The 
objectives of this case study are to analyze the product defects 
characteristics using the FMECA. Some literature regarding 
FMECA application in the context of machinery is given by 
[2,3]. 

In the following section, the application of FMECA is 
presented based on product defects scenario. Minor 
modification and direction of conventional FMECA steps has 
been carried out for presented case study.  

II. CASE STUDY 

A. Introduction 

The research is performed at a manufacturing company in 
Northern peninsular Malaysia that has currently produce 
gasket for automobile usage. The gasket is a mechanical seal 
that fills the space between two surfaces, to prevent leakage 
from or into the joint object while under compression. In this 
case study, the type of gasket product used is coded as 11191-
KFM-9010 (known as gasket P) which is made from the non-
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asbestos material and the thickness is below 0.5 mm. A defect 
in a gasket will effect its function and thus it will downgrad 
the quality.  

The current practice of inspection for this product is that  
the inspection staff will do the final touch of the production 
process than follows by manually inspect the final product 
based on their current standard operation procedure (SOP). 
The final product that has been produced will 100% goes to 
manual inspection procedure. The total product defect and its 
defects mode are then counted and recorded.   

B. Research Methodology 

From the Fig.1, the steps of FMECA analysis starts by 
classify defect modes identification. In this case, the defect 
mode is defined as the abnormal effect that visually identified 
from the product. This is one of the important initial steps for 
the FMECA. 

 

Fig. 1. FMECA steps for product defects analysis 

Second step is to quantitatively calculate the probability of 
defect causes and influences. All the causes identification and 
effects of each defects is determined. The defect causes can be 
categorized into three types; design, manufacturing and use 
[4]. For design defect cause, it focuses on the shape and the 
material used to produce the product. For manufacturing 
defect cause, it focused on the procedure of making the 
product, and for the used defect cause, its focus on the 
handling product. 

The third step is to obtain the frail reliability defect 
product; and finally, to evaluate and improve the product 
reliability by using critical analysis [1]. Criticality analysis is a 
series of calculation to ranks item and defect modes according 
to a formula given below [5]: 

 

    (1) 

Where: Ck = Defect mode criticality, β = The conditional 
probability of defect mode, α = Defect mode ratio, λp. = Part 
defect rate, t = Total of working days per year 

The value of α, β, and λ are determined by using the 
formula below [5]: 

   (2) 

  (3) 

  (4) 

C. General Analysis of Product 

The data were collected from year January 2012 until 
November 2013. The gasket P is made from non-asbestos 
material is used in this analysis.  

From the data collected, there are four types of defect 
modes that have been categorized which is marked, break, 
burr, and tacky surplus material. 

III. RESULTS 

A. Defects Cause Analysis 

The defect modes have been categorized into five sections 
which is marked, broken, burr, scratch, and tacky surplus 
material. The summary of the defects causes analysis is 
presented in Table I. The severity, occurrence and detection 
assessments used in this case study is modified from [4]. 

From Table I, it shows that the defect mode break and burr 
has the highest risk priority number (RPN) compared to the 
other defect modes. In case of high severity of the defect mode 
break, the gasket P will be unusable, which would result in 
large economic losses in the company profit. Hence, this type 
of decfect must be analyzed and troubleshooting tasks will 
undertake. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE I.  DEFECTS CAUSE ANALYSIS TABLE FOR GASKET P 
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Potential 

Defects 

Mode 

Potential 

Effects (s) 

of Defect 

S 
Potential 

Cause (s) 
O 

Current 

Design 

Control 

D RPN 

Break 

Loss it 

primary 
function 

8 

Miss treat 

the 

product, 

Eg: during 

the process 

of 

removing 
tip, the 

operator 

holds the 

product 

roughly 

2 

Review the 

instruction 

how to 

handle the 

product 
provided by 

the QC 

Department 

1 16 

Marked 

The product 

function is 

not 
disrupted, 

but the 

appearance 

of the 

product is 

slightly 

noticeable 

by the 
customer 

1 

It came 

from the 

supplier. 

1 

The 

operator 

will mark 

the placed 
that contain 

marked 

point, so 

that the 

inspection 

operator 

will 
determine it 

faster. 

1 1 

Tacky 

surplus 

material 

No 

discernible 

effect 

1 

The scarps 

did not fall 

off from 

the path 

during the 
blanking 

process 

1 

The 

operator 

will check 

the up and 

down the 

surface of 

the gasket to 
make sure 

not 

unwanted 

material on 

it. 

1 1 

Burr Annoyance 2 

During the 

balancing 

process, 
the scrap 

did not 

remove 

from the 

part 

flawlessly. 

1 

The QC 

Department 

will check 

the first 
blanking 

process of 

the material 

before the 

machine run 

through the 

whole 

process. 

1 2 

B. Criticality Analysis 

The objective of the criticality analysis in this case study is 
to analyze the level of critical of defect modes. The critical 
analysis is carried out by calculating the influence degree and 
probability of occurrence of each defect mode. Table II shows 
the summary of the criticality analysis for gasket P. 

 

 

 

 

 

 

 

 

TABLE II.  THE SUMMARIZED FOR THE CRITICALITY ANALYSIS FOR EACH 

DEFECT MODE FOR GASKET P 

Defects 

Mode 

Potential 

Effect 

Potential 

Cause 
Severity 

Classification 

of Severity 

Criticality 

Index 

2012 2013 

Break 

Loss of 

primary 

function 

Miss treat 

product 

during 

scrapping 

process 

8 0.75 92.13 116.16 

Marked 

No 

discernible 

effect 

Raw 

material 

ordered 

contained 

unbalanced 

colour. 

1 0.25 34.34 87.77 

Tacky 

surplus 

material 

Annoyance 

The scrap 

did not 

separate 

during the 

scrapping 

inner 

process 

1 0.25 0.59 0.08 

Burr Annoyance 

The scrap 

does not 

separate 

properly 

during the 

blanking 

process 

2 0.25 6.59 0 

 

Based on the findings from the criticality analysis of 
gasket P, then critical defect mode is identified. From Table II, 
it shows that, the highest Criticality Index (CI) is for defect 
mode break and marked. By comparing between year 2012 
and 2013, the CI of defect mode break is increased from 92.13 
in 2012 to 116.16 in 2013. The increasing trend is similar for 
defect mode marked, where CI is increased from 34.34 in 
2012 to 87.77 in 2013. According to the severity classification 
for defect mode break, this defect mode is classified as critical 
because, it will cause the gasket P totally lose its function. Fig. 
2 shows overall comparison of CI for each defect modes in 
year 2012 to 2013. 

   

   
Fig. 2. Comparison the Criticality Index (CI) by year of gasket P for each 

defect; (a) break, (b) marked, (c) burr and (d) tacky surplus material. 

There are some possible reasons to support the results of 
criticality analysis. First is that the increasing of CI for defect 
mode break may caused by the changeover in the workforce at 
the assembly line. According to the interview session carried 

397

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

out to their management in inspection department, in 2013 
there are three new operators are being assigned at the 
assembly line. The management team agreed that the new 
operators does not well trained to handle final production 
process of the product. Thus, this lead to high product defects. 
Fig. 3 below show that at that point the product are easily 
exposed to the defect mode break 

 

 

Fig. 3. Defect mode break on gasket P. 

C. Criticality Matrix 

According to the defect causes and criticality analysis for 

the gasket P, there are four other defect mode that occurs 

when producing the gasket P, but in this Criticality Matrix 

(CM) analysis, it only focuses on the higher CI value of defect 

mode. The higher CI value is for defect mode break and 

marked. 

 

 

Fig. 4. Criticality matrix for gasket P. 

Fig 4 shows the comparison of Criticality Matrix (CM) for 
defect mode break and marked. The CM for the defect mode 
break and marked is increased from 92.13 in 2012 to 116.16 in 
2013 and 34.34 in 2012 to 87.77 in 2013. By referring to the 
defect mode criticality formula, Ck, the element that will effect 
the increment of critical index value is part defect rate, λp. Part 
of defect rate that is derived from the total defect mode are 
also known as total defect frequency of product in a certain 
time per total working days for a year. In this case study, the 
average value for total working days per year is 295 days. So 
that, the higher value of total defect mode, will increase the 
critical index value of defect mode. According to the graph, 
for the year 2012 and 2013, the CI defect mode break is 
located in higher region that indicate the defect mode break 

are more critical and marginal compared to the defect mode 
marked. When the defect mode lies in this region, a suggestion 
in SOP must be done so that the occurrence of the defect mode 
can be decreased. More attention and critically action must 
focus on this defect mode, then, this defect mode will be 
scaled down for the next production lot. 

IV. CONCLUSION 

Failure mode effect and criticality analysis (FMECA) is 
adopted in this paper to analyze the characteristics and pattern 
of product defects. A case study for gastket product defect has 
been presented, where comparison between year 2012 and 
year 2013 is highlighted. According to the defect causes and 
critical analysis that had performed for each defect mode and 
it showed that the CI defect mode break is higher in year 2013 
compared to 2012 and lies on the critical and marginal region 
so that, the defect mode break is identified as most critical 
defects that need to be solved. The increasing CI for defect 
mode break, is caused by the changes in the operator during 
year 2013 that contribute to the increases of total defect mode 
in certain time. This is because, the efficiency skills of new 
operator is not competent to the job scope. This defect mode 
occurs in producing gasket P is caused by the miss treat the 
product, such as, during the process of removing tip, the 
worker holds the gasket roughly. The gasket is brittle and thin 
thickness (0.5mm) so the gasket P needs to handle carefully 
during the inspection process. 

A. Future Recommendation 

There is a recommendation that can undertake so that the 
most critical defect mode break can be reduce its occurrence. 
The suggestion is that the worker need to handle sensitively 
when removing the tip of the gasket.  
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Abstract— Recently, single statistical tools analyses are used 

to analyze product reject. Bar chart, line chart and histogram are 

the most common tools used. However, simple statistical tool 

analysis could only analyze single point of view and obtain single 

information in each analysis. This study presents the application 

of Weibull Distribution model in analyzing characteristics 

parrtern of product reject data. Weibull Distribution is an 

advanced and flexible distribution model that commontly used 

for processing and interpreting life data. Therefore, the main 

objective of this study is to determine root cause of the reject 

product and level of production performance by providing 

statistical value and distribution plotting graph from the analysis 

using Weibull Distribution model. The analysis of data shows 

there are seven defect types occurred during the production of 

product. This study focus on a critical type of defect which 

contributes to the highest reject rate. The possible root cause will 

be determined from the result of the analysis. 

Keywords—Weibull Distribution; product reject; case study; 

maintenance; reliability 

I.  INTRODUCTION 

Product reject can be define as the unreasonable danger on 
product. It is also being said by [1] that reject product is 
related to safety. Lack of quantification assessment and 
attention for the reject on product should be change. Zero 
reject products never exist in actual manufacturing. Therefore, 
defective produce should be standard reject and does not put 
the user on danger. Product reject can be divided into four 
which are design reject, manufacturing reject, lack of warning 
and instruction reject. Mostly, reject are come from 
manufacturing process that are possibly caused by low quality 
of raw material and operation mistake. Therefore, tracking the 
product reject during inspection is important to prevent the 
harm or problem during use.  

In manufacturing line consist of variety process begin from 
raw material until finished goods. Within the process, 
understanding material properties and inspection activity are 
important due to quality reason. Even the task is critically 
done, product reject still can exist [2]. Material, design and 
processing method contributes to the causing reject products. 
Accordingly, finding root cause of failure mode is vital to 
prevent the continuity of the stated problem. 

Product quality affect the cost, profit and company’s 
image. From engineering perspective view, problem of 
product reject could be analyze by using statistical methods, 
visual inspection, and various engineering techniques. As an 
example, a defect product happen in fabric manufacturing uses 
FDDS tools to analyze the real time of fabric reject and gray 
level co-occurrence matrix (GLCM) for textural of the fabric 
problem [3]. All techniques used improved the inspection 
process, and the reject could be easily detected. 

Data can be analyzed by data presentation or static. Data 
presentation is the display data such as Pareto, Histogram, line 
chart bar chart and pie chart. Static data presents information 
by number or value from some calculation. Statistical analysis 
basic involve of mean, standard deviation, coefficient of 
variation, confidence limit and propagation of error. Statistic 
is the method to measure and analysis process either used in 
manufacturing or nonmanufacturing process. The objectives of 
statistical analysis are to improve the quality of process, 
achieve stability, and solve processing problems [4]. Several 
types of statistical analysis tool are control chart, cause and 
effect diagram, check sheet, pareto chart and reject 
concentration diagrams. 

Currently, product reject is analyse by using simple 
statistical tool analysis. Nonetheless, it is limited to analyze 
single point of view. The user will only getting a single 
information for each analysis [5]. The information of the result 

399

http://mucet2014.utem.edu.my/conference-venue-and-fee
mailto:elyatun@gmail.com
mailto:rosmainiahmad@unimap.edu.my
mailto:illaidris7799@gmail.com
mailto:noorhafiza@unimap.edu.my


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

analysis will not be discused when using simple statistical 
tool. This problem may cause the analysis result not clear and 
lack of information. 

Weibull Distibution model is one of advance statistical 
tool which attract more attention in statistical analyses. 
Weibull Distribution is a flexible distribution model technique 
for processing and interpreting life data. Flexibility of Weibull 
Distribution was proven with wide variety of possible failure 
rate curve shapes. The result can be related with failure rate 
and bathtub curve concept. Bathtub curve is the concept of the 
life time of machine. Therefore, Weibull Distribution model 
often applied in reliability method. 

Two-parameter Weibull Distribution function was used to 
analyse statistically the fatigue life results of composite 
samples. The result obtained was a fatigue life distribution 
diagrams for Glass-fiber reinforced polyester composite 
(GFRP) composites which represent the reliability percentage 
corresponding to any life (cycle) or stress amplitude[6]. 

Then, a two-component and three-component mixture of 
two and three parameter Weibull distribution was also used to 
analyze time to failure data. Parameter were estimated using 
maximum likelihood estimation method and the shapes of the 
density or hazard functions were used to determine the 
suitability of mixture Weibull distribution to represent the real 
failure times data for the cases[7]. 

In this paper, we present the application of Weibull 
Distribution model to analyze product reject problems based 
on reject rate data. A case study in an automotive part in 
manufacturing industry is used for the Weibull Distribution 
model application. From the statistical point of view, product 
reject data will be analyze and the result will be discuss in 
detail to find their possible root cause.   

II. CHARACTERISTICS OF WEIBULL DISTRIBUTION MODEL 

Weibull Distribution model is one of the most useful 

probability distribution in reliability. In order to compute 

reliabilities, there are four related probability functions that 

being used. Reliability function, cumulative distribution 

function (CDF), probability density function (PDF) and hazard 

rate function are commonly used to calculate reliabilities but 

offer four different perspectives[8]. 

 

Reliability is defined as probability that a system or 

component will function over some time period t. When T ≥0, 

reliability function, R (t), can be expressed as 

 
R(t) = Pr{ T ≥ t } (1) 

For a given value of t, R (t) is the probability that the time 

to failure is greater than or equal to tCumulative distribution 

function (CDF), F(t), of the failure distribution also can be 

define as; 

F(t) = 1 – R(t) = Pr{ T < t } (2) 

Probability density function (PDF), f (t), is then defined by 

f(t) = dF (t)/ dt =  - dR(t)/ dt (3) 

From (3), the mean time to failure (MTTF) can be defined by 

MTTF = ∫ tf (t) dt = ∫ - [ dR(t)/ dt ]t dt   

MTTF = ∫  R(t) dt  (4) 

    

Meanwhile, hazard rate function also called the failure rate 

function, λ(t), provides an instantaneous (at time t) rate of 

failure.  

Pr{ t ≤ T ≤  t + ∆t} = R(t) – R(t + ∆t)  

Then, [ R(t) – R(t + ∆t) ] / R(t) ∆t is the conditional 

probability of failure per unit of time (failure rate). 

λ(t) = lim ∆t→0 {- [R(t + ∆t) – R(t)]/ ∆t }. 1/R(t) 

λ(t) = - dR(t)/ dt . 1/R(t) 

λ(t) = f(t) / R(t)   (5) 

From (5), Weibull failure distribution is characterized of 

the form λ(t) = at
b
 which is a power function. 

when α > 0, β >0, t ≥ 0 

 λ(t) =  (β/α) (t/α)
β-1

 (6) 

where α (theta) is called the scale parameter and β (beta) is 

called the shape parameter. 

It can be seen that when β<1, the failure rate function is 

decreasing (DFR) and when β> 1, it is increasing(IFR). In the 

case of β= 1, we have the well-known exponential distribution 

which has a constant failure rate(CFR). [9]. In the case of 

product reject analysis, β refer as number of reject rate and α 

is refer as mean of product reject. 

III. CASE STUDY 

A case study was carried out at a manufacturing industry 
located at northern area in peninsular Malaysia. The main 
product produced by this company is gasket. Gasket is widely 
used as an interface with the engine between the two parts. 
These products work to prevent leakage between the 
connections. Production of gasket involves basic types of part 
based on customer requirements. 

For the whole gasket production consists of five parts with 
its own code. There are L Crankcase Cover (11191-KFM), R 
Crankcase Cover (11394-KYZ), Cylinder (12191-KFL), 
Cylinder Head (12251-KFL), and Oil Pump Body (15119-
178).  

Gaskets are sensitive products because of its nature. It is 
susceptible to damage because it is thin. There are seven types 
of defect that can cause it to be rejected which are break, poor 
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surface finish, poor cutting process, stretching, pollution, 
design unrequited, and marking.  Among all the reject types, 
‘Break’ types of reject have the highest reject rate with total of 
3302 per year. Only several parts of gasket suffer from this 
type of reject which are part L Crankcase Cover (11191-
KFM), Cylinder (12191-KFL), and Oil Pump Body (15119-
178). Thus, analysis will only focus on selected part only 
which is part L Crankcase Cover (11191-KFM) as shown in 
Figure 1. 

 

Fig. 1. Part L Crankcase Cover (11191-KFM) 

This company recorded the raw data for number of reject 
per month and number of product produce per month of 
certain failure mode. As one of the critical failure modes is 
‘Break’ type, then it will be the focus data. Before start the 
analysis, there is a correlation identification test is done to 
determine the relationship between total reject versus total 
production. Correlation test is important to identify either the 
reject data can be analyze using Weibull Distribution or not. 
The scatter plots that do not have correlation only can proceed 
to analyze by using Weibull Distribution model. 

IV. RESULT  AND DISCUSSION 

Based from the case study, the part that will be analyzed 
by the Weibull Distribution model is part no 11191-KFM. 
Data taken for this part are from two years back data which in 
year 2012 and 2013. The comparison between the two years 
data can identify the trend characteristic of the reject part. 

As mention before, the Weibull Distribution model can 

analyze data that only have no correlation on the scatter plot. 

The correlation identification test proves that there is no 

correlation between the number of product produce and the 

number of reject for the selected month. The initial analysis 

towards the obtained result then can be proceeded to use the 

renewal model which is Weibull Distribution model. Table 1 

showed the analysis result from using Weibull Distribution for 

the selected part.  

TABLE I.  SUMMARIZE DATA OF THE WEIBULL DISTRIBUTION MODEL 

FOR PRODUCT REJECT BASED ON ‘BREAK’ TYPE MODE FOR YEAR 2012 AND 

2013 

YEAR 2012 2013 

β 1.85135 1.31276 

α 35.7294 59.4192 

CORRELATION 0.974 0.933 

NO OF SAMPLE OF 

REJECT 
10 6 

 

Based from Table 1, the comparison result of ‘Break’ 
reject type for part 11191-KFM in between 2012 and 2013 can 
be seen clearly according to the value of β (beta) and α (theta), 
correlation and number of sample of rejects.  

Value of β or reject rate was related with consistency of 
the work. The β values in both year showed that the 
consistency is there. β value in 2012 is slightly higher than 
year 2013 which current year had reduce the reject rate from 
1.85135 to 1.31276. Nevertheless, it is not significantly 
improved even though the value show that it is in decreasing 
failure rate (DFR). 

However, the β value obtain does not reflect the mean of 
the product reject (value of α). This can be seen by the data of 
both years mean to double. The scale parameter noted as α in 
year 2013 is higher than its previous year. Year 2012 shows 
number of α is 35.7294 which represent almost 36 parts 
rejected averagely in each month. Meanwhile, in year 2013 
shows an increment of 59.4192 which it up to 60 parts per 
month rejected averagely for the entire year. This result shows 
number of reject increased about up to 25% within a year.  

Result shows that reject rate (β) and scale parameter (α) 
are not moving together. The correlation both years are closer 
to positive one (+1). This is means that both year analysis 
results indicates fit with a positive slope. The linear relation of 
data is strength and relevant.  

By using Weibull Distribution, the analysis result could 
identify inconsistency and abnormality practice happen in the 
production line of the products. The high reject rate related 
with inconsistency of working that possibly caused by the 
human error. Basically, human worker is attached to manual 
process which commonly related to lacked of flexibility in 
managing the order. 

Manual work process that attached operator to complete 
the parts is process of removing waste and checking the 
product condition. Based from the information required by the 
company, the total number of workers in the department is 
five operators and been divided based on the types of product 
material. The operators are not allowed to handle other types 
of product that they had assigned, means that they are not be 
able to have rotational working schedule. This resulted in 
operator of fatigue and dullness. In year 2012, only one 
skillful worker is attached to handle the part to remove waste. 
The next year, the company has added one more worker 
without any working skill. The number of reject increased in 
the respective year because the assigned operator did not being 
provided with special training since he hired or having any 
necessary skills. Lack of skills to handle the tool to remove the 
waste may be one of the root causes. Wrong technique in 
handling material makes the part to easily break. 

The environment during working also contributes to higher 
reject rate. For the working area is at high temperature and 
without any air-conditioner. Hot temperature may lead 
operators to easily become fatigue and uncomfortable to finish 
their job during eight hour of each shift. 
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Due to the root cause discovered, all of the problems 
should be avoided or at least reduces. As recommendation, 
continuous training could be done to the new worker with 
interesting allowances, and upgrade the working environment. 
To maintain the consistency level of worker, some working 
task or planned schedule should be rotated to comfort the 
operator as when they are on duty.      

V. CONCLUSION 

 
This paper presented the Weibull Distribution model 

application for product reject analysis. Product reject data are 
analyzed from the statistical point of view and finding the 
possible root cause. Analysis had focus on one type of defect 
which contributes to the highest reject rate known as part L 
Crankcase Cover (11191-KFM). These types of reject which is 
break type have the highest reject rate with total of 3302 per 
year. From the analysis, the statistical value obtained could 
trace an abnormality practice occur in the production line. 
High reject rate related with the inconsistency of operator 
working ethics or their daily routine practice. Lack of skill of 
operator is expected as the main issue of causing the reject 
type for both stated year. This case study is relevant and 
significant to the application of the Weibull Distribution 
model where the abnormalities of the analysis result obtain 
could identify the problem when dealing with human task. 
This is one of the uniqueness of the Weibull Distribution 
model to be implemented in the maintenance area. 

Weibull Distribution can be the alternative method to be 
use in order to analyze product reject analysis. It can represent 
hidden characteristic in the production processes. However, 
comprehensive analyses could be done for obtaining better 
result. As a future research, Weibull Distribution model can be 

integrated with other advanced statistical tool such as FMECA 
when the data deals with verbal type to characterize 
systematically other defect mode.     
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Abstract—This paper presents the small signal modelling of 

high breakdown InP pseudomorphic High Electron Mobility 

Transistors (pHEMT) that have been developed and fabricated at 

the University of Manchester [1] for low noise applications 

mainly for the Square Kilometre Array (SKA) project. The ultra-

low leakage properties of a novel InGaAs/InAlAs/InP pHEMTs 

structure were used to fabricate a series of transistor with total 

gate width ranging from 0.2 mm to 1.2 mm. The measured DC 

and S-Parameters data from the fabricated devices were then 

used for the transistors’ modelling. The transistors demonstrated 

to operate up to frequencies of 25 GHz. These transistors models 

are used in the design of Low Noise Amplifiers (LNAs) using fully 

Monolithic Microwave Integrated Circuit (MMIC) technology 

Keywords— InGaAs/InAlAs; InP; pHEMT; Square 

Kilometre Array (SKA); LNA; MMIC  

I.  INTRODUCTION 

Nowadays, great progress has been made in the design and 
manufacture of InP based pHEMT devices particularly in low 
noise applications. This technology together with advances in 
MMIC technology, is driving future high volume, low cost, 
high performance millimetre-wave applications with high 
prospects [1]. The vital parameter for low noise that is cut-off 
frequencies (fT) have been demonstrated in the THz range with 
this InP based pHEMT devices [2-4]. The unique and inherent 
properties of the carriers in a 2-DEG provide the device with 
high electron mobility and high sheet carrier density, making it 
the best device selection for many electronic applications. 
Recently, a novel strained InGaAs-InAlAs pHEMT devices 
having extremely high breakdown and low noise properties has 
been reported [5]. These devices show a great promise for use 
as a low cost high performance LNA for the intermediate 
frequency band of the SKA.  

The MMIC manufacturing is time consuming and costly, 
since the correct functionality of the circuit can only be 
checked after the whole fabrication is completed. Therefore, an 
accurate small signal and large signal model of a device or 
transistor is an essential requirement for any circuit design 
either for Complementary Metal Oxide Semiconductor 
(CMOS) or HEMT technology before commencing the 
fabrication process. For that reason, there is a continuous effort 
from circuit designers to produce efficient transistor models 
since it was first developed by Curtice, 1980 [6]. A decade 
later, several empirical small signal and large signal models 
had been developed in  
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Fig. 1: Two different epitaxial layer structures for device under test 

 
order to allow the model being extracted to use Computer 
Aided Design (CAD) tools [7]. As significance, this research 
focuses on the characterization and accurate small signal 
modelling of advance material InP based pHEMT transistors 
using Advance Design System (ADS) Software. 

 

II. TRANSISTOR CHARACTERISTICS 

In this work, a number of devices fabricated from two main 
types of epitaxial layer have been modelled for the use in low 
noise applications. The two different epitaxial layers are 
denoted as XMBE144 and VMBE2100. The effective gate 
length for all devices used in this study is 1 µm while gate 
widths of the devices are ranging from 0.2 mm to 1.2 mm.  All 
epitaxial layers were grown using The University of 
Manchester Molecular Beam Epitaxy (MBE) on RIBER 
V100H and V90H systems. These epitaxial layers were grown 
to improve the overall performance of the LNA through 
optimisation of the devices’ epitaxial layers. Performance 
enhancement of XMBE144 and VMBE2100 was achieved 
through epitaxial layer improvements, resulting in low gate 
leakage and an enhancement in the devices’ thermal stability. 
The epitaxial structures are shown in Fig. 1. 
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Fig. 2: On-state leakage current for XMBE144 and VMBE2100. Inset is the on-state leakage current of VDS = 1 V   ( 4 x 200 m devices) 
 

 
 

Fig. 3: Unity current gain (h21) plot versus frequency at VDS = 1 V. The fT  is obtained by the 0 dB crossing at x-axis (frequency) 
 

The epitaxial structures of XMBE 144 and VMBE2100 
share almost the same epitaxy layers and thicknesses. The only 
difference between these two materials is the Schottky Barrier 
layer for VMBE2100 is made from highly strained, high band 
gap (~2.1 eV) material, which is advantageous for achieving a 
higher Schottky barrier height, and consequently leads to a 
lower gate leakage current. Besides, the epilayers are made 

from -doped structures to further enhance the carrier 
confinement in the quantum well, and additionally reduced the 
gate leakage. Fig.2 shows the on-state leakage current for 
XMBE144 and VMBE2100. It is obvious that the VMBE2100 
device’s leakage current is lower than XMBE144 through the 
adoption of wider band gap material as the Schottky barrier 
layer.   

The cut-off frequency (fT ) for these epilayers are ~ 25 GHz 
as depicted in Fig. 3, is among the highest has been reported 
for 1 µm devices.   

This higher fT performance is fundamental parameter for 

the devices’ low noise characteristics as given by Fukui’s 

minimum noise figure expression: 

 

 11min m s g

T

f
F k g R R

f
    (1) 

 

III. TRANSISTOR SMALL SIGNAL MODELLING 

 There are two techniques of device modeling; physical and 
empirical models. Both modeling can be used to represent a 
real device. The selection of the appropriate model depends on 
the exact requirements of the particular application since each 
techniques has its own advantages and limitation. In this 
project, the empirical technique is used to model the fabricated 
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InGaAs/InAlAs/InP pHEMTs transistor. The empirical 
modeling begins with the small signal model followed by large 
signal model. The small signal modelling phase starts with the 
extraction of extrinsic and intrinsic parameters from pinched 
and biased dependent S-parameter measurements, from which 
the initial small signal model is generated.  
 This model is then optimized by fitting the modelled and 
measured S-parameters data. This will consequently reduce the 
modelling error. Large signal modelling of the devices is then 
performed; the DC and RF data are extracted, modelled and 
optimized. After the large signal model has been optimized, the 
complete model is ready to be used in circuit designs. 
However, this paper only discusses the small signal model of 
fabricated transistors, as the large signal model will be reported 
soon. 
 

IV. RESULTS AND DISCUSSIONS 

 There are several small signal models circuit topologies 

described in [9-12]. The small signal model presented in this 

work, developed by Dambrine et al. [10], is the most 

commonly used. The most widely used equivalent circuit 

model for pHEMT/HEMT device is in Figure 4. The S-

parameter measurements are firstly exported from the ICCAP 

to the ADS software, where the small signal model is created. 

The configuration of the transistor’s small signal model begins 

with the extraction of 8 extrinsic parameters, followed by the 7 

intrinsic parameters. The extrinsic parameters are obtained 

from the device’s pinched (cold) S-parameters measurement. 

This measurement is made when the device’s channel is 

totally pinched, and it is bias-independent. Conversely, the 

intrinsic parameters extraction can be obtained from the bias 

dependent (hot) measurement. The extraction technique used 

throughout this project is an analytical method. The small 

signal model is performed to achieve an excellent fit between 

the modelled and measured data.  

 Fig. 5 shows the empirical model with the optimized 

extrinsic and intrinsic values for the XMBE144 4 x 200 m 

device. The S-parameter data is depicted in Figure 6, where 

the modelled data shows a good fit to the measured data up to 

a frequency of 10 GHz 

 TABLE I summarized the extrinsic parameters value while 

TABLE II summarized the intrinsic parameters value for 

devices involved in this work.  

 
 

 
 

Fig. 4: Standard form of  pHEMT/HEMT small signal equivalent circuit [64] Fig. 5: The optimised Small signal Model (with extrinsic and intrinsic 

values) for the XMBE144 4 x 200 m device 

  

(a) (b) 

Fig. 6: The matched S-parameter data after Small signal Model optimisation for XMBE144’s 4 x 200 m device. (a) S21 and S12 and (b) S11 and S22 
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TABLE I.  TABLE OF EXTRINSIC PARAMETERS FOR ALL DEVICES AT VDS = 1 V AND 10% IDSS 

S
a

m
p

le ID
 

Gate fingers x 

widths  (µm) 

Cpg  

(fF) 

Cpd  

(fF) 

Rs  

(Ω) 

Rg  

(Ω) 

Rd  

(Ω) 

Ls  

(pH) 

Lg  

(pH) 

Ld  

(pH) 

X
M

B
E

1
4

4
 

2 x 50 7.8 26.6 5.80 1.94 2.91 8.1 20.5 17.9 

2 x 100 13.7 37.9 1.99 1.44 1.38 3.9 26.7 56.1 

4 x 200 59.0 112.9 0.40 1.18 1.16 1.3 50.3 71.5 

V
M

B
E

2
1

0
0

 

4 x 200 40.1 155.6 0.53 1.56 1.43 2.0 79.7 111.6 

TABLE II.  TABLE OF INSTINSIC  PARAMETERS FOR ALL DEVICES AT VDS = 1 V AND 10% IDSS 

S
a

m
p

le ID
 

Gate fingers x widths  

(µm) 

gm  

(mS) 

t  

(psec) 

Ri  

(Ω) 

Rds  

(Ω) 

Cgs  

(fF) 

Cds  

(fF) 

Cgd  

(fF) 

X
M

B
E

1
4

4
 

2 x 50 19 1.71 9.42 1318.9 150 1.7 22 

2 x 100 50 1.77 3.89 681.3 410 2.6 43 

4 x 200 150 2.40 1.14 157.9 1340 4.1 142 

V
M

B
E

2
1

0
0

 

4 x 200 170 1.17 2.42 179.0 1400 3.0 150 

 

 

From the TABLE I, one can see that the capacitance values 

increase as the total device width is increased. Since the 

capacitance value is proportional to the contact area, the 

capacitance increases as the contact pad areas become larger. 

It can also be seen from TABLE I, that the terminal 

resistances are also reduced as the device size is increased. As 

the gate width is increased, the total gate area will increase, 

and consequently it will decrease the terminal resistances. 

The intrinsic parameters follow the same trend as the 

extrinsic values as the device width is increased. However, a 

significant reduction in Rds values can be observed as the 

device width is increased. This resistance can also be viewed 

as the resistance in the channel between the Drain and Source 

terminals. As the device width is increased, the total area 

involved in parallel with the device width will be increased, 

and consequently the channel resistance is reduced.  

 

V. CONCLUSION 

A small signal model for InGaAs/InAlAs/InP pHEMT is 

successfully presented. The model has been tested for a series 

of 1 µm InP based transistors [13]. The consistency in 

obtaining the excellent agreement between modelled and 

measured data over 10 GHz, verify and validate the analytical 

technique uses. Having the advantages of an extremely lower 

gate leakage current and high cut-off frequency, fT  make the 
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proposed devices one of the primary choices for low noise 

application, mainly for the SKA satellite [14]. 
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Abstract— Hybrid Chitosan-ZnO reinforced ultra-high 

molecular weight polyethylene (UHMWPE) was prepared using 

hydraulic hot press. The effect of ZnO contents (10, 20, 30 wt.%) 

and chitosan contents (1, 2, 3 wt.%) on the mechanical and 

morphology properties of UHMWPE/ZnO and 

UHMWPE/Chitosan-ZnO reinforced composites were 

successfully investigated. The compound with addition of 10 

wt.% of ZnO recorded an increase in tensile properties. Further 

studies with addition of Chitosan found that hybrid composites 

recorded better mechanical properties than UHMWPE/ZnO 

composites, with UHMWPE/ZnO + 3 wt.% Chitosan composite 

attained comparable tensile strength, stiffness, and hardness to 

virgin UHMWPE. From fractographic analysis using scanning 

electron microscope (SEM), the absence of holes at the tensile 

fracture surface had verified the better tensile strength recorded 

by UHMWPE/ZnO + 3 wt.% Chitosan composite. Overall, the 

UHMWPE/ZnO + 3 wt.% Chitosan hybrid reinforced composite 

recorded comparable tensile properties to virgin UHMWPE. 

Keywords— Hybrid fillers; Mechanical Properties; 

Morphology properties 

 

I.  INTRODUCTION  

Ultra-high molecular weight polyethylene (UHMWPE) is 

known for its bio inert, self-lubricating, light weight and even 

shock resistant properties. The excellent properties possessed 

by this material, such  as high strength, high Young’s 

modulus, low density, and good abrasion resistance [1]. 

Extensive research had been performed by the previous 

researchers to increase the overall performance of neat 

UHMWPE in order to be implemented in various fields 

especially in medical applications. For example, 

hydroxyapatite/ultra-high molecular weight polyethylene 

(HA/UHMWPE) [2], alumina/ultra-high molecular weight 

polyethylene (Al2O3/UHMWPE) [3], natural coral/ultra-high 

molecular weight polyethylene (NC/UHMWPE) [4], and 

titanium dioxide/ultra-high molecular weight polyethylene 

(TiO2/UHMWPE) [5] reinforced composites had been studied 

for their application in biomedical implants. Although much 

efforts have been carried out to investigate the optimum 

performance of UHMWPE based composites, but less of them 

were focused on hybrid fillers. This was the main reason why 

the knowledge is still remain unclear. It widely accepted that 

usage of hybrid filler may significantly enhance several 

specific properties of composites as experimentally proven by 

Leong et. al [6]. Therefore, this research is purposefully 

design to investigate the effect of hybrid fillers towards 

mechanical and morphology properties of UHMWPE 

composites. To achieve our goals, fabrication of 

UHMWPE/ZnO composite was done using hydraulic hot press 

and the optimum ratio from 10, 20 or 30 wt.%. Optimum 

composition was justified based on their ability to induce 

highest stress. The chosen optimum composition are 

integrated with different weight percentage of filler to 

composite from 1 to 3 wt.% producing UHMWPE/ZnO-

Chitosan hybrid composite to undergo tensile test and 

subsequently the morphology of the fractures surfaces are 

analyzed under scanning electron microscope. 

 

II. EXPERIMENTAL 

A. Materials 

The powdered formed UHMWPE, with a molecular 

weight of 5 X 10
6
 g/mol and density of 0.94 g/ml was 

purchased from Ticona Engineering Polymer, China. ZnO 

powder with particle size less than 1 μm 99.9 % and chitosan 

with a deacetylation degree of 92 % were also supplied by 

Sigma Aldrich. 
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B. Sample preparation 

Compounding formulation in this research was divided 

into; UHMWPE/ZnO formulation and UHMWPE/Chitosan-

ZnO formulation. 10, 20 and 30 wt.% of ZnO were 

homogenously mixed with UHMWPE by mechanical ball 

milling in dry condition method. The mixing process was done 

for 4 hours with 2 hours in clockwise and another 2 hours in 

anti-clockwise direction. The samples were then pre-heated 

and molded using hydraulic hot press at 165°C for 20 minutes. 

Cool pressing was done for 5 minutes to obtain the composite 

sheet. The same steps were repeated to prepare 

UHMWPE/Chitosan-ZnO hybrid reinforced composites. 

 

C. Tensile Test 

The tensile properties of neat UHMWPE and UHMWPE 

reinforced composites were evaluated according to ASTM 

D638 (Type IV) [7]. At least five specimens were tested for 

each sample. Dumbell-shaped  specimens of 50 mm gauge 

length and thickness of 1 mm were tested under crosshead 

speed of 20 mm/min  [8]. The tensile strength, tensile 

modulus, and elongation at break for each composite were 

tabulated and analyzed. 

 

D. Morphology Analysis 

The fracture surfaces of the composites were observed 

using Zeiss Supra 35VP Field Emission Scanning Electron 

Microscope (FESEM). All the samples were coated with Au-

Pd in a sputter coater chamber before analysis. The fracture 

surfaces of the composites were observed using the TM-3000 

Tabletop Scanning Electron Microscope (SEM).  
 

III. RESULTS AND DISCUSSION 

A. Effect of Hybrid Filler Loading on Tensile Properties of 

UHMWPE   

Fig. 1 illustrates the tensile properties for UHMWPE/ZnO 

composites with various particle contents. It was clearly 

shown that the tensile strength of UHMWPE/ZnO composites 

decreased with the addition of ZnO particles. UHMWPE 

composite with 10 wt.% ZnO contents showed a 13.5 % 

tensile strength reduction as compared to the neat  UHMWPE. 

At higher filler additions (30 wt.% ZnO), a total of 24.43 % 

tensile strength loss was resulted. This finding was in 

agreement with the work reported by Chang et. al [9]. They 

mentioned that the effective stress transfer from the matrix to 

the fillers is highly required to achieve the strengthening 

effect. The ZnO used in this study is hydrophilic in nature, and 

therefore difficult to form interfacial bonding with the 

hydrophobic UHMWPE. As a result, the materials inside the 

UHMWPE composite system become incompatible and the 

bonding between the molecules is weakened. Hence, smaller 

forces are needed to break the bonding as compared to neat 

UHMWPE. The reduction of tensile strength was also caused 

by the interruption of the homogeneous phase of UHMWPE 

matrix. The matrix phase interruption had caused the poor 

stress transfer between the ZnO particles and UHMWPE 

matrix, which explained the reduction of tensile strength with 

addition of ZnO contents. Besides, the agglomerated network 

of ZnO in UHMWPE matrix, as evidenced in the Fig. 1(a), 

had also deteriorated the tensile strength of ZnO/UHMWPE 

composites at high filler contents. Sole and Ball [10] reported 

that the rigid fillers has negative effect on the tensile strength 

of the composites. As filler contents is increased, there is 

notable decrease in the effective cross-sectional area in the 

continuous polymer matrix system [11] which can support the 

applied load, and hence greatest tensile strength loss was 

observed at highest filler contents. The bar graph in Fig. 1(b) 

pointed out that the tensile modulus of the composites 

increased gradually with the addition of filler contents. With 

the incorporation of 20 wt.% ZnO contents, 9.16 % increment 

in tensile modulus was recorded. Meanwhile, a 22.92 % 

increase in tensile modulus was observed for composite with 

30 wt.% ZnO contents. The increment in the tensile modulus 

was accompanied by the reduction in elongation at break for 

all the UHMWPE/ZnO composites, as shown in Fig.1(c). The 

inclusion of ZnO filler had successfully enhanced the stiffness 

of the composites. The enhancement in tensile modulus could 

be contributed by the high modulus of rigid ZnO filler, as 

reported by Chang et. al [9]. The presence of rigid filler is 

being the factor for modulus improvement the composite 

system [10]. The decrease of elongation at break was the 

indication for ductility loss in the composite system as more 

filler contents were employed. The reasonable explanation for 

this manner was the interruption of the polymer chain mobility 

of the UHMWPE matrix by the ZnO filler in the composite 

system, which leads to the decrease in plastic deformation [8], 

and therefore the decrement in elongation at break. 
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Fig. 1: The tensile properties of  neat UHMWPE and UHMWPE/ZnO; (a) 

Tensile strength (MPa); (b) Tensile modulus (MPa); and c) Elongation at 
break (%) 

 

The UHMWPE reinforced with 10 wt.% ZnO composite is 

considered as the optimum content of ZnO and is included in 

this section as control experiment, as well as neat UHMWPE, 

that is intended to point out the enhancement of hybrid 

reinforced UHMWPE composites. Fig. 2(a) illustrates the 

variation of the tensile strength of UHMWPE/Chitosan-ZnO 

hybrid composites with the weight fraction of chitosan 

particles. It was seen that the tensile strength of hybrid 

composites increased with the addition of filler contents. The 

similar findings had been discovered by Zhou et. al[12]. They 

proposed that the increasing trend of tensile strength was 

attributed to the reinforcing effect of fillers. The increase in 

tensile strength would be presumably due to the ability of 

stress transfer from the UHMWPE matrix to the chitosan 

particles at low filler incorporation. However, as shown in 

Fig.2(a), every hybrid composites still recorded lower tensile 

strength than the neat UHMWPE. But interestingly, it is worth 

pointing out that hybrid composites with 3 wt.% of chitosan 

particles (54.61 MPa) recorded higher tensile strength as 

compared to UHMWPE composite with 10 wt.% ZnO (51.64 

MPa), with an increment of about 5.75 %. This result indicates 

that the optimum addition of chitosan particles into the 

composite system would reveal better tensile strength than 

composite reinforced with one type of filler. Fig.2(b) 

demonstrates the tensile modulus of UHMWPE/ZnO/Chitosan 

composites as a function of chitosan contents. Apparently, as 

shown in Fig. 2(b), the tensile modulus had portrayed an 

increase trend, identical to the tensile modulus trend recorded 

for UHMWPE/ZnO series. The tensile modulus increment for 

hybrid composites reinforced with 1 and 2 wt.% chitosan did 

not show significant enhancement, only in the order of 0.95 

and 3.54 %, respectively. However, when compared to neat 

UHMWPE, a 30.13 % increment in tensile modulus for hybrid 

composite reinforced with 3 wt.% chitosan was recorded, 

indicating the optimum amount of hybrid filler was capable to 

enhance the stiffness of the composite. Such a finding was in 

agreement to the work by Chang et. Al [9]. They suggested 

that the presence of rigid filler in the matrix was being the 

main cause for the increase in stiffness for the composite. The 

increment in tensile modulus was accompanied by the 

reduction in elongation at break for the hybrid composites, as 

illustrated in Fig.2(c).The loss of ductility was due to the 

incorporation of chitosan into the composite system. The 

chitosan particles had restricted the mobility of UHMWPE 

chain [8], inducing less plastic deformation, and eventually the 

ductility loss for the composite. On the contrary, the hybrid 

composite reinforced with 3 wt.% chitosan particles exhibited 

a sudden increase in elongation at break, which indicating a 

little gain of ductility.  
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Fig.2: The tensile properties of neat UHMWPE, UHMWPE/ZnO and 

UHMWPE/Chitosan-ZnO; (a) Tensile strength (MPa); (b) Tensile modulus 

(MPa); and (c) Elongation at break (%) 

 

B. Morphology Analysis 

Tensile fracture analysis was carried out using SEM 

equipment, as illustrated in Figure 3. In addition, the EDX 

analysis was also performed to distinguish the presence of 

ZnO particles on the fracture surfaces of composite specimens. 

Fig.3(a) shows tensile fracture surfaces of UHMWPE/ZnO 

composites. From fractographic analysis, it was observed that 

composite with 10 wt.% ZnO contents had better ZnO 

distribution in the matrix. On the contrary, composite with 30 

wt.% ZnO contents showed huge ZnO agglomerates, which 

was responsible for the reduction of the tensile strength 

discussed previously. The agglomerate network had triggered 

the formation of holes as evidenced in Fig.3(b), indicating the 

poor stress transfer from the matrix to the filler. Theoretically, 

the formation of holes and voids disturbs the stress transfer 

effectiveness between the matrix and the ZnO particles [13]. 

This observation was consistent with the tensile strength trend 

in Fig. 1. Furthermore, the EDX analysis had confirmed the 

presence of ZnO particles by the ‘X’ pointed area in the SEM 

micrograph (Fig.3(a)). The Zn and O elements represented the 

ZnO particles. Meanwhile, the C and Pt elements were 

contributed by UHMWPE matrix and coating material, 

respectively. Fig.3(c) shows the SEM micrograph of 

UHMWPE/ZnO + 3 wt.% Chitosan hybrid composite. As 

observed, there was no holes or voids formation in this hybrid 

composite as compared to UHMWPE/ZnO composite in Fig.3 

(b). In the absence of holes, it was believed that there was 

existence of better effective stress transfer from the matrix to 

the filler, which was accountable for the better tensile strength 

of UHMWPE/ZnO + 3 wt.% Chitosan hybrid composite.  

 

 
 

 
 

 
Figure 3: Tensile fracture morphology of UHMWPE/ZnO composites (a) 10 

wt.% ZnO, (b) 30 wt.% ZnO and (c) UHMWPE/ZnO + 3 wt.% Chitosan 
hybrid composite. 

 

IV. CONCLUSION 

The mechanical and morphology properties of 

UHMWPE/Chitosan-ZnO hybrid composites were 

successfully investigated using conventional universal testing 

machine and SEM apparatus, respectively. From the results, 

the following conclusions can be drawn:  

 The tensile strength for UHMWPE/ZnO composites 

decreased through the inclusion of ZnO into the 

UHMWPE. However, due to the reinforcing effect, 

UHMWPE/ Chitosan-ZnO hybrid composites 

demonstrated increment in tensile strength. The 

hybrid composite with 3 wt.% chitosan contents 

achieved higher tensile strength than UHMWPE + 10 

wt.% ZnO composite, but, still slightly lower than 

neat UHMWPE. Stiffness properties for both 

UHMWPE/ZnO and UHMWPE/Chitosan-ZnO 

hybrid composites were enhanced by the particle 

additions.  
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 From fractographic analysis, holes were appeared on 

the UHMWPE/ZnO composites, causing the poor 

stress transfer between the matrix and ZnO particles. 

On the contrary, UHMWPE/Chitosan-ZnO hybrid 

composites showed no holes formation on the 

fracture surface.  
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Abstract—The influence of the thermal properties of 

thermoplastic soya spent powder (TSSP) blends of high-density 

polyethylene (HDPE) at various compositions was investigated. 

The difference of thermal properties the blends with and without 

polyethylene-grafted-maleic anhydride (PE-g-MA) were 

investigated too. The compatibilizing efficiency of copolymers 

containing glycerol plasticized soya spent powder (SSP) were 

prepared by using heated two roll mills. Besides that, for the 

composition without compatibilizer TSSP was blended with 

HDPE by using twin screw extruder at 180oC. 

Thermogravimetric analysis (TGA) reveals that the thermal 

decomposition temperature reduced with the addition of TSSF. 

However, the thermal stability of the blends was improved by the 

incorporation of PE-g-MA. Crystallinity of the blends was 

significantly dropped with increasing TSSP content and further 

reduced with the presence of PE-g-MA 

Keywords—High Density Polyethylene, Thermoplastic Soya 

Spent Powder, Soya Spent Powder, Polyethylene Grafted-(Maleic 

Anhydride). 

I.  INTRODUCTION  

In the last few decades, plastic industry has expanded very 

quickly, in order to meet the growing demand by the 

consumers. This phenomenal growth has subsequently 

increased the volume of domestic and industrial waste plastics. 

Several negative environmental impacts associated with 

careless plastic disposal have been reported elsewhere [1]. 

These include loss of natural resources, land and water 

pollution, and the reduction of landfill space. An increasing 

awareness and stringent environmental standards to ensure 

safe disposal is, therefore, necessary to curb the issue and 

handle the menace without necessarily creating more 

secondary problems [2]. However, the awareness and 

compliance to environmental legislations in the developing 

countries is very poor and the waste disposal methods are still 

not in conformity with the environmental regulations. To 

avoid the situation from further aggravation, there is a need of 

safe disposal through reuse, energy recovery and recycling. 

Among the several safe disposal measures [3], [4] and [5], 

conversion in to useful products has been the focus of 

attention in recent years [6] and [7]. 

Usually native starch contains about 30% amylose, 70% 

amylopectin and less than 1% lipids and proteins from plant. 

Physical gels and dispersions from native, purified amylose or 

amylopectin starches showed differences in properties such as 

phase separation, physical gelation, aggregation and 

crystallization [8], [9]. Starch has been processed in various 

ways to produce starch plastics. Alternatively, polymer blends 

and composites containing natural polymers as biodegradable 

additives (such as starch, cellulose and their derivatives) were 

developed [10]. These composites are easily extrudable and 

commercialized. The major disadvantage of incorporating 

natural polymer into synthetic polymer is their compatibility. 

Natural polymers are hydrophilic while synthetic polymers are 

hydrophobic in nature. The resultant blend of these two types 

of polymers is almost immiscible. The poor interaction 

between matrix and filler interphase causes weaker 

mechanical properties [11]. 

PE-g-MA was used as a compatibiliser to improve the 

interfacial adhesion between HDPE and TSSF. The 

compatibilisation effect of PE-g-MA has been proven in our 

previous study [12]. The changes of the TSSF blends with 

HDPE were studied by investigating the mechanical properties 

from thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC). 

.  
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II. EXPERIMENTAL 

A. Materials 

HDPE grade TITANZEX was supplied by Titan Group. 

The density is 0.956 g/cm
3
 and the melt flow index is 0.45g/ 

10 min. SSF was purchased from Hasrat Bestari Sdn. Bhd. 

The granular size of SSF is 18μm with 55.5% protein content. 

The plasticizer that used in preparing TSSF is glycerol. The 

glycerol that obtained from Sigma Aldrich Inc. contains 11% 

water. PE-g-MA with 3% grafting level was also supplied by 

Sigma Aldrich, Inc. 

 

B. Compounding 

In this study, twin screw extruder was used to mix the 

HDPE, TSSF and PE-g-MA. Then, 30% of PE-g-MA based 

on SSP was added into the mixture. Twin screw extruder was 

used extensively for mixing, compounding, or reacting 

polymeric materials. The twin screw extruder was run at a 

speed of 50 rpm and temperature of 180 ⁰C. The samples 

produced were in pellet form. 

 

The product was compression molded at 180⁰C. The 

preheating process was around 7 minutes, press heating for 3 

minutes and cooling for 3 minutes. Then, the samples were cut 

into dumbbell shape according to ASTM D638. Table 1 shows 

the composition of HDPE/SSP blends. 

 
Table 1: Composition of HDPE/SSP blends. 

 

C. Thermogravimetric analysis (TGA) 

 
TGA Analyzer (Perkin Elmer Pyris) provided information 

on the temperature changes between T-5% and T-30%. The 

samples were tested within temperature range from 50
o
C to 

600
o
C at heating rate of 20

o
C/min under a flow of nitrogen. 10 

to 15 mg of samples was used for this analysis.  

 

D. Differential Scanning Calorimetry (DSC) 

 
The test was carried out by using a Perkin-Elmer DSC 7 

instrument with heating temperature of 10⁰C/min. Each 4-mg-

average sample was encapsulated in a hermetically sealed 

aluminum pan. The sample was first heated up from room 

temperature to 200⁰C at 10⁰C/min and held at this temperature 

for 5 min to remove the thermal history. Consequently, the 

sample was cooled to room temperature at 10⁰C/min and then 

reheated to 200⁰C at 10⁰C/min. The analysis was carried out 

under a nitrogen atmosphere.  

 

The melting temperature (Tm) and crystallization 

temperature (Tc) were obtained from the maximum peak, 

whereas the heat of fusion (ΔHf
*
) was obtained from the area 

under the peak. The percentage of crystallinity of the LDPE 

phase was calculated by using the following equation: 

 
 

Where ΔHf
0
 is heat of fusion for 100% crystalline 

polyethylene (276 J/g) [13] and ΔHf
*
 is heat of fusion for the 

semicrystalline LDPE. 

 

III. RESULTS AND DISCUSSION 

A. Thermogravimetric analysis (TGA) Properties 

 

Fig. 1: TGA thermogram of HDPE, HDPE/SSP blends, and 

HDPE/SSP blends/ PE-g-MA. 

 

 Fig. 1 shows the TGA analysis which involved weight 

loss of the blends HDPE/SSP. The thermal stability of the 

mixture was measured by TGA. From the TGA thermogram 

Fig. 1 pure HDPE showed higher thermal stability than the 

compatibility. The addition of the SSP had reduced the 

thermal stability of the blends. Table 2 summarises the 

degradation temperatures of pure HDPE, uncompatibilised 

HDPE/SSP blends, and PE-g-MA compatibilised HDPE/SSP 

blends. The T-5% and T-30% values represent initial degradation 

at 5 wt% sample weight loss and middle degradation at 30 

wt% sample weight loss, respectively.  

 

Table 2: Temperature analysis of the blends sample. 

Formulation T-5% T-30% 

HDPE 64.46 205.74 

HDPE/2% SSP 62.51 204.09 

HDPE/15% SSP 61.82 203.38 

HDPE/2% SSP/PE-

g-MA 

63.17 205.64 

HDPE/15% 

SSP/PE-g-MA 

62.33 204.76 

 

HDPE (wt%) SSP blends (wt%) 

100 0 

99 1 

98 2 

95 5 

90 10 

85 15 
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As shown in Table 2, the thermal stability of HDPE/SSP 

blends decreased with increased blends content. A significant 

drop in T-5% can be observed from 2 to 15 wt% blends in 

HDPE. This reduction might be due to the naturally low 

thermal stability of blends. SSP is a lignocellulosic fibre [14] 

and it is less thermally resistant than petroleum based 

polymers. The addition of compatibiliser PE-g-MA, slightly 

improved the thermal stability of the mixture. For HDPE/2% 

SSP blends, the changes in T-5% and T-30% were not obvious.  

 

However, the HDPE/2% SSP blends/PE-g-MA mixture 

showed a remarkable enhancement in thermal stability, as T-5% 

increased from 62.51 to 63.17
o
C with the addition of PE-g-

MA. The increment was due to the improved interfacial 

adhesion between HDPE and blends. At higher degradation 

temperature, the interaction between HDPE and SSP blends 

was reduced. Therefore, the change in T-30% was not obvious. 

The thermal stability decreased with the addition of SSP but 

improved after the addition of PE-g-MA. The crosslinking 

formed between the hydrophilic SSP and hydrophobic HDPE 

[15] by the addition of PE-g-MA had increased the 

decomposition temperature compared to the blends without 

PE-g-MA.  

 

B. Differential Scanning Calorimetry (DSC) Properties 

 

Fig. 2 and Fig. 3 illustrate the DSC thermograms of 

HDPE, HDPE/SSP blends, and HDPE/SSP blends/ PE-g-MA 

for the second heating and cooling cycle. From the 

thermograms, the changes in Tm and Tc of the mixture were 

not obvious. The HDPE/SSP blends and HDPE/SSP blends/ 

PE-g-MA were not miscible, although there was only one 

endothermic peak for the blends. 

 

This endothermic peak was attributed solely to HDPE, 

because SSP blend has no melting temperature but has 

gelatinization and degradation temperatures [13]. The changes 

in Tm, Tc, and crystallinity of pure HDPE and its blends are 

summarised in Table 3. There was a slight decrease in 

crystallinity with the addition of SSP because the 

incorporation of SSP hindered the molecular motion of HDPE 

in the super-cooling melt during cooling [16]. In addition, the 

presence of SSP might hinder the nuclear migration of HDPE. 

The Tm of the mixture increased slightly with increasing SSP 

blends content. Therefore, the SSP affected not only the 

crystallinity of the mixture but also their melting behavior.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2: DSC Melting thermograms of HDPE, HDPE/15% SSP blends, and 

HDPE/15% SSP blends/PE-g-MA. 

 

 
Fig. 3 : DSC crystallization thermograms of HDPE, HDPE/15% SSP blends, 

and HDPE/15% SSP blends/PE-g-MA. 

 

Table 3 shows the incorporation of PE-g-MA reduced 

the melting temperature and crystallinity of the HDPE/SSP 

blends respectively, an observation which suggests that the 

better interfacial adhesion between HDPE and SSP blends 

impeded the movement and the molecular arrangement of 

HDPE [17]. Consequently, the crystallinity was reduced 

owing to the better mixing of the HDPE/SSP blends.  

.    
Table 3: Thermal properties analysis for HDPE/SSP and HDPE/SSP/PE-g-

MA. 

Sample Tm (
o
C) 

 
Crystallinity 

(%) 

HDPE 120.13 229.7 83.2 

HDPE / 2% SSP 119.97 202.8 73.5 

HDPE / 15% SSP 120.15 179.0 64.9 

HDPE / 2% SSP / 

PE-g-MA  

119.71 154.6 56.01 

HDPE / 15% SSP / 

PE-g-MA 

120.10 139.2 50.4 
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IV. CONCLUSION 

From the study, the SSP can be blended into HDPE with 

the presence of PE-g-MA as a compatibiliser. The degradable 

temperature was reduced with increasing SSP content based 

on TGA study. However, the PE-g-MAhad improved the 

thermal stability.  The Tm was reduced with the addition of 

SSP and therefore the processing temperature of the blends 

can be reduced or consequently beneficial in producing energy 

saving sample. 
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Abstract— Natural fiber reinforced polylactic acid based 

biocomposites are broadly considered by the researchers to 

compete with non-renewable petroleum based products. In this 

study, the biodegradable composites which are the polylactic 

acid, PLA and rice straw, RS were prepared by using heated two 

roll-mill at 180oC. Mechanical properties showed that the tensile 

strength and elongation at break, Eb decreased with the 

increment of RS and Young’s modulus. The TGA results 

confirmed that thermal stability of PLA with RS composites 

decreased with the increasing of RS. 

Keywords—Polylactic acid, rice straw, tensile test, 

thermogravimetric analysis (TGA), biocomposites 

 

I.  INTRODUCTION  

In recent years, there has been growing awareness of various 

industries in renewable plant materials. The most commonly 

proposed method of biomass waste management is just its 

incineration as a renewable source. Up till now, the biomass is 

also valuable source of cellulose and more particular, cellulose 

fibers. At present, over half of the 70 million tons of different 

product manufactured every year is derived from oil based 

materials [1]. These non-degradable polymers are now 

believed as a serious environmental problem and become huge 

challenge to waste management [2]. So, there is an growing 

number of biopolymers used to substitute the present polymers 

such as polylactid acid (PLA), poly(hydroxybutyrate) (PHB) 

and poly(butylenes adipate-co-terephthalate) (PBAT) which 

are capable to act as biodegradation material [3]. 

Biodegradation materials can be prepared by the mixture of 

biodegradable polymers and natural fibers. It can be utilized in 

sutures, controlled-released drug and surgical implants [4]. 

 

 Using straw and other agricultural residues for preparation 

of the composites materials has becomes the focus of the 

world. But discarded tires, formaldehyde resins, polymers will 

be the main matrix [5] and the main reinforcement for the 

composite will be crushed materials like rice straw powder, 

rice husk powder or extracted straw powder [6]. 

II. EXPERIMENTAL 

A. Materials 

RS fiber was obtained from Perlis, Malaysia were dried in 

oven at 70
o
C for 3 hours to remove moisture before use. PLA 

in pellet form was obtained from Biopla Products Factory with 

the density of 1.24 g/cm
3
.  

 

B.  Preparation of composites 

PLA and RS were mixed by using heated two roll-mill at 

temperature 180
o
C. Before pressing, the RS were dried in the 

vacuum oven for 24 hours. The ratio of RS was varied from 

5% to 25%. 

 

C. Tensile Test 

Tensile test specimens were cut according to ASTM D638 

[7,8]. At least five samples of the composites were test at a 

rate of 5mm
-1

 at the room temperature. Average values of 

tensile strength, elongation at break Eb and Young’s modulus 

were determined [9]  

 

 

D.    Thermogravimetric Analysis  
Thermogravimetric analysis (TGA) was performed to 

record the weight loss as function of temperature. Samples 

were heated from 30
o
C-700

o
C with the heating rate of 

10
o
C/min under flow of nitrogen to prevent oxidation [10]. 
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III. RESULTS AND DISCUSSION 

A. Tensile Properties 

 

 
Fig. 1: Tensile strength of PLA filled RS 

 

Fig. 1 represents tensile strength of PLA with RS. The 

increasing size and ratio of RS vary from 63µm to 125µm and 

5% to 25% respectively had reduced the tensile strength. The 

reason was attributed to the low surface area of the RS contact 

with the surface of PLA. Besides, this also might due to RS 

could not dispersed well in the matrix which induced poor 

interfacial adhesion between PLA and RS that reduced the 

strength [10]. 

 

 
Fig. 2: Elongation at break of PLA filled RS 

 

Fig. 2 illustrated the Eb of PLA with RS. The result shown 

the Eb decreased gradually with the increasing of ratio and size 

of the RS. This might due to poor interfacial adhesion between 

PLA and RS. The effectiveness in the interfacial adhesion of 

the phases can be attributed to the different chemical 

structures and degree of functional group affects the degree of 

interaction between phases of the composites [9]. Besides, it is 

because the compatibility between hydrophobic PLA and 

hydrophilic RS. This observation is in agreement with the 

work done by Sam et al. [12]. 

 

 
Fig. 3: Young’s Modulus of PLA filled RS 

 

Sam et al. [12], has concluded in their study that the 

increase of Young’s modulus and reduction in Eb are 

proportional to the crosslink density. An increase of Young’s 

modulus in natural agricultural fiber is a common since the 

fiber is known to act as rigid filler that increases the stiffness 

[13]. Besides, this is because increasing of RS loading in PLA 

matrix had increased the interaction between the filler which 

also known as filler-filler interaction. 

 

B. Thermogravimetric Analysis (TGA) 

 

 
Fig. 4: Thermograph of PLA with RS 

 
Table 1: Thermal degradation of RS with PLA 

Sample T -5% (
o
C) T -30% (

o
C) 

5% RS + 95% PLA 101.03 201.20 

15% RS + 85% PLA 81.74 203.09 

25% RS + 75% PLA 73.41 219.74 
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Thermal degradation of PLA with RS composites has been 

explored in terms of weight loss by TGA carried in air as 

shown in Fig. 4. The residual weight is accessible in graphical 

form as a function of temperature for PLA with RS. Table 1 

shows the investigation of  thermal degradation RS with PLA. 

The T -5% (
o
C) and T -30% (

o
C) values represent initial degration 

at 5% sample weight loss  and middle degradation at 30% 

sample weight loss, respectively. The table illustrated that the 

thermal stability of RS with PLA decreases with the increasing 

of PLA. A significant drop in T -5% (
o
C) can be studied on 

going from 5% to 25% of spear in RS with PLA. This result is 

harmony with the study of tensile properties. This is because 

the incorporation of RS loading up to 25% caused a significant 

reduction in the interaction between RS and PLA. Besides, 

this could be due to the low thermal stability of the filler 

which is the RS [14]. 
 

IV. CONCLUSION 

Biocomposites consisting of PLA and RS shows promising 

mechanical properties. The results indicate that the tensile 

strength and Eb of PLA with RS decreased with the increasing 

ratio of RS, whereas the Young’s modulus increased. The 

weight loss of the composites at T -5% increased with 

increasing of RS whereas the weight loss has increased at T -

30%. This study shows that the improvement of mechanical and 

thermal properties for PLA. 
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Abstract—The effect of recycled silicone catheter (rSC) 

loading (5, 15, 25, 35 and 50phr) with two different size; 

fine and coarse size, on tensile properties (tensile strength, 

modulus at 100% elongation and elongation at break) and 

morphology of recycled silicone catheter filled Standard 

Malaysian Rubber (SMR L/rSC) vulcanizates were 

studied. For tensile properties, tensile strength and 

modulus at 100% elongation (M100) for both SMR L/rSC 

fine and coarse vulcanizates show increment up to 15 phr 

and decreased gradually as the rSC loading increased. The 

drop might be due to the formation of agglomeration of 

rSC within the vulcanizates. Meanwhile, elongation at 

break (EB) decreased with increasing rSC content. 

Comparison between SMR L/rSC fine and coarse 

vulcanizates indicates that SMR L/rSC fine vulcanizates 

has better tensile properties than SMR L/rSC coarse 

vulcanizates due to better dispersion and filler-rubber 

interaction. The results obtained also show that the 

morphology of SMR L/rSC fine vulcanizate is better than 

that of SMR L/rSC coarse vulcanizates. This attributed to 

better incorporation between rSC fine and SMR L rubber 

matrix. 

 
Keywords— SMR L rubber, recycled silicone catheter,  

tensile properties and morphology 
 

I.  INTRODUCTION 

In developed countries like UK, USA and Italy, it was 

stated that the percentage of disposable of rubber waste at 

landfill is higher. Therefore the government took an action to 

push the rubber industry towards recycling or other non-

landfill alternatives like retreading or energy conversion [1]. 

Much of the volume of rubber waste produced annually could 

be recycled and reused.  

As a medical device, it must be well functioning without 

eliciting undesirable side effects. Thus, any desirable defects 

on the products such as catheters; it will be rejected and 

considered as waste. Recycling is preferred method in 

handling rubber waste as they do not degrade rapidly due the 

presence of three dimensional networks in the rubber products 

[2].  

 

For instance, in this study, the waste recycled silicone 

catheters were obtained from medical industry. Those wastes 

will undergo mechanical recycling technique such as grinding. 

The silicone resins can be recycled by decomposing the 

monomer having catalyst and active hydrogen. But for silicone 

materials can be grinded, crushed or recycled even though 

they are in different shapes [3]. The recycling of silicone 

rubber waste will be beneficial for both environment and 

human health. It is also was reported that it will increase the 

cash flow of economy and save energy from being wasted [4]. 

In this study, the effect of recycled silicone catheter 

loading on tensile properties such as tensile strength, modulus 

at 100% of elongation and elongation at break will be 

determined. Besides, the effect on morphology of SMR L / 

rSC vulcanizate also will be studied. 

  

II. EXPERIMENTAL 

A. Materials 

Standard Malaysian Rubber, SMR L was used in this 

study. Filler used were kaolin and recycled silicone catheter 

(rSC). Other additives used were zinc oxide, stearic acid, 

sulphur and N-cyclohexyl-2-benzothiazole sulfonamide 

(CBS). All materials are listed along with their respective 

source as shown in Table I. 

 

TABLE I. List of Material Used 

Materials Description Source 

Natural rubber SMR L 
Malaysian Testing 

Laboratory Sdn. Bhd. 

Recycled silicone 
catheter (rSC) 

fine (300-600m) 

coarse (1-2cm) 
Teleflex Sdn. Bhd. 

CBS, zinc oxide, 
stearic acid, kaolin, and 

sulphur 

Compounding 

materials 

Anchor Chemical Co. 

(M) Ltd. 
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B. Preparation of Vulcanizates 

SMR L was mixed will all compounding ingredients in a 

two-roll mill. The rubber vulcanizates were prepared with 

different formulations as shown in Table II. The recycled 

silicone catheter loading used were 5, 15, 25, 35 and 50 phr. 

They were prepared in two different particle size; fine and 

coarse size and denoted as SMR L/rSC F and SMR L/rSC C 

respectively. 

 

TABLE II. Formulation for Recycled Silicone Catheter Filled SMR L 

Vulcanizate 

 

C. Measurement 

 

1) Tensile 

The vulcanizate test samples were prepared by hot press 

according to the cure time determined by the MDR 2000 at 

160°C and cut into dumbbell shape for tensile test. It was 

conducted according to ASTM D412 using Instron machine. 

Tensile properties like tensile strength, modulus at 100% 

elongation (M100) and elongation at break (EB) were 

determined. 

 

2) Morphology 

Morphology of the tensile fracture surface of the test 

sample was carried out by using scanning electron microscopy 

(SEM). The sample surface were mounted on aluminium stubs 

and sputter coated with a thin layer of a gold about 2nm 

thickness prior to analyze to avoid electrostatic charging and 

poor resolution.  

III. RESULTS AND DISCUSSION 

A. Tensile Properties  

It can be seen in Fig. 1 and 2 that the tensile strength and 

M100 of both SMR L/rSC fine and coarse vulcanizates 

increased up to 15phr of rSC loading but then drop gradually. 

The initial increase in tensile strength and M100 is because of 

the reinforcement effect of the rSC and also increased in 

crosslinking density. The drop might be due to the formation 

of agglomeration of filler that resulted in poor interaction 

between adjacent aggregates and leads to the reduction in 

reinforcement of rubber [5, 6].  

The tensile strength and M100 of SMR L/rSC F vulcanizate 

is higher than that of SMR L/rSC C vulcanizate because finer 

rSC has larger surface area than the coarse one. This can 

contribute to more uniform dispersion of rSC within the 

rubber matrix and gives better reinforcement to the SMR 

L/rSC F vulcanizates. This contributes to an efficient stress 

transfer in the SMR L/rSC F vulcanizates, thus resulted in 

higher tensile strength [7,8].  

 

 
Fig. 1. Effect of rSC Loading on Tensile Strength of  SMR L/rSC 

Vulcanizates 

 

 
Fig. 2. Effect of rSC Loading on Modulus at 100% Elongation of SMR L/rSC 

Vulcanizates 

 

On the other hands, the EB of SMR L/rSC vulcanizates was 

decreasing when the rSC loading increased as shown in Fig. 3. 

It is believed that the reinforcement effect took place in which 

the vulcanizates became stiffer, thus restrict the rubber chain 

movement and tend to break when stretching [8]. Due to better 

dispersion and filler-rubber interaction, the EB of SMR L/rSC 

F vulcanizates was higher compared to the SMR L/rSC C 

vulcanizates at similar loading of rSC. Therefore, it provided 

higher extensibility and able to elongate at higher strain [7]. 

Materials 
  

phr 
   

Control 
rSC 

05 

rSC 

15 

rSC 

25 

rSC 

35 

rSC 

50 

SMR L 100 100 100 100 100 100 

rSC 0 5 15 25 35 50 

ZnO 5 5 5 5 5 5 

Stearic acid 5 5 5 5 5 5 

Kaolin  20 20 20 20 20 20 

Sulphur 2 2 2 2 2 2 

CBS 1 1 1 1 1 1 

Processing 

oil 
2 2 2 2 2 2 
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Fig. 3. Effect of rSC Loading on Elongation at Break of SMR L/rSC 

Vulcanizates 

B. Morphology 

Fig. 4 (A) and (B) illustrate the tensile fracture surfaces of 

both SMR L/rSC fine and coarse vulcanizate with 15phr of 

rSC loading at 300X magnification. It can be seen that Fig. 

4(A) shows filler detachment of rSC in the rubber matrix. This 

indicates low adhesion between phases and contributed to 

poor stress transfer. Moreover, rougher surfaces with less tear 

lines also observed. It means that less energy is needed to 

break the sample which resulted in lower tensile properties 

[7]. There was also observed in Fig. 4(B) that more tear line 

with filler well bonded in the SMR L matrix which contribute 

to more stress transfer across the interface [7]. Thus, it results 

in higher tensile properties for SMR L/rSC F vulcanizate. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. SEM Micrographs of Tensile Fracture Surface of SMR L/rSC F (A) 

and SMR L/rSC C (B) Vulcanizate with 15phr of rSC Loading at 300X 

Magnification 

 

IV. CONCLUSION 

As the conclusion, the tensile strength and M100 of SMR 

L/rSC vulcanizate increased up to 15 phr but EB decreased as 

the rSC content increased. SMR L/rSC F vulcanizate shows 

higher tensile strength, M100 and EB compared to SMR L/rSC 

C vulcanizate at similar blend ratio due to the larger surface 

area and better dispersion of fine rSC in SMR L/rSC F 

vulcanizate. Therefore, 15 phr is optimum loading for SMR 

L/rSC vulcanizate as it imparts better properties. From the 

morphological study, it was observed that SMR L/rSC F 

vulcanizate shows more tearing line with filler well embedded 

into the matrix. 
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Abstract—Recycled silicone catheter filled Standard 

Malaysian Rubber (SMR L/rSC) vulcanizates with five different 

recycled silicone catheter (rSC) loading (5, 15, 25, 35 and 50phr) 

with two particle sizes; fine (300-600m) and coarse (1-2 cm) 

were prepared. The effects on cure characteristics (scorch time, 

cure time, minimum and maximum torque), and swelling 

behaviour of SMR L/rSC vulcanizates were studied. The results 

show that both scorch time (t2) and cure time (t90) for SMR 

L/rSC fine (SMR L/rSC F) and coarse (SMR L/rSC C) 

vulcanizates decreased as rSC content increased. It can be 

explained by the existence of the crosslinked precursors and 

unreacted curatives in recycled rubber. Meanwhile, the 

minimum torque (ML) and maximum torque (MH) of SMR L/rSC 

vulcanizates increased with increasing rSC loading. At similar 

loading, SMR L/ rSC fine vulcanizates exhibit shorter scorch and 

cure time and lower minimum and maximum torque compared 

to SMR L/rSC coarse vulcanizates. The results also show that the 

swelling percentage of SMR L/ rSC fine vulcanizate were lower 

than that of SMR L/ rSC coarse vulcanizates. This attributed to 

better incorporation between rSC fine and SMR L rubber 

matrix. 

Keywords— SMR L rubber, recycled silicone catheter, cure 

characteristics and swelling behaviour 

I.  INTRODUCTION 

Malaysia is well known as a global player for rubber which 

supplying the world market with a wide range of rubber 

products such as automotive products, rubber medical devices 

and others. Besides, Malaysia is the world’s leading exporter 

and producer of medical gloves and catheter which are 

supplying 80% of the world market [1].  

As in medical device industry, any undesirable defects 

appeared on the products will be discarded and rejected as the 

wastes. Thus, the production of rubber wastes increasing year 

by year and leads to problem of disposal of rubber waste. 

Most of the wastes are being dumped into landfill and it 

becomes critical problem to environment. The problem is 

rubber wastes do not degrade rapidly due to the presence of 

three dimensional networks in crosslinked rubber thus it takes 

few years to degrade [2].  

Recycling is one of the alternatives to manage the rubber 

waste. For instance, in this study, the waste recycled silicone 

catheters were obtained from medical industry. Those wastes 

were recycled by using mechanical recycling technique like 

grinding. The recycling of silicone rubber waste will be 

beneficial for both environment and human health. It is also 

was reported that it will increase the cash flow of economy 

and save energy from being wasted [3]. 

In this study, the effect of recycled silicone catheter 

loading on the cure characteristics such as scorch and cure 

time and also minimum and maximum torque will be 

determined. Besides, the effect on tensile properties, swelling 

behavior and morphology of SMR L/rSC vulcanizate also will 

be identified.  

II. EXPERIMENTAL 

A. Materials 

Standard Malaysian Rubber, SMR L was used in this 

study. Filler used were kaolin and recycled silicone catheter 

(rSC). Other additives used were zinc oxide, stearic acid, 

sulphur and N-cyclohexyl-2-benzothiazole sulfonamide 

(CBS). All materials are listed along with their respective 

source as shown in Table I. 

 

Table I. List of Material Used 

 

 

Materials Description Source 

Natural rubber SMR L 
Malaysian Testing 

Laboratory Sdn. Bhd. 

Recycled silicone catheter 
(rSC) 

fine (300-600m) 

coarse (1-2cm) 
Teleflex Sdn. Bhd. 

CBS, zinc oxide, stearic 
acid, kaolin, and sulphur 

Compounding 
materials 

Anchor Chemical Co. 
(M) Ltd. 
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B. Compounding 

SMR L was mixed will all compounding ingredients in a 

two-roll mill. The rubber vulcanizates were prepared with 

different formulations as shown in Table II. The recycled 

silicone catheter loading used were 5, 15, 25, 35 and 50 phr. 

They were prepared in two different particle size; fine and 

coarse size and denoted as SMR L/rSC F and SMR L/rSC C 

respectively. 

 

Table II. Formulation for Recycled Silicone Catheter Filled SMR L 

Vulcanizate 

 

C. Measurement 

 

1) Cure characteristics 

The cure characteristics such as scorch time (t2), cure 

time (t90), minimum torque (ML) and maximum torque (MH) 

were determined using Monsanto Moving Die Rheometer 

(MDR 2000) operated at 160°C. 

 

2) Swelling behaviour 

The test samples will be swollen into toluene solvent 

for 24 hours. The samples were weighed using electronic 

balance. The weight difference will be calculated and 

recorded. The swelling percentage was calculated by using the 

following formula: 

 

 
  

Where, 

W1: initial mass (g) 

W2: final mass (g) 

 

III. RESULTS AND DISCUSSION 

A. Cure Characteristics  

Fig. 1 and 2 show the variation of scorch and cure time 

respectively with recycled silicone catheter, rSC loading in 

SMR L/rSC vulcanizates. It was observed that both scorch and 

cure time decreased with increasing rSC content. It might be 

due to the presence of crosslinked precursor and unreacted 

curative in the rSC in which it accelerates the vulcanization 

process [4].  

Besides, it was reported that SMR L/rSC F vulcanizate has 

shorter scorch and cure time than those of SMR L/rSC C 

vulcanizate. This attributed to greater surface area of fine rSC 

and better interaction between rSC and SMR L matrix and 

resulted in faster crosslinking process [5]. 

 

 Fig. 1. Effect of rSC Loading on Scorch Time of SMR L/rSC Vulcanizates 

 

 
Fig. 2. Effect of rSC Loading on Cure Time of SMR L/rSC Vulcanizates 

 

As the rSC loading increased, the ML of SMR L/rSC fine 

and coarse vulcanizates increased. The results were shown in 

Fig. 3. It indicates that the viscosity becomes higher. This is 

probably due to the presence of crosslinking in rSC and other 

additives in SMR L/rSC vulcanizates [6]. However, at similar 

loading of rSC, SMR L/rSC F vulcanizate exhibits lower ML 

compared to those of SMR L/rSC C vulcanizate at similar rSC 

loading. Lower ML indicates that the processability of the 

SMR L/rSC F vulcanizates becomes easier.  

 

Materials 
  

phr 
   

Control 
rSC 

05 

rSC 

15 

rSC 

25 

rSC 

35 

rSC 

50 

SMR L 100 100 100 100 100 100 

rSC 0 5 15 25 35 50 

ZnO 5 5 5 5 5 5 

Stearic acid 5 5 5 5 5 5 

Kaolin  20 20 20 20 20 20 

Sulphur 2 2 2 2 2 2 

CBS 1 1 1 1 1 1 

Processing 
oil 

2 2 2 2 2 2 
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Fig. 3. Effect of rSC Loading on Minimum Torque of SMR L/rSC 

Vulcanizates 

 

Same goes to MH, it was observed increasing with the 

increment of the rSC content as shown in Fig. 4. This is 

because of the restriction of the chain mobility due to higher 

crosslinked density. It was stated by Ismail and Hashim (1998) 

that the MH is directly proportional to the amount of crosslink 

formed [7]. Meanwhile MH of SMR L/rSC F vulcanizates 

shows lower MH compared to that of SMR L/rSC C 

vulcanizates. It proved that SMR L/rSC F vulcanizates has 

good interfacial adhesion between rSC and SMR L.  

 

 
Fig. 4. Effect of rSC Loading on Maximum Torque of SMR L/rSC 

Vulcanizates 

B. Swelling Behaviour 

The effect of rSC loading on the percentage of swelling of 

SMR L / rSC vulcanizates was reported in Fig. 5. The result 

obtained shows that the swelling percentage decreased up to 

15phr of rSC content. This is attributed to level of crosslink 

and filler dispersion in rubber matrix.the degree of swelling is 

inversely proportional to the amount of crosslink [8]. The 

crosslink will restrict the swelling of the rubber. Furthermore, 

the filler particles themselves act as obstacles to the diffusing 

molecules which ultimately reduced the amount of penetrated 

solvent [5].  

At similar loading, SMR L/rSC F vulcanizates show lower 

swelling percentage than that of SMR L/rSC C vulcanizates. 

This is might due to the uniform dispersion of fine rSC in 

SMR L/rSC F vulcanizates [8]. Thus, more crosslinks present 

in SMR L/rSC F vulcanizates and resulted in lower swelling 

percentage.  

 

 
Fig. 5. Effect of rSC Loading on Swelling Percentage of SMR L/rSC 

Vulcanizates 

IV. CONCLUSION 

As the conclusion, both scorch and cure time of SMR L/ 

rSC vulcanizates decreased with increasing the rSC loading. 

Meanwhile, the minimum and maximum torque increased as 

the rSC content increased. By comparing the effect of particle 

size between fine and coarse size of silicone catheter, it was 

observed that SMR L/ rSC F vulcanizate has shorter scorch 

and cure time than SMR L/ rSC C vulcanizate. It also exhibits 

lower minimum and maximum torque. For the swelling 

behavior, SMR L/ rSC vulcanizates increased up to 15 phr and 

drop gradually with the increment of rSC loading. However, 

SMR L/ rSC F vulcanizates impart lower swelling percentage 

compared to SMR L/ rSC C vulcanizates. 
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Abstract – We report a comprehensive etching study on gate 

recess processing step in Novel pseudomorphic High Electron 

Mobility Transistor (pHEMT) fabrication step. The conducted 

experiments focused on the etchant composition and elimination 

of the Cap layer residue (Dome Effect) at the etching trenches. The 

optimized processing flow using highly selective Succinic Acid is 

aimed for moderate Cap layer, with etching rate of 240 Å/min and 

InGaAs-InAlAs selectivity of 140 respectively. The percentage of 

the Dome height to etching depth is consistent to 30% throughout 

the etching surface, which can be further improved by controlling 

the etching time to the etch stop layer. The optimized processing 

steps will enhanced the device’s robustness especially in the 

complete processing steps for Monolithic Microwave Integrated 

Circuit (MMIC) fabrication, tailored for high-gain and low noise 

applications in satellite communication.  

 

Keywords—pHEMT, Schottky Contact, Ohmic Contact, MMIC, 

2-DEG, pseudomorphic 

I. INTRODUCTION 

 Over the past decade, Silicon based (Si-based) devices 
has serve their purposes as the main components in universal 
electronic gadgets and appliances. However, the tendency for 
better RF and microwave performances in today’s applications 
has shifted the designer and manufacturers attention to more 
advanced materials, such as III-V compound [1,2]. InP 
pseudomorphic High Electron Mobility Transistor (pHEMT) for 
example, has proven itself to be the best three-terminal device 
for this purposes, especially for low noise applications at 2 – 
1000 GHz [3]. Certainly, the III-V materials are the future 
candidates in the post sub-22 nm node [4] . The excellence in 
high-speed and low-noise characteristics are the resulting of the 
progression in consecutive layers of wide and narrow band-gap 
single crystals material growth using advanced technology such 
as Molecular Beam Epitaxy (MBE) [5-7].  

 Similar to other three-terminal Field Effect Transistor (FET) 
family, the pHEMT’s gate is used to control the current flow 
between Source (S) and Drain (D) [8]. However, the control 
mechanism is done by manipulating the Schottky contact 
between the gate metal and the large band gap Schottky barrier 
layer. Such contact is made by etching the gate structure (gate 
recess process) at the narrow band-gap Cap layer, which conceal 
and protect the semiconductor surface.  The narrow band-gap 
layer is also act as the metal penetration layer in forming the 

Ohmic S-D contacts. The conventional pHEMT epitaxial layer 
is shown in in  
Fig. 1. 

 
 

Fig. 1: Conventional pHEMT epitaxial layer 
 
Here, the narrow band gap material is made from lattice matched 
InGaAs, whereas the wide band-gap materials is from lattice 
matched InAlAs compound.  
 The above figure shows the importance of a clean and good 
gate etching profile at the gate trenches. Incomplete Cap layer 
etching will leave Cap layer residue at the gate opening, and 
subsequently forms an unwanted Ohmic contact at the gate after 
the metal is deposited. The consequences of this contact-switch 
can be seen by the gate leakage current, whereby the carrier in 
the channel can easily slip to the outside circuit thru the 
unwanted metal-residue contact. In addition, previous study has 
shown that the gate recess depth and width has substantial effect 
on the device’s threshold voltage (Vth), pinch voltage (Vp) and 
drain-source current (IDS) [9].  
 Seeing the importance of this step, it is therefore reported in 
this paper the comprehensive study on the gate recess process. 
Even though almost similar experiment has been reported 
elsewhere [10-12], the information is limited only to the 
selection of etching agents and etching profiles. Therefore, in 
this paper we present an extensive study of the etchant 
preparation, and effect of each compound in the mixture to the 
etching profile. An additional yet significant finding in our work 
is the formation of “hump” at the etching structure, which 
directly correlate to the quality of the device’s Schottky gate 
contact. 
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 In order to achieve that, it is also important to choose the 
suitable etching agent that is highly selective and highly 
reproducible results. Even though the successfully fabricated 
devices have shown excellent DC and Radio Frequency (RF) 
performances, the commonly used Adipic Acid etchant has both 
process repeatability and reliability issues [13]. In contrast, 
Succinic Acid (SA) is a more advantageous solution due to its 
high selectivity and highly reproducible result [10]. Thus, 
parallel experiments is also being performed to investigate the 
etch rate and selectivity study of SA, so that the etching process 
is not a strong function of time and process variations. 
 

II. SAMPLES PREPARATION 

The initial experiments were conducted using two types of 
lattice match samples; the bulk Cap layer (InGaAs) and bulk 
Schottky layer (InAlAs).  The samples are labelled as VMBE 
#1593 and VMBE #1594 respectively. The epitaxial structures 
for both samples were grown using MBE on a RIBER V100 
System at The University of Manchester. The profiles for both 
epitaxial layers are depicted in Fig. 2 and Fig. 3. As illustrated 
in epitaxial layer profiles, the bulk InAlAs layer is protected by 
50 Å of Cap layer to prevent the Aluminum oxidation in the 
material compound.  
 The samples were cleaned separately in an ultrasonic bath 
for 5 minutes successively with conventional cleaning agents; 
Trichloroethylene, Acetone and Isopropanol (IPA).  An extra 
etching step on bulk InAlAs was used, where the samples is 
immersed for one minute in a non-selective orthophosporic etch 
solution (H3P04:H202:H2O) with 3:1:50 composition for 
stripping off the cap layer. The steps is followed by rinsing the 
sample with running deionized (DI) water for another one 
minute good cleaning. All experiments were conducted at room 
temperature environment allowing the chemical compound to be 
used instantaneously. The etch structures were processes using 
conventional optical lithography and development. The resist 
used in this experiment is AZ® nLOF™ 2070 followed by 
development   in MIF 326.The etching structures were chosen to 
be the MESA layer where with dimensions of approximately 
100 µm. 
 

 
Fig. 2: VMBE #1593 Epitaxial Layer 

 

 
Fig. 3  VMBE #1594 Epitaxial Layer 

 
 

 

Fig. 4 Etch rate of lattice matched InGaAs and InAlAs and selectivity in 
different H2O2 composition. (DI volume = 50 ml and pH = 6) 

 

III. RESULTS AND DISCUSSIONS 

The experiment begin with the effect of peroxide (H2O2) 
composition on the semiconductor etch rate. In the mixture, 
H2O2 is needed as the oxidizing agent, where the semiconductor 
surface is first oxidized before this layer is etched by the SA. 
The etching mixture were prepared by liquefy 10 g of succinic 
acid granulates with 50 ml of DI water. Then, the mixture is 
diluted to pH 6 by Ammonium Hydroxide (NH4OH), the same 
pH value previously used for Adipic Acid etchant [14]. From 
this solution, different set of solution were prepared by adding 
different H2O2 composition.  

At this stage, the etching time was made constant for 5 
minutes for all InGaAs samples. Since the etch rate of InAlAs is 
expected to be lower than 10 Å/min [12], the samples were left 
for 5 hours in the acid solution. The depth of etching was 
measured at five random locations using a Taylor Hobson’s 
Talystep profiler (resolution = 2 nm) [15] after the resist layer is 
stripped-off. Thorough out this work, the etch rate is calculated 
by the average value of etch depth over the etching time in each 
solutions. The resulted etch rate for both InGaAs and InAlAs 
samples are illustrated in Fig. 4. 

In the figure, the etch rate of InGaAs is showing 
decrementing trend in increasing H2O2 volume. This trend is in 
agreement with H. Fourre et al [12] studies where the rate of 
surface oxidation increases as the peroxide volume increases. 
Thicker oxide layer can hardly be removed, slowing down the 
second reaction to take place, shown by shallower etch depth as 
peroxide volume increases. The graph also shows a turning point 
between 6.0 ml to 8.0 ml, where the etch rate fall by more than50 
Å/min. When the volume is < 6.0 ml and > 8.0 ml, the InGaAs 
etch rate is not a strong function of H2O2 composition. The etch 
rate for InAlAs is constant at ~ 2 Å/min throughout the first 
experiment, which confirms the purpose of the Aluminum 
element in the compound as the chemical etch stop layer. From 
this relationship, the selectivity of etchant can be calculated as 
in equation (1). The selectivity shows a declining trend, and is 
proportional to the InGaAs etching rate. 
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𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐼𝑛𝐺𝑎𝐴𝑠 𝑒𝑡𝑐ℎ 𝑟𝑎𝑡𝑒

𝐼𝑛𝐴𝑙𝐴𝑠 𝑒𝑡𝑐ℎ 𝑟𝑎𝑡𝑒
 (1)  

 

 

Fig. 5 Etch profile at InGaAs sample showing 0.01 µm/div 

 

Fig. 6 Etch profile at InAlAs sample showing 0.004 m/div 

  

 During the step profiling measurement, an important yet 

significant observation has been made particularly at the 

InGaAs samples. As shown in Fig. 5, there is a “hump” in the 

middle of the trench caused by the uncompleted etching 

reaction. This structure will be called “Dome Effect” hereafter. 

However, InAlAs shows clean and flat trenches etched profile 

(Fig. 6). 
To examine the Dome Effect in the InGaAs layer, the 

percentage of dome height to etch depth is calculated. The 
graphical representation for the calculated percentage is shown 
in Fig. 7 and the calculation formula for Dome Effect is shown 
in equation (2). The persistence of doming effect can be viewed 
as the etchants etch away the crystalline materials at different 
rates depending upon which crystal face is exposed. 

From the formula, the foreseen percentage can be viewed as 
the higher percentage, the higher the dome height relative to etch 
depth and thus the more prominent it is in the etching profile. 
Fig. 8 demonstrates the doming effect in InGaAs layers for 
different H2O2 composition. It can be seen that the dome height 
is around 40% to 50% over composition after five minutes etch 
time. Even though the percentage is stable, it raises a serious 
processing issue, as it will seriously damage the Schottky 
contact. Thus, experiments were carried out later not only to 
decide the best etchant composition, but also to address the 
elimination of “hump” structure in the InGaAs layers. 

 

 

Fig. 7 Calculation for percentage of dome profile 

% 𝑜𝑓 𝐷𝑜𝑚𝑒 𝐸𝑓𝑓𝑒𝑐𝑡 =
𝐷𝑜𝑚𝑒 ℎ𝑒𝑖𝑔ℎ𝑡, 𝑏 (Å)

𝐸𝑡𝑐ℎ 𝑑𝑒𝑝𝑡ℎ, 𝑎 (Å)
 (2) 

 

The result from the first and the rest of the experiments, 
together with their finding are summarized in TABLE I. From 
the table, below are the important finding for etch rate and 
selectivity from each of the experiment: 

 

1. H2O2 :  Moderate turning point of InGaAs etch rate at 

InGaAs samples at 6 ml and 8 ml. But changes is only 

~ 60 Å/min   

2. pH: The InGaAs etch rate decays exponentially while 

still preserving a low yet decreasing InAlAs etch rate 

along the pH variations. The result also shows that the 

pH values do have a strong relationship with the 

InAlAs etch rate. 

3. DI : Significant turning point between high and low 

etch rate at InGaAs samples at 100 ml and 150 ml. A 

significant drop in selectivity at high buffering is also 

observed at 150 ml and 200 ml of H2O volumes, 

where the selectivity drops from 137 to only about 30. 

 

Fig. 8 Etching profile and percentage  of Dome Effect of lattice matched 

InGaAs (DI volume = 50 ml , pH = 6.0 and etch time = 5 minutes) 
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TABLE I.  SUMMARY OF EXPERIMENT  
 

Test parameter pH 
H2O2 

(ml) 

DI  

(ml) 
Etch time  InGaAs trend InAlAs trend Selectivity 

Dome Effect to 

etch depth (%) 

H2O2 

composition 
6 

4 – 10  

 

Interval = 
2ml 

50 

5 min for 

InGaAs 
 

5 hr for 

InAlAs 

Turning point at 

6-8 ml at 221  

and 167 Å/min 
 

Constant before 

and after 
turning point 

Constants at 2 

Å/min 

Turning point 

at 6-8 ml at 111 

and 84  
 

Constant before 

and after 
turning point 

40 - 50 

pH 

5.0 – 6.5 

 

Interval = 
0.5 

8 50 

5 min for 

InGaAs 
 

5 hr for 

InAlAs 

Decreased 

exponentially 

from 865 to 77 
Å/min 

Decreased 
linearly from 

9 to 1 Å/min 

Peaks at pH 5.5 

at 140 

Increased 
linearly from 10 

to 62 

DI 6 5 

50 – 200 

Interval = 

50 ml 

5 min for 
InGaAs 

 

5 hr for 
InAlAs 

Turning point at 
100 -150 ml at 

260 and 68 

Å/min. 
 

Constant before 

and after 
turning point 

Constant at 2 
Å/min 

Turning point 

at 100 -150 ml 
at 137 and 35. 

 

Constant before 
and after 

turning point 

Constant at 30 
% until 100 ml 

and increase 

rapidly > 60 at 
high buffer 

 

Fig. 9  shows the summary of the etchant composition to the % 

of Dome Effect. From the figure, one can conclude that to have 

a low percentage of Doming Effect, a solution with low pH 

value, low H2O2 composition and low DI water must be chosen 

while maintaining a high InGaAs-InAlAs etching selectivity. 

Failing to etch the InGaAs cap layer residue is a major cause 

for the failure in the Schottky contact behavior. Instead of 

acting as a Schottky barrier, the InGaAs residue will behave 

increasingly more like an Ohmic contact after heat treatment 

and thus deteriorate the device performances.  

 The final chemical composition is summarized in TABLE 

II. After considering all factor, these parameters are the most 

appropriate compositions for high selectivity and low Dome 

Effect percentage. As listed in the table, we used 5 ml of H2O2 

for high InGaAs etch rate and high InGaAs-InAlAs selectivity. 

Additionally, a pH of 5.5 is chosen in order to have a low 

InAlAs etch rate and low Dome Effect percentage. Finally, low 

H2O is chosen for high selectivity in addition to low Doming 

Effect percentage. 

IV. CONCLUSIONS 

 A series of experiment procedures have been successfully 

presented in this paper to investigate the effect of each etching 

compound to the etching rate and indirectly the selectivity of 

InGaAs-InAlAs samples. At the end of experiment the optimal 

etching composition is chosen to be 5 ml of H202, pH of 5.5 and 

50 ml of Deionized water. The etch rate for both materials and 

selectivity of the solution is approximately 2 Å/min for InAlAs, 

240 Å/min for InGaAs and 140 respectively. Here, the 

percentage of Dome Effect is expected to be consistently 30%.  

The etching solution is suitable for reliable and highly 

reproducible pHEMT gate recess process, where the dome 

effect can be further eliminated by controlling the InGaAs 

etching time to the InAlAs etch stop layer.  

 

 

TABLE II.  FINAL ETCHING COMPOSITION 

Parameter Composition/value 

Succinic acid granulates 10 g 

H2O2 5 ml 

pH 5.5 

H2O 50 ml 

 

 

Fig. 9 Summary from chemical composition studies 

Low H2O2, Low pH and Low 

H2O

High H2O2, High pH and High 

H2O

Percentage 

of Dome 

Effect
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Abstract- This study aimed to determine whether expandable 

rigid polyurethane foam was an appropriate substitute for rigid 

block polyurethane foam to model the trabecular bone in 

biomechanical testing. Static compression tests were performed to 

determine compressive moduli and yield stresses on three 

polyurethane foam densities namely 0.16 g/cm3, 0.24 g/cm3 and 

0.42 g/cm3. The compressive modulus for 0.16 g/cm3 and 0.24 

g/cm3 varied from 40 to 43 MPa and 83 to 92 MPa while yield stress 

ranged from 2.1 to 2.3 MPa and 3.4 to 4.8 MPa respectively. As for 

0.42 g/cm3, the compressive modulus and yield stress varied from 

240 to 256 MPa and 38-40 MPa. Based on these results, the 

compressive modulus and yield stress of 0.24 g/cm3 compared 

favourably with rigid block PU foam and human cadavers 

presented in relevant literatures and therefore may have potential 

as a substitute for trabecular bone. 

Keywords— polyurethane foam, synthetic spine, trabecular 

bone. 

I.  INTRODUCTION  

 This study forms a subset of the author’s work on 
developing a synthetic spine for replicating scoliosis cases 
using synthetic materials. In general, scoliosis is a medical 
condition where the spine is deformed from the normal frontal 
axis of the body. Scoliosis generally is associated with 
children and therefore conducting experiments on cadavers of 
children was not feasible.   

Mosekilde et al. [1] demonstrated the relationship between 
age with ash density (bone mass) and modulus of elasticity of 
human cadavers. However it only holds valid for samples 
between 20 to 80 years. Younger bone has a higher modulus 
when compared to adults as based on Mosekilde’s Equation 
(1). Ash density decreases from young to adult based on 
Equation (2). This was demonstrated by varying the apparent 
bone density from 0.05 g/cm

3
 to 0.30 g/cm

3
 between range of 

individuals, levels and age.  

 

  E = −1.7 × α + 160 [MPa]          (1) 

Equation 1: Relationship between modulus of elasticity (E) and age (α). 

      AD = − 0.0017 × α + 0.23 [g/cm
3
]          (2) 

Equation 2: Relationship between age (α) and ash density (AD). 

As the synthetic model will be used to model paediatric 
scoliosis cases, the bone density need to be considered 
between scoliosis and normal bone. Sadat Ali et al. [2] 
conducted a study on Arabian girls, ages ranging from 12 to 
26 years contrasting bone mass between scoliosis and normal 
bone. The study indicated that scoliosis causes osteoporosis 
while the normal bone retained normal mass. Li and Aspden 
[3] compared the mechanical properties of human trabecular 
bone specimens from osteoporotic femoral heads between 
osteoporosis and normal bone. The study showed that 
osteoporosis bone had a slightly lower modulus when 
compared to normal bone. 

Currently rigid polyurethane (PU) foams are widely used 
to replicate bone in favour of cadaveric specimens as they 
have similar mechanical properties to human bone. Research 
studies have been carried out on both open and closed cells of 
PU foam by varying the densities for different applications. 

Palissery et al. [4] presented that the static mechanical 
properties of the closed cell similar to a human trabecular 
bone. Johnson and Keller [5] stated that the appropriate model 
for a synthetic thoracic vertebra was the open cell rigid PU 
foam with the density of 0.09 g/cm

3
 and 0.12 g/cm

3
. They also 

suggested the open cell foam as an alternative for static or 
fatigue studies of human vertebrae. Patel et al. [6] suggested 
that rigid block PU foam with density of 0.16 g/cm

3
 was the 

most suitable model for osteoporotic bone in compression.  

However, commercial rigid PU foams are only available in 
blocks or pre-machined into long bone shapes like femur and 
tibia. The main challenges in developing a synthetic spine are 
matching the biological spine in terms of kinematic, physical 
and mechanical behaviours. The first synthetic spine 
developed was too rigid and did not mimic the motion range 
of a natural spine [7]. An alternate solution was to use 
expandable rigid PU to replace the rigid block PU. As the 
foam expands, it can form into complex shapes, with a shell 
like structure on the outside and honeycomb structure on the 
inside.  

There have been no apparent studies focused on using 
expandable foams as a substitute for trabecular bone. This 
study aimed to determine whether the expandable rigid PU 
foam was an appropriate material to replace trabecular bone 
for biomechanical testing. The objective was to compare the 
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compressive moduli and yield stresses of the expandable rigid 
PU foam with block rigid PU foam and human data.  

II. MATERIALS AND METHODS 

Commercial expanding rigid PU foams are available in a 
range of densities from 0.048 g/cm

3
 to 0.42 g/cm

3
. For this 

study, three different densities of expandable rigid PU foams 
were tested, which were supplied by Smooth On, Inc [8]. The 
densities selected were 0.16 g/cm

3
, 0.24 g/cm

3
 and 0.42 g/cm

3
. 

The first two densities fall under ASTM F 1839 (Standard 
Specification for Rigid Polyurethane Foam for Use as a 
Standard Material for Testing Orthopaedic Devices and 
Instruments) grade 10 and 15 [9]. 

A. Apparent Density 

The expandable rigid PU foams were supplied in the form 
of two-component water blown rigid foams. The mixing ratio 
for all the foams was 1:1 in volume with 4 to 5 minutes of 
tacking time. Apparent density was important in this study to 
justify the technique used to ensure that the density for the end 
product matched to the density provided by the supplier.  

B. Microstructure 

The expandable rigid PU foams morphology for all three 
densities (0.16 g/cm

3
, 0.24 g/cm

3
 and 0.42 g/cm

3
) was 

observed using a JEOL (JSM-6390LV) Scanning Electron 
Microscope (SEM) on small rectangular sections. A standard 
stereological method was performed on the SEM images with 
500 μm scale bar to measure the average cell size and the 
mean intercept length. The mean intercept length was 
calculated by dividing the LL (total length of cells intercepted 
by the lines divided with total length of the lines) over NL 
(number of cells intercepted in length of the lines). Average 
cell size was calculated by the total length intercepted by the 
lines divided by the number of cells intercepted by the lines. 
[10] 

C. Specimen Preparation 

Five specimens for each three densities were core drilled to 

form 9 mm cylindrical cores. The average diameters were then 

measured for all specimens using the digital vernier calliper. 

The specimens were filed to obtain approximately 7.7 mm in 

height, to enable direct comparison with a published study of 

rigid block PU foam [6]. 

D. Static Compression Tests 

The static compression tests were conducted using an 

Instron 3343 materials testing machine (Norwood, MA, USA). 

Due to the size and structure of the specimens, no preload was 

applied and the upper plates were aligned closed to make 

contact directly with the specimens instantly thus reducing the 

chance of the ‘toe’ region in the results. These specimens were 

compressed under the displacement control at 0.026 mm/s 

equivalent to a strain rate of 0.0033 per second from literature 

until failure [6]. Each specimen was placed such that the axis 

of the compressive load applied was parallel to the expandable 

foam rise direction. 

 

E. Statistical Analysis 

Statistical analysis was conducted using MINITAB 

Release 16.0 Statistical Software (Minitab Inc., Pennsylvania, 

USA). Data was analysed using one sample T-test with the 

significance level at 0.05 to compare the results with literature. 

Normality distribution was evaluated using the Anderson-

Darling test. Comparison between literature and the current 

study was made at the approximate ranges of 95% confidence 

intervals for all values. 

 

III. RESULTS 

A. Apparent Density 

 The results of apparent density according to ASTM D1622 
for the five specimens were found to be similar to the density 
presented in the manufacturing MDS (Materials Data Sheet). 
Table I presented a comparison between average apparent 
densities of foams to the data given by the manufacturer, 
Smooth On, Inc., [8]. 

TABLE I.  COMPARISON OF AVERAGE APPARENT DENSITY FROM 

CURRENT STUDY AND SUPPLIER DATA-SMOOTH ON, INC. MDS [8] 

Foam Type 

Apparent density 

from Smooth On 

(g/cm3) 

Average apparent density 

from current study [Stddev] 

(g/cm3) 

Foam it 16 0.16 0.158 [0.002] 

Foam it 24 0.24 0.240 [0.003] 

Foam it 42 0.42 0.418 [0.003] 

 

B. Microstructure 

SEM microstructure images were taken which displayed 
the closed cell PU foam for three different densities. The 
image showed in Fig 1 displayed a uniform distribution of 
cells (pores) across the surface image when the foam 
expanded. It was expected that the higher density foam would 
have a larger value of cell size since there was an inverse 
relationship between density and cell size of the foam. Table II 
summarised the density and cell size measurements for each 
density. 

From Table II, with 500 µm scale bar as reference, 0.24 
g/cm

3
 foam has smaller average cell size than 0.16 g/cm

3
 

foam, showing that there was an inverse relationship between 
density and cell size. However, for the highest density foam, 
0.42 g/cm

3
, this relationship did not hold true, as the 

distributed cells were more distinct and larger.   
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         (a) 

         (b) 

          (c) 

Fig 1  SEM images of expandable rigid PU foam of three different densities at 

500 µm scale bar : (a) 0.16 g/cm3 (b) 0.24 g/cm3 and (c) 0.42 g/cm3. 

TABLE II.  SUMMARY OF APPARENT DENSITY; AVERAGE CELL SIZE AND 

MEAN INTERCEPT LENGTH OF THREE DIFFERENT DENSITIES (0.16 G/CM
3, 0.24 

G/CM
3
 AND 0.42 G/CM

3). 

Foam 

Type 

Apparent 

Density 

(g/cm3) 

Average 

cell size 

(μm) 

Cell size 

range 

(μm) 

Mean Intercept 

Length 

(μm) 

Foam it 16 0.16 408.51 295 - 692 388.54 

Foam it 24 0.24 261.57 116 - 428 258.52 

Foam it 42 0.42 422.56 344 - 527 387.13 

C. Static Compression Tests 

This study focused on compressive modulus, yield stress 

and ultimate stress. The results were presented as force-

displacement curves and engineering stress-strain curves. The 

engineering stress was calculated by dividing the force at 

every data point with the cross sectional area of the PU foams 

while the engineering strain was determined by dividing the 

displacement at each point with the original height of the PU 

foams. 

 

Fig 2 shows typical engineering stress-strain curves 

obtained for all three densities before reaching the collapse 

region. Fig 3 comprises of the lower two densities: 0.16 and 

0.24 g/cm
3
 in a smaller axis scale. The compressive modulus 

was calculated from the maximum linear slope at the linear 

elasticity region of the engineering stress-strain curves. The 

ultimate stress was measured from the maximum value of the 

first curve before collapse and yield stress was measured using 

0.2% offset technique (Refer Fig 4).  

 

Table III summarises the average, range and standard 

deviation of compressive modulus, yield stress and ultimate 

stress for 0.16, 0.24 and 0.42 g/cm
3 

PU foam. Based from 

table III, the average results for yield stress and ultimate stress 

of 0.16 and 0.24 g/cm
3
 were within 2 to 5 MPa while the 

compressive moduli for both densities ranged from 40 to 90 

MPa. Significance differences were observed between the 

highest density PU foam (0.42 g/cm
3
) and the two lower 

densities foam (0.16 and 0.24 g/cm
3
) for all mechanical 

properties. 

 

The results obtained for 0.42 g/cm
3 

PU foam were 

significantly higher than the other foams due to the 

morphological structure of the foam itself. From Figure 1, the 

microstructure of the 0.42 g/cm
3  

 PU foam showed that it 

contained 50% more solid than voids in comparison with the 

other two foams. The 0.24 g/cm
3 

PU foam cells size were 

smaller than 0.16 g/cm
3 

PU foam that showed that it was more 

compacted and stronger and this was evident in the results 

obtained. 

 

 

 
 
Fig 2: Typical Engineering Stress-Strain graphs for expandable polyurethane 

foams tested using 9 mm diameter and 7.7 ± 0.2 mm specimens for 0.16, 0.24, 

and 0.42 g/cm3. 
 

 

 
 
Fig 3: Typical Engineering Stress-Strain graphs for expandable PU foams 

tested using 9 mm diameter and 7.7 + 0.2 mm specimens for 0.16 and 0.24 

g/cm3 in smaller axis scale. 
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Fig 4: Yield stress was measured using 0.2 % offset technique. The two lines 

in the Stress-Strain graph demonstrating calculation of yield properties with 

the 0.2% offset technique (B – A = 0.002). 

 

TABLE III.  COMPRESSION MODULUS, ULTIMATE STRESS AND YIELD 

STRESS FOR SUMMARY FOR 0.16 G/CM
3, 0.24 G/CM

3
 AND 0.42 G/CM

3. 

Mechanical 

Properties 

Density 

(g/cm3) 

Average [Stddev] 

(MPa) 

Range 

(MPa) 

Compression 
Modulus, E 

 

0.16 42.19 [1.04] 40.67 - 43.5 

0.24 89.89 [4.31] 83.4 - 93.4 

0.42 247.58 [6.15] 240.3 - 255.7 

Ultimate Stress, 

σult 

 

0.16 3.2 [0.09] 3.1 - 3.26 

0.24 5.12 [0.58] 4.08 - 5.52 

0.42 59.68 [2.98] 56.3 - 63.2 

Yield Stress, 

σyield 

 

0.16 2.21 [0.09] 2.1 - 2.3 

0.24 4.27 [0.52] 3.44 - 4.84 

0.42 39.44 [0.76] 38.4 - 40.3 

 

D. Statistical Analysis 

Table IV summarised the values for compressive moduli 

and yield stresses between this study and Patel et al. [6] for 

0.16, 0.24, 0.32 and 0.42 g/cm
3
. No direct comparison could 

be made for 0.24 and 0.42 g/cm
3
, therefore a linear 

interpolation and extrapolation graph was plotted to show the 

expected value for 0.24 and 0.42 g/cm
3
 PU foam by adapting 

Patel et al. [6] 0.16 and 0.32 g/cm
3
 average value as a 

reference. The equations of the linear slope between the 

reference points were measured for both compressive modulus 

and yield stress as presented in Fig 5. As the density was 

known, the ‘y’ value could be calculated using the equation. 

The value for 0.24 and 0.42 g/cm
3 

was approximated to 93 and 

201 MPa for compressive modulus and 2.2 and 4.7 MPa for 

yield stress.   

 

 

 
 

Fig 5: Linear interpolation of average values extracted from Patel et al. [3] for 
0.24 and 0.42 g/cm3 for Compression Modulus and Yield Stress. 

 

 

Assuming the true statement was when the null hypothesis 

(H0) was equal to the average values from literature. The tests 

were carried out to observe whether the statement was likely 

true or not. According to the T-test, for 0.16 and 0.24 g/cm
3
 

PU foam, no significant differences were detected for the 

compressive modulus (p > 0.05) but there were significant 

differences for the yield stress (p < 0.05) with a α-level at 

0.05. The compressive modulus data failed to reject H0 but the 

yield stress data clearly rejected the H0. As for 0.42 g/cm
3
, 

both compressive modulus and yield stress rejected H0 with α-

level at 0.05. The normality test and the time series plot 

indicated that the data met the T-test’s assumptions of 

normality and randomness. By using α-level at 0.05, all the p 

values were greater than α value on Anderson-Darling test for 

normality distribution, suggesting that all the data was 

normally distributed.  

 

The 95% confidence interval indicated the true value of the 

current study for 0.16 g/cm
3
 was between 40.90 to 43.48 MPa 

for compressive modulus and 2.09 to 2.32 MPa for yield 

stress. As for 0.24 and 0.42 g/cm
3
, the true value was within 

the range of 84.53 to 95.24 and 240.3 - 255.7 MPa for 

compressive modulus and for yield stress, the values range 

from 3.63 to 4.92 and 38.4 - 40.3 MPa respectively.  All 

values were summarised in Table IV and V.  
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TABLE IV.  CURRENT STUDY VERSUS PATEL ET AL. [3] FOR 0.16, 0.24, 
0.32 AND 0.42 G/CM3 PU FOAMS. 

 

Mechanical 

Properties 
Reference 

Density 

(g/cm3) 

Average 

[Stddev] 
(MPa) 

Rangeb 

(MPa) 

 

 

 
Compression 

Modulus, E 

 
 

 

 

 

Current 

Study 
 

0.16 42.19 [1.04] 40.67 - 43.5 

0.24 89.89 [4.31] 83.4 - 93.4 

0.42 247.58 [6.15] 240.3 - 255.7 

Patel et al 

[6] 

0.16 41 [3] 31.85 - 44.15 

0.32 145 [6] 
138.70 - 
151.30 

0.24a 93 - 

0.42a 201 - 

 

 
 

Yield Stress, 

σyield 
 

 

 

 

Current 

Study 

 

0.16 2.21 [0.09] 2.1 - 2.3 

0.24 4.27 [0.52] 3.44 - 4.84 

0.42 39.44 [0.76] 38.4 - 40.3 

 
 

Patel et al 

[6] 
 

0.16 1.1 [0.1] 1.0 – 1.21 

0.32 3.3 [0.9] 2.54 – 4.24 

0.24a 2.2 - 

0.42a 4.7 - 
a 0.24 g/cm3 values based on linear interpolation value from 0.16 and 0.32 g/cm3 

b The ranges are approximate ranges of the 95% confidence interval 

 

TABLE V.  CURRENT STUDY VERSUS HUMAN TRABECULAR BONE AS 

PRESENTED IN LITERATURE. 

 

Mechanical 

Properties 
Reference Type 

Average 

[Stddev] 

(MPa) 

Rangea 

(MPa) 

 

 

 
 

Compression 

Modulus, E 
 

 

 
 

 

 
Current Study 

 

 

PU F 0.16 
g/cm3 

42.19 
[1.04] 

40.67 - 43.5 

0.24 g/cm3 
89.89 

[4.31] 
83.4 - 93.4 

0.42 g/cm3 
247.58 
[6.15] 

240.3 - 
255.7 

Morgan/ 

Keaveny [11] 
HV 344 [148] 90 – 875 

Kopperdahl/ 
Keaveny [12] 

HV 291[113] 90 – 536 

Banse [13] HV 352 127 – 725 

Li and 

Aspden [3] 

 

FH - O 247 50-410 

FH- N 310 40-460 

 

 

Yield Stress, 
σyield 

 

 

 
Current Study 

 

PU F 0.16 

g/cm3 

2.21 

[0.09] 
2.1 - 2.3 

0.24 g/cm3 
4.27 

[0.52] 
3.44 - 4.84 

0.42 g/cm3 
39.44 
[0.76] 

38.4 - 40.3 

Morgan / 

Keaveny [11] 
HV 

2.02 

[0.92] 
0.50 – 4.60 

Kopperdahl / 
Keaveny [12] 

HV 
1.92 

[0.84] 
0.56 – 3.71 

Li and 

Aspden [2] 

 

FH - O 2.5 0.6-5.8 

FH-N 3.3 0.4-9.0 

PU F- Polyurethane foams, HV-Human Vertebrae,FH-Human Femur, O-Osteoprotic, N-Normal 
a The ranges are approximate ranges of the 95% confidence interval 

IV. DISCUSSION 

 

The purpose of the synthetic spine was to represent 

paediatric with scoliosis cases, so it was important to select 

expandable rigid PU foam that behaved similar to human 

trabecular bone. Based on Equation 1 and 2, for 20 years old 

trabecular bone, the expected modulus was 126 MPa and the 

approximate density was 0.196 MPa. Although the age 

selected may not be valid for an adolescent but the trend 

should hold true for normal bone. As discussed earlier, a series 

of studies have suggested that scoliosis condition is a 

precursor to osteoporosis. Based on this, it was essential to 

consider osteoporotic behaviour before selecting the suitable 

expandable rigid PU foam.   

 

Patel et al. [6] suggested that 0.16 g/cm
3
 density rigid PU 

foams was possibly the best material to represent an 

osteoporotic condition. To enable a direct comparison, the 

main test procedures used in this work were setup according to 

Patel et al. [6]. In Table IV, the mean compressive Moduli for 

0.16 g/cm
3 

and 0.24 g/cm
3
 were 42 MPa and 90 MPa 

respectively. This data was close to the mean compressive 

modulus found by Patel et al. [6]. These were shown using T-

test as the P-values for both PU foams were statistically 

greater than 0.05. The values provided sufficient evidence to 

accept the null hypothesis that the mean values for both foams 

were equal to the mean value from Patel et al. [6].  

 

The yield stress of all PU foams were neither equal to the 

mean figure found by Patel et al. according to the T-test (p > 

0.05) nor within the approximate ranges when compared with 

the 95% confidence interval. However, Patel et al. [6] stated 

that for 0.16 g/cm
3
 and 0.32 g/cm

3
, the results were within the 

range from 0.9 to 4.5 MPa. If taking the latter factor into 

consideration, the yield stress values obtained in this study 

were still within the ranges presented in the literature in Table 

IV. The denser PU foam used in this study demonstrated 

higher strength and stiffness as compared to Patel et al.  

 

In Table V, the Young’s modulus of human trabecular 

bone varied from 90 to 700 MPa. This variation was due to 

several diverse factors such as the age, cause of death, bone 

density and the methods used to calculate the compressive 

modulus. Keaveny et al. [12] and Banse et al. [13] calculated 

the compressive modulus using the slope of the best-fit 

straight line within different ranges of strain, while others 

calculated within the maximum slope of the stress-strain 

curve. In this study, the compressive modulus was calculated 

as the maximum slope within the elastic region of the stress-

strain curves (Refer Fig 4). 

 

As for the yield stress, it varied from 0.4 to 9.0 MPa, using 

0.2% offset. Keaveny et al. [12] suggested that yield stress 

depended on the direction of testing and tended to 

overestimate if the platens used were not fixed at the end. In 

the current study, the specimens were positioned as 

recommended on ASTM, which required that the axis of the 
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compressive load applied was parallel to the foam rise 

direction.  

 

Although the compressive modulus of 0.42 g/cm
3 

(247.58 

MPa)
 
expandable rigid PU foam was closer to the human 

trabecular bone, the yield stress (39.44 MPa) was 20% higher 

than human trabecular bone. As in most cases for rigid 

materials, the stronger materials are too brittle and fracture 

easily and therefore do not replicate human trabecular bone. 

The structure of this foam was displayed in Figure 1. In 

comparison with the other two foams, the 0.42 g/cm
3 

foam 

showed that it was less porous, which could explain why the 

yield stress was higher than human trabecular bone. Therefore, 

0.42 g/cm
3
 PU foam was eliminated from this study. 

 

The results were also compared with Li and Aspden [3] for 

osteoporotic bone and normal bone. Although, studies 

suggested that the trabecular bone of femoral heads was higher 

when compared to human vertebra. In Table V the range of 

values range for both strength and stiffness fell within the 

range of human vertebra. Direct comparisons were made 

between this study and Li and Aspden [3] because the 

specimen’s sizes were similar. The average compressive 

modulus and yield stress values for 0.16 and 0.24 g/cm
3
 were 

not similar to the human osteoporotic trabecular bone. On the 

other hand, the range values for compressive modulus and 

yield stress for 0.24 g/cm
3
 were shown within the 95% 

confidence interval, while those for 0.16 g/cm
3
 were only 

within the targeted range for yield stress. It was expected that 

the average values for compressive modulus and yield stress 

of the synthetic bone would be lower than the human bone 

because the density was reduced by 40%. 

 

The results obtained for PU foams were limited to uniaxial 

compression test and did not necessarily exhibit the human 

trabecular bone behaviour. Recent studies by Kelly et al. [15] 

showed that the pressure dependent yielding is an essential 

feature in identifying the suitability of synthetic materials for 

spinal applications. A beneficial future study would be to 

perform confined compression tests to demonstrate post yield 

behaviour of each PU foams and hence strengthen the case of 

using the selected PU foam as the synthetic bone.   

V. CONCLUSION 

The results achieved in this study highlighted the 

difficulties in determining which expandable rigid PU foams 

could replicate the osteoporotic bone behaviour. This was due 

to the very wide range of data for human bone from literature. 

In this study, expandable rigid polyurethane foams with 

densities of 0.16 g/cm
3
, 0.24 g/cm

3
 and 0.42 g/cm

3
 were tested 

in uniaxial compression and the results showed that the 0.16 

g/cm
3
 foam was too low to be used for trabecular bone testing. 

Although the compressive modulus value of 0.42 g/cm
3
 was 

close to the literature, the yield stress for 0.42 g/cm
3
 foam was 

20% higher than the ranges given in literature. Additionally, 

the structure of this foam was less porous and did not exhibit 

the structure expected for human trabecular bone therefore this 

foam was eliminated. On the other hand, the compressive 

modulus and the yield stress for the 0.24 g/cm
3
 PU foam fell 

within the range given for human osteoporotic trabecular bone 

presented in literature. Hence, in adolescents the compressive 

modulus was expected to be lower (126 MPa from Equation 1) 

than for adult data used in literature. Therefore the expendable 

rigid PU foam 0.24 g/cm
3
 is believed to have the potential to 

replace the trabecular bone to model the adolescent scoliosis 

synthetic spine. Future work will consider different specimen 

size with cylinders shape and 2:1 (diameter to length) aspect 

ratio. These specimen sizes have been used previously to test 

human trabecular bone and according to Keaveny et al. [16] 

by using this specimen aspect ratio, the variance of 

compressive modulus and yield stress will relate better with 

the density of human bone.    
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Abstract —The flexible cross correlation (FCC) code algorithm 

for optical code division multiple access (OCDMA) systems has 

been developed. The FCC approach has advantages, such as 

flexible cross-correlation property at any given number of 

users and weights, as well as effectively suppressed the impact 

of phase-induced intensity noise (PIIN) and multiple-access 

interference (MAI) cancellation property. The results revealed 

that the FCC code can accommodate 150 users, where FCC 

code offers 66%, 172%, 650% and 900% improvement as a 

contrast to 90, 55, 20 and 15 numbers of users for Dynamic 

Cyclic Shift (DCS), Modified Double Weight (MDW), Modified 

Frequency Hopping (MFH) and Hadamard codes respectively, 

for a permissible bit error rate (BER) of  10−9.  

Keywords—FCC Code; Correlation Properties; MAI; 

OCDMA Systems. 

I.  INTRODUCTION 

The higher the cross-correlation between any two code 

words will produce stronger impact of the MAI and 

erroneous decisions which will degrade the system 

performance of BER [1]. Therefore, the correlation 

properties of the code address play a significant part in the 

performances of OCDMA systems. Furthermore, when it 

involves the correlation properties it also noticed issues of 

the code size and the code length. The code length has a 

limitation to the number of simultaneous users that the 

OCDMA systems can accommodate [2]. Since, the OCDMA 

system performance depends on the address code then the 

technique to adapt in OCDMA system must have big 

capacity and good correlation [3-4]. Most address codes 

have been proposed for the OCDMA to overwhelm the 

impact of correlation properties such as DCS, MFH, MDW 

and Hadamard codes, respectively [5-8]. However, these 

address codes have several limitations such as the code 

construction is complicated (e.g. MFH code) and fixed an 

even natural number for MDW code. In this paper, a new 

coding algorithm called FCC code is proposed to improve 

system capacity and achieve higher performance possible 

through suppressing PIIN and eliminating MAI. The 

proposed code also has an advantage of high cardinality and 

low received power with shorter code length. 

II. ALGORITHM OF FCC CODE 

In OCDMA network to allow receivers to distinguish 

each of the possible users, to reduce channel interference 

and to accommodate large number of users, optical codes 

should have large values of W and the size K.  

Step 1:  

We set an optical code consists of code length N, weight W, 

cross-correlation λmax and for users K, (N, W, λmax). This set 

of codes is then represented by K×N code matrix    where, it 

can be expressed by equation (1);  

 

                    (1) 

                                                                 

 

 

where, 

 

  

 

 

The K×N code matrix   is called the Tridiagonal Code 

Matrix, whose elements aij of K×N code matrix    is the 

binary sequence [0, 1] and can be written as; 

      (2) 

 

The rows of A1, A2 and Ak represent the K codeword and it 

is assumed that, the code weight of each of the K codeword 

is to be W. 

 

Step 2: 

The K codes represented by the K rows of the K×N code 

matrix in Equation (1) is to represent a valid set of K 
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codeword with in phase cross-correlations λmax and code 

weight W; it must satisfy the following conditions; 

1. The code weight of each codeword should be equal to W 

where,   

           (3) 

 

 

2. The in phase cross-correlation λmax, between any of the K 

code words (K rows of the matrix,    ) should not exceed 

code weight W. That is,           

           (4) 

 

 

3. From equation (4), it is seen that the W = XiXi
T 

is the in- 

phase auto-correlation function of codes. Xi Yj
T 

is the out of 

phase cross-correlation between the i
th 

and the j
th 

codes. It 

follows that XiXi
T 

should be greater than Xi Yj
T
. In other 

words, W >λmax                                                                                                                    
4. All K rows of     should be linearly independent because 

each codeword must be uniquely different from other words. 

That is to say the rank of the K×N code matrix      should be 

K. Moreover, for      to have rank K, thus, it can be written 

as N ≥ K                                                                    

Step 3:  
From the four conditions above in Step 2, one  of the 

matrices binary sequences as shown in equation (1) in Step 

1, whose the first i
th 

row for the first K user is given by; 

      (5) 

   

The N of the codes which is the length of the rows of the 

K×N code matrix      is given by;                                                                                                                                                                                                                                                                                                          

N=WK- λmax (K-1)                                                              (6) 

 

It can be seen that the N is minimum under the 

assumed conditions. Table 1 shows the FCC code for 

a given K=3, W=2 and λmax ≤1. 

 

 

 

 

 

III. FCC ENCODER-DECODER DESIGN 

The FCC OCDMA encoder-decoder have been designed 
using simulation software called OptiSystem software from 
Optiwave

TM
. The encoder designs utilizing one single 

broadband source being sliced for three channels with code 
weight equal to two. An evasion interference subtraction is 
used as the detection scheme at the receiver. Fig. 1 shows the 
encoder design utilizing the FCC code sequence offers 

simplicity and cost-effectiveness using the LED as a light 
source, Mach-Zehnder as an external modulator, WDM 
Mux-Demux acting as wavelength combiner as well as code 
spectrum slicing also with the Non-Return Zero modulation 
format and Pseudo Random Bit Sequences (PRBS), 
respectively. 

 

 

 

 

 

 

 

 

 Fig. 2 shows the FCC decoder design utilizing fiber 
Bragg grating (FBG) which will decode the receiving signal 
from an optical fiber. A single FBG will encode two 
wavelengths represented by λ2, λ3, and λ3, λ4 which are 
correlated or overlapping wavelength as shown in Table 1. 
Due to that, FBG bandwidth will have a spectral width of 
1.6nm for correlated wavelength and 0.8nm for uncorrelated 
wavelength such as λ1 and λ4 for both wavelengths. This 
design will reduce much bandwidth allocated for the code 
that has been selected for OCDMA system transmissions. 

 
 

 

 

 

 

 

 

Fig. 2: FCC Code Decoder Design 

IV. PERFORMANCE ANALYSIS AND RESULTS  

In [10], we elaborate details the derivation of 

numerical expression for the Signal-To-Noise Ratio (SNR) 

with the presence of noise such as shot noise, intensity noise 

and thermal noise respectively for the FCC code. The SNR 

and bit error rate (BER) for the FCC code are defined by the 

numerical expression as follows;                          

      (7) 
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Since, there is no pulses or data send for bit ‘0’and 

assuming that the noise distribution is Gaussian, thus the 

BER can be obtained as follows [9];  

      

      (8) 

 

 
 

Fig. 3: Number of simultaneous users versus system 

performance BER for various OCDMA codes. 

 

It can be seen that, the system performance BER 

degrade as the number of simultaneous users increased. At 

system performance BER of 10
-9

, the FCC code can 

accommodate 150 numbers of simultaneous users, which is 

the highest number of users as compared to 90, 55, 20 and 

15 for DCS, MDW, MFH and Hadamard codes, 

respectively. The percentage of the number of simultaneous 

users improvements are 66 %, 172 %, 650 % and 900 % as a 

contrast to DCS, MDW, MFH and Hadamard codes, 

respectively. From this fact, the FCC code had indicated 

good performance due to arrangement of code algorithm 

and flexibility cross-correlation function. 

 

 
 

Fig. 4: Performance of effective received power versus PIIN 

noise for FCC code (W=4) at different bit rates 155 Mbps, 

622 Mbps and 1 Gbps. 

 

Fig. 4 illustrates the curves of effective received 

power Psr versus PIIN noise at bit rates of 155 Mbps, 622 

Mbps and 1 Gbps for FCC code (W=4). The values of Psr 

are varied from - 50 dBm to 20 dBm. It can be seen that, the 

linear curves show an increase in PIIN noise as the bit rate 

increases. The low bit rate of 155 Mbps, maximally 

suppressing the effects of PIIN noise. The magnitude of 

PIIN noise is eliminated by a factor of 1.0 where 1×10
-13

, 

1×10
-13

 and 1×10
-14

 as values of bit rates decreases from 1 

Gbps to 155 Mbps at Psr = - 10 dBm. The FCC (W=4) 

coding system performance degradation as the bit rate 

increases which will introduce to higher noise effects. 

 

 

V. CONCLUSIONS 

The algorithm of the FCC code to enhance the impact of 

correlation has been presented. The FCC code had shown 

good performance indicated that FCC OCDMA coding 

system can accommodate a high number of active users 

equal to 150 at permissible BER of 10
-9

. We can ascertain 

from these results that, this will give an opportunity in 

OCDMA system for better quality of service in optical 

access networks for future generation’s usage. 
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Abstract—The analysis of the aerodynamics for the vane type 

vertical axis wind turbine (VVAWT) with different blades and 

vanes position is carried out using computational fluid dynamics 

(CFD). In the present design, there are three blades each having 

three movable vanes. The power generated depends on the drag 

force generated by the  individual  blades  and  interactions  be-

tween  them  in  a  rotating  configuration. For numerical investi-

gation, commercially available computational fluid dynamic CFD 

software GAMBIT and FLUENT are used. In this numerical 

analysis the Shear Stress Transport (SST) k-ω turbulence model 

is used which is better than the other turbulence models available 

as suggested by some researchers. The computed results show 

good agreement with published experimental results. 

 

Keywords—wind energy; vertical axis wind turbine; 

computational fluid dynamics; performance analysis; k-ω 

turbulence model 

I.  INTRODUCTION  

Energy is the key to modern life and provides the basis 
necessary for sustained economic development. The emission 
of CO2 into the atmosphere contributes to the global climate 
change, particularly global warming. To tackle this problem, 
many of the developed nations are continuing to invest heavily 
in renewable energy sources. The future will be a mix of 
energy technologies with renewable sources such as solar, 
wind and biomass playing an increasingly important role in 
the new global energy economy [1]. Wind turbine is a 
machine for converting the kinetic energy available in the 
wind into mechanical energy. Modern wind turbines are 
divided into two main types based on their rotational axis: the 
horizontal axis wind turbine (HAWT) and the vertical axis 
wind turbine (VAWT). The advantages of VAWT are ability 
to accept wind from any direction without yawing, ability to 
provide direct rotary drive to a fixed load can capture ground 
level winds and its components (generator and gear box) can 
be mounted at ground level. The technical characteristics of 
known designs of wind turbines show that there is a necessity 
to enhancement the out power of wind to be harnessed to the 
maximum, and with the ability to be used in wide areas of 
application. The design of VAWT blades, to achieve 

satisfactory level of performance; starts with knowledge of the 
aerodynamic forces acting on the blades. In this article, the of 
a Vane type Vertical Axis Wind Turbine VVAWT blade 
design from the aspect of aerodynamics is investigated. The 
aerodynamic characteristics of VVAWT can be improved by 
numerical simulation using Computational Fluid Dynamic 
(CFD). Many wind turbine researches are focused on 
accurately predicting efficiency. Various computational 
models exist, each with their own strengths and weaknesses 
that attempt to accurately predict the performance of a wind 
turbine. Being able to numerically predict wind turbine 
performance offers a possibility to reduce the number of 
experimental tests that are needed. 

Reference [2] presented aerodynamics analysis of small 
horizontal axis wind turbine blades of 2D and 3D models 
using ANSYS-FLUENT software. The  numerical  solution  
was carried  out  by  simultaneously  solving  the  three-
dimensional  continuity, momentum  and  the  Naveir-Stokes  
equations  in  a  rotating  reference  frame using  a  standard  
non-linear  k-ω  solver  so  that  the  rotational  effect  can  be 
studied. The computational domain was designed as 
cylindrical shaped and sliding mesh method was used to 
generate mesh. These CFD model values were then validated 
using published calibrated lift and drag coefficients available 
in the literature. 

Reference [3] developed a novel Savonius vertical axis 
wind turbine (VAWT) consisting of several asymmetric 
vertically-stacked stages. A computational investigation of the 
torque characteristics of such VAWT was carried out using the 
commercial CFD software, CFdesign 2010. CFdesign is an 
unstructured finite element CFD code that applies prismatic 
layers near the wall. The k-ε turbulence model and 
renormalized group (RNG) model which apply wall functions 
were used. A sliding mesh interface exists between the 
rotating and nonrotating regions of the domain. To validate, 
the steady and rotating simulation results of the novel 
Savonius rotor were compared with experimental data [4]. 
They highlighted the use of RANs for the development of 
vertical axis wind turbines based upon predicted results. 

Reference [5] examined the performance of a Savonius 
wind turbine with constant cross-sections by means of quasi 
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2D flow predictions using ANSYS CFX. Simulation was done 
for three geometries: the Classical Savonius design, Bach-type 
one and Elliptical rotor. The Shear Stress Transport (SST) k- 
ω turbulence model was used based on earlier similar studies 
[6, 7, 8]. This turbulence model is known to give accurate 
predictions of flow separation under adverse pressure by an 
implementation of the transport effects on the formulation of 
the eddy viscosity. All mentioned designs were tested 
experimentally at different values of tip speed ratio. The 
results were presented in terms of coefficients of power, 
coefficients of torque and torque variation with the variation of 
angle of incidence. The wake is observed and examined by 
means of FFT analysis of pressure fluctuations at the point 
located downstream of the rotor. 

Reference [9] studied the numerical and analytical 
investigations of VAWT to highlight the progress made in the 
development of aerodynamic models for VAWT with 
particular emphasis on streamtube approach to accurately 
predict the efficiency. Straight blade fixed pitch VAWT with 
NACA0012 airfoil as a blade profile was considered to assess 
its performance. Analytical simulation is done for two-
dimensional unsteady flow around the same VAWT model 
using Double Multiple Streamtube (DMST) model. ANSYS 
software is used to create 2D model of the turbine and the 
mesh. The RNG k-ε model was adapted for the turbulence 
closure. Comparison of the analytical results using DMST 
model and the CFD simulation results has been done. Both the 
CFD and DMST results have shown minimum and/or negative 
torque at lower tip speed ratios for the modeled turbine. 

Reference [10] developed a CFD based 
computational model to analyze the aerodynamic performance 
of their novel designed vertical axis wind turbine (VAWT) 
and compared with their experiment work. The extent to 
which a CFD model employing the simplest turbulence 
representation can provide a useful input was investigated to 
evaluate the impact of several key operational parameters: 
wind speed, rotor speed, yaw angle and blade pitch angle. A 
sliding mesh technique was implemented in the CFD code. 
The CFD model reflected the experimental data well and 
numerical values are shown to give very good correlation 
within the working range of each studied parameter with 
respect to over-all power output and also the pressure 
distribution.  

Reference [11] performed a computational analysis of 
diffuser-augmented turbines by using high resolution 
computations of the Reynolds Averaged Navier–Stokes 
equations supplemented with a transition model. The 
amplification of mass flow through a shroud is found to 
increase nearly linearly with radial lift force. The nonlinear 
effects were examined in terms of the location of the leading 
edge stagnation point. Flow fields were examined in detail 
considering the regions with flow separation, the development 
of averaged velocity profiles, and the interaction between the 
helical turbine wake and shroud boundary layer. 

Reference [12] performed the numerical simulations of the 
flow-field around a three straight blades VAWT using the 
finite-volume ROSITA (ROtorcraft software ITAly) solver 
developed at Politecnico di Milano for the solution of the 

Reynolds-Averaged Navier–Stokes (RANS) equations with 
the Spalart–Allmaras turbulence model [13]. Numerical results 
gave a relevant aerodynamic feature of the flow around 
VAWT. The comparison with the experimental data validated 
the general features of the flow. 

II. PRESENT SIMULATION 

The main goal of this current research is to simulate 
numerically the three blades vane type vertical axis wind 
turbine (VVAWT) with different blade shape under movable 
vanes (open) conditions to investigate its aerodynamic 
performance. The present turbine rotor design consists of three 
blades of cavity shape each one having three vanes with 
angles 120° between each blade. This design increases drag 
force substantially. Solidworks2013 software is used to design 
turbine geometry as shown in Fig. 1. The top section view of 
the computational domain with the boundary conditions is  

 

 

Fig. 1. Three blade newly designed vane type vertical axis wind turbine 
geometry. 

shown in Fig. 2. The computational domain is of dimension 
(300 x300x300 mm), the rotor radius (R) and the blade height 
(H) are 75 mm and 100 mm respectively with cavity depth of 
17 mm. The inlet is defined as a velocity inlet and the 
simulation is carried out for different inlet velocities 14, 20, 
and 25 m/s but the result is presented for 14 m/s only, while 
the outlet is set as a pressure outlet, keeping the pressure 
constant. The no slip shear condition is applied on the turbine 
blade, which sets the relative velocity of blades to zero. For 
numerical investigation, CFD software GAMBIT is used for 
meshing the geometry and specifying the boundary conditions, 
whereas ANSYS FLUENT 14.5 software (which employs 
finite volume method) is used to solve the Navier-Stokes 
equations. The Shear Stress Transport (SST) k-ω turbulence 
model is used in the analysis mainly because it is better than 
the other turbulence models available as reported earlier [14]. 
The numerical simulations were carried out for fixed blade 
position representing its angular positions of, 0°, 30º, 45º, 60°, 
90º, and 120°. 
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Fig. 2. Top section view of the computational domain with boundary 
conditions. 

III. RESULTS AND DISCUSSION 

Fig. 3 shows the residual plot, which has very small spikes 
in turbulent kinetic energy and specific dissipation rate for the 
residual being set as 10

-5
. 

 

 

Fig. 3. Convergence history for continuity, momentum, and turbulence 
equations. 

Fig.4 shows the variation of predicted drag coeffi-
cient (Cd) with different blade angular positions. It is evident 
that Cd is maximum (1.364) at zero blade angle, and minimum 
(1.071) at 60° blade angle and again maximum at 120° blade 
angle. At 120° blade angle, actually the next blade takes the 
position of its first blade because the angle between the tur-
bine blades is 120°.  

 

 

 
Fig. 4. Relation between drag coefficient and first blade angular positions 

 

Fig. 5 shows the contour of static pressure distribution in 
and around turbine blade at different angular positions and 
Fig. 6 shows the static pressure contours on the three blades 
rotor surfaces with different blade angular positions. 

From Fig. 5 it can be observed that the maximum static 
pressure is (1.73E+02

 
Pa). This occurs on the surfaces of the 

turbine in front of air flow direction. The minimum static 
pressure is (-9.14E+01 Pa), which occurs on the back surfaces 
of the turbine in front of air flow direction. 

 

 

 

Fig. 5. Contour of static pressure distribution on three blades turbine 
surfaces with different angular position, at left closed vanes, right 
open vanes. 
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Fig. 6. Contour of static pressure distribution in and around turbine blade at 
different angular positions for three blades. 

 

 

From Fig. 6 it can be seen that pressure drop occurs across 
the rotor from upstream to downstream side. This pressure 
drop indicates power extracted by the rotor causing its 
rotation. The maximum static pressure drop (2.02E+02 Pa) is 
found in the case of blade angular position of 0°, whereas the 
minimum (-7.7E+01 Pa) in the case when the blade angular 
position is 45°. The positive pressure on the frontal surface of 
the blades in front of air stream, and a negative pressure on the 
other sides of the back surface for the blades are clearly seen 
in Fig. 6. 

Fig. 7 shows the velocity contours on the three blades rotor 
surfaces with different blade angular positions. The velocity in 
the region of wind turbine rotor is much larger than that in the 
upstream or air flow. However, the velocity of wake away 
from the rotor is smaller than the velocity of upstream air 
flow. This phenomenon is mainly caused by the existence of 
gradient between the wake velocity and the velocity of 
downstream free air flow. Then shear turbulence will occur 
between the two flows, and momentum will exchange between 
them. The above results agree well with experimental 
published results [15, 16, and 17]. 

 

 

Fig. 7. Contour of velocity distribution in and around turbine blades at 
different angular positions. 
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Fig. 7.    (cont.) Contour of velocity distribution in and around turbine blades 

at different angular positions. 

 

IV. CONCLUSIONS 

The three dimensional numerical investigation is carried 
out using CFD software GAMBIT and ANSYS FLUENT 
where shear Stress Transport (SST) k-ω turbulence model is 
used to predict the aerodynamics of the three blades vane type 
vertical axis wind turbine having movable vanes. The flow 
field was simulated numerically at fixed vanes position and 
fixed wind velocities. The predicted results show that: (1) the 
drag coefficient increases with the increase in turbine frontal 
area and decreases with the decrease in frontal area, (2) the 
maximum static pressure drop (2.02E+02 Pa) is found in the 
case of blade angular position of 0° and minimum (7.74E+01 
Pa) in the case when the blade angular position is 45°, (3) the 
velocity in the region of wind turbine´s rotation was much 
larger than that of the upstream air flow. There is a wake 
dispersion region in the downstream of the wind turbine. The 

results give good agreement when compared with 
experimental published results. 

REFERENCES 

 
[1] R. Foster, M. Ghassem, A. Cota . “Solar energy renewable energy and 

the environment”, CRC Press, Taylor & Francis Group. 6000 Broken 
Sound Parkway NW, Suite 300, Boca Raton, FL 33487-2742, 2010. 

[2] H. Cao, “Aerodynamics Analysis of Small Horizontal Axis Wind Tur-
bine Blades by Using 2D and 3D CFD Modeling”, M.Sc. Thesis, 
School of Computing, Engineering and Physical Sciences, University 
of the Central Lancashire, Preston, England, 2011. 

[3] S. McTavish, D. Feszty, T. Sankar, “Steady and rotating computational 
fluid dynamics simulations of a novel vertical axis wind turbine for 
small-scale power generation”. Renewable Energy, vol. 4, PP. 171-179, 
2012. 

[4] T. Hayashi, Y.  Li , Y. Hara, “Wind tunnel tests on a different phase 
three-stage Savonius rotor,”  JSME International Journal, Series B: Fluid 
and Thermal Engineering, vol. 48, PP. 9-16. 2005. 

[5] K.  Kacprzak, G. Liskiewicz and K.  Sobczak, “Numerical Investiga-
tion of Conventional and Modified Savonius Wind Turbines,” Renewa-
ble energy, vol. 60, PP.  578-585, 2013. 

[6] M. Mohamed, G. Janiga, E.  Pap, D. Thevenin, “Optimal Blade Shape 
of a Modified Savonius Turbine Using an Obstacle Shielding the Re-
turning Blade,” Energy Conversion and Management, vol. 52, PP. 230-
242,  2011. 

[7] C. Y. Kang, W. Wang, “Analysis of Aerodynamic Performance of 
Vertical Axis Spiral Wind Rotor,” Zhenjiang, China: Jiangsu Univ.; 
223-9, 2011. 

[8] A. Dragomirescu “Performance assessment of a small wind turbine with 
cross flow runner by numerical simulations,” Renewable, vol.. 36, PP. 
957-65, 2011. 

[9] A. M. Biadgo, A. Simonovic, D. Komarov and S. Stupar, “Numerical 
and Analytical Investigation of Vertical Axis Wind Turbine,” FME 
Transactions, vol. 41, pp. 49-58, 2013. 

[10] S. Rolland, W. Newton, A.J. Williams, T.N. Croft, D.T. Gethin, M. 
Cross, “Simulations Technique for the Design of Vertical Axis Wind 
Turbine Device with Experimental Validation,” Applied Energy., vol. 
111, pp. 1195–1203, 2013. 

[11] A.C. Aranake, V.K. Lakshminarayan, K. Duraisamy, “Computational 
Analysis of Shrouded Wind Turbine Configurations,” 51st AIAA 
Aerospace Sciences Meeting including the New Horizons Forum and 
Aerospace Exposition, Grapevine (Dallas/Ft  Worth Region),  Texas, 1-
17, 2013 

[12] M. Nini, V. Matta, G. Bindolino, A. Guardone, “Three-dimensional 
simulation of a complete vertical axis wind turbine using overlapping 
grids”, Computational and Applied Mechanics, In Press, 2014. 

[13] P. R. Spalart, S. R.  Allmaras, “A one-equation turbulence model for 
aerodynamic flows”, in: AIAA Paper. 92-0439, 1992. 

[14] A. Y. Qasim, “Investigation and Design of a New Impeller Wind 
Turbine”, PhD. Thesis, School of Manufacturing Engineering, 
University Malaysia Perlis, 2013. 

[15] N. Fuller, D. M. Wienes, A. Johnston, J. French, “ Design and analysis 
of the aerodynamic components for a kilowatt scale VAWT optimized 
for low altitude implementation in remote rural villages,”. ASME 2011 
5th International Conference on Energy Sustainability ES2011. August 7-
10, Washington, DC, USA, 2011, 

[16] S. Roy, U. K. Saha, “Review on the numerical investigations into the 
design and development of savonius wind rotors,” Renewable and 
Sustainable Energy Reviews, vol. 24, pp. 73 – 83, 2013. 

[17] W.S. Widodo, A. C. Chin, H.  Sihombing and M. Y. YUHAZRI, “De-
sign and Analysis of 5 kW Savonius Rotor Blade,” Global Engineers 
and Technologists review, vol. 2, PP. 1-8, 2012. 

 

8th MUCET 2014, Date:10-11 November 2014, Melaka, Malaysia

447



8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 

 

  Properties of Gyroscope Motion About One Axis 
 

Ryspek Usubamatov  
 

School of Manufacturing Engineering, Campus Tetap Pauh Putra, 

University Malaysia Perlis, 02600 Arau, Perlis, Malaysia, 

E-mail: ryspek@unimap.edu.my 
 
 

 

 
     Abstract - The known gyroscope theory based on principle 

of the rate change in the angular momentum of a spinning 

rotor. Practice demonstrates this mathematical model cannot 

describe other gyroscope effects and shows that there are other 

unsolved problems, which is spawned steady myth of the 

gyroscope mystery. These phenomena attract new researchers 

to solve gyroscope problems. The nature of gyroscope effects is 

more complex than represented in publications and known 

mathematical models do not match the actual motions and 

forces of the gyroscope effects. Latest studies of forces that 

involved in motions of a gyroscope demonstrate that there are 

four dynamical components, which act simultaneously and 

interrelated. The gyroscope with the external torque applied is 

experienced the resistance torque generated by the centrifugal 

and Coriolis forces and the precession torque generated by the 

inertial forces and the rate change of the angular momentum 

of the spinning rotor. These four dynamical components is 

represented the fundamental principles of gyroscope theory. 

Interrelation of this torques demonstrates the new unknown 

effects of the gyroscope. In case of the blocking the action of 

the precession torques resistance torques are deactivated. The 

mathematical model of forces acting in the gyroscope 

practically tested and the results validated the theoretical 

approach. 

Keywords – gyroscope theory 

I. INTRODUCTION 

     Gyroscope was invented by different civilizations of 

people thousand years ago and still attracts attention by the 

astonishing behavior and amazing by unusual gyroscope 

properties.  Simple gyroscopes are represented the top toys 

and were not use as instruments yet scientists realize to 

study and better understand of spin and then to develop of a 

vast number of practical applications in aviation, space, ship 

and other industries. Numerous publications in area a 

gyroscope studies represent it as a device for measuring or 

maintaining orientation, based on the principles of angular 

momentum of the spinning rotor [1-4]. The gyroscope 

properties are relayed in many engineering calculations of 

rotating parts [5-8].   

The fundamental principle of the gyroscope theory derived 

by famous mathematician L. Euler in 1765 in his work on 

the dynamics of rigid bodies. Later, Sir Isaac Newton and 

many other famous and outstanding scientists developed and 

added new interpretations for the gyroscope phenomena, 

which display in the rotor’s persistence of maintaining its 

plane of rotation [9-10]. 

     However, known gyroscope theory and its modifications 

do not match practice of the gyroscope forces and motions, 

i.e., no true gyroscope theory more than 200 years [11-13]. 

This is unusual phenomenon in classical mechanics and 

probably the authority of the famous scientists dominated 

over other researchers, which did not try refuting settled 

formulations of gyroscope theory. 

 The nature of the gyroscope physics is more complex than 

presented in encyclopaedias, textbooks and numerous 

publications. Analyses of the motions of gyroscope devices 

demonstrate that the load torque applied to the gyroscope 

generates the four fundamental components that are pseudo 

centrifugal, Coriolis and inertial forces of the spinning rotor 

and the rate change in the angular momentum. These 

fundamental components formulate the gyroscope effects.   

The centrifugal and Coriolis forces generate the resistance 

torque in change the rotor’s location. The inertial force of 

the spinning rotor generates the net of procession torques. 

The rate change in the angular momentum of the spinning 

rotor involves in resistance and precession torques. The 

simultaneous action of this group of forces and their 

interrelations has not been described in the physics of 

gyroscope effects.  Based on new fundamental approaches 

the gyroscope effects are represented by new mathematical 

model [14-18]. This model is well-matched with practical 

results that conducted on the Super Precision Gyroscope 

model “Brightfusion Ltd”. This paper represents unknown 

interrelations of the gyroscope dynamical components 

which are new properties of gyroscope and action of the 

described above forces. New gyroscope properties 

practically tested and validated new mathematical models of 

acting forces and motions. 

 

II. METHODOLOGY 

     New studies of the gyroscope motions and forces  

demonstrates  the defined toques based on the action of the 

centrifugal, inertial, Coriolis forces and the rate change in 

the angular momentum are acting simultaneously on the 

spinning rotor. The equations of the resistance and 

precession torques and percentage of acting in the 

gyroscope are represented in Table I. 
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     The action of the internal torques is validated by 

practical tests of the gyroscope. The tests on the angular 

velocities of gyroscope motions were conducted on the base 

of the Supper Precision Gyroscope “Brightfusion LTD” 

with the counter-balance (Fig. 1), which the technical data 

that represented in Table II. The weight of the counter-

balance is accepted close to the weight of the gyroscope. 

This design enables to get slow turn of the gyroscope and 

conduct the measurement of the time turn.  The time spent 

on the gyroscope motion about the axis ox measured by the 

digital stopwatch model Alba 1/100 Sec PUL SW01. 

 The velocity of the spinning rotor measured by the Optical 

Multimeter Tachoprobe Model 2108/LSR Compact 

Instrument Ltd. with range of measurement 0 – 60,000.00 

rpm. The tests of the gyroscope motions are conducted for 

the location of the gyroscope axis on 60
0
 to the horizontal 

line.  

     The technical parameters of the gyroscope components 

(Fig. 1, Table II) were calculated with aim to use for the 

equations of the gyroscope torques (Table 1). The gyroscope 

assembled with several components with ability to rotate 

about two axes on the fixed supports. The assembled test 

stand with the gyroscope and counter-balance is represented 

in Fig 2. The scheme of the test stand with inclined 

gyroscope on angle γ, acting forces and sizes of gyroscope 

components is represented in Fig. 3. 

The gyroscope linked by the one side with the axle and 

other side the axle connected with the counter-balance G. 

The axle s is fixed on the centre beam b with ability of free 

rotation about the axis ox on the spherical fixed supports A 

and B that located on the vertical arms. Centre beam is 

installed on the frame that assembled with two arms and one 

horizontal bar. The bar has ability of rotation about the fixed 

pivot C (vertical axis oy) on the platform.  

The action of the gyroscope, axle and the counter weights 

represent the load torque T that generates the gyroscope 

resistance torque and precession torque about the point o, 

which is the centre of coordinate system Σoxyz for the test 

stand of the gyroscope. The angular velocities of the 

gyroscope about the axes ox should be determined in case of 

the blocking the gyroscope rotation about axis oy.   

“Brightfusion LTD”. 

 

TABLE I. Equations of the internal torques acting in the 

gyroscope 

 

where J is the mass moment of inertia of the spinning rotor, 

ω is the angular velocity of the spinning rotor, ωx is the 

angular velocity of the gyroscope motion or precession about 

axis ox.  

The scheme of the test stand with inclined gyroscope on 

angle γ, acting forces and sizes of gyroscope components is 

represented in Fig. 3. The action of the torque Tx about the 

axis ox which is positive, generated by the weight of the test 

stand and gyroscope components is represented by the 

following equation:  

 

Tx  = (Wgl - sgls/2– Gga)cosγ                                (1)                                                                                  

          

where W is the gyroscope weight; s is the axle weight, G is 

the weight of the counter-balance; g is the gravity 

acceleration, l is the distances of location the centre gravity 

of the gyroscope, ls  is the length of the axle; a , is the 
distances of location the centre gravity of the counter-

balance  and γ is the angle of the axle inclination.  

Analysis of components of Eq. (1.) shows that the acting 

torque Tx is variable and depends on the angle γ. The weight 

of the gyroscope is acting positively by the counter clock 

wise direction. The weight of the counter-balance and the 

axle are acting negatively by the clock wise direction. Other 

torques acting in the gyroscope stand are represented by the 

several components which are negative. 

 

 

        
 

Fig. 1.  Supper Precision Gyroscope “Brightfusion LTD”   
with the counter-balance 

 

 

TABLE II. Technical data of Super Precision Gyroscope,  

 

 

Type of the torque Equation Percentage 

of action, % 

The torque generated 
by the centrifugal 

forces 
iinct JTT 


2

3
2 










 

 
34.95 

The torque generated 
by the inertial forces 

34.95 

The torque generated 

by the Coriolis forces 
icr JT )9/8(  14.16 

The torque generated 
by the rate change of 

the angular momentum 

iam JT    
15.94 

Total  100 

 

Parameters and components Numerical data 

Weight, 

W 

Spinning components 0.1159 kg 

Aluminium  frame 0.0294 kg 

Gyroscope, 0.1453 kg 

Total gyroscope 0.146 kg 

M
as

s 
m

o
m

en
t 

o
f 

in
er

ti
a,

 
J 

k
g

m
2
 

About 

axis oz 

Spinning 

components 
0.5543873×10-4 

About 
axis ox 

Spinning 
components 

1.3981904×10-4 

Aluminium  frame 0.70871974×10-4 

Total 2.1069097×10-4 
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One of them is friction torque generated by the friction 

forces of the weight components in the supports A and B 

that is represented by the following equation: 

 

TfW = (W + s + b +  G)(d/2)gf                                (2) 

 

where b is the weight of the centre beam;  f is the sliding 

friction factor in the supports A and B of diameter d;  other 

components are as specified above.                   

The acting torque Tx generates resistance torques of the 

centrifugal Tct and Coriolis Tcr forces about axis ox and 

precession torques of the inertial forces Tin and the rate 

change of the angular momentum Tam of the spinning rotor 

 

 
Fig. 2. Geometrical parameters of the gyroscope 

components 

 

 

Figure 3. The forces and torques acting on the gyroscope 

with the counter-balance. 

about axis oy. The resistance torques do not act on the 

support and do not generate the friction force and torque at 

the support A and B. This property of the gyroscope is 

pointed at [].  The precession torques are acting and causing 

the precession angular velocity ωx of the gyroscope about 

the axes ox.  

The precession torques about the axis oy are causing the 

additional loads on the supports A and B that lead to the 

increasing friction forces in the supports that are acting 

negatively. Based on this information, the equation of the 

friction torques in the supports A and B is represented by the 
following equation: 

 

f
c

dTd
f

c

Td
fFT

pxpx

pxfx 
2

2
2

         (3)      

 

where   cTTcTF xamxinpxpx /)(/ ..   is the reaction of the 

one pivot on action of precession torque,  Tpx  precession 

torque about the axis oy, c is the distance between contact 

points of the centre beam journals with supports A and B 

(Fig. 3); other parameters are as specified above. The 

gyroscope precession torque about the axis oy is represented 

by the following equation: 

 

xxxamxinpx JJTTT 












2

..
3

2                       (4)                             

 

The gyroscope resistance torque about the axis ox is 

represented by the following equation: 

xxxcrxctrx JJTTT 


9

8

3
2

2

.. 







                    (5) 

 where all parameters are as specified above.  

  The technical parameters of the test stand and gyroscope  

are represented in Tables I, II, and III and in Fig. 2. 

 

Parameters 
Weight, 

kg 

Mass moment 

of inertia about axes ox,  J kgm2 

Gyroscope, 

W 
0.1453 

JW  = (2/3)m5r5
2 + m5l

2  + (mR2
c/4) + ml2 =  

(2/3)*0.0294*0.032 + 0.0294*0.03532 + 

(0.1159*0.030932/4) + 0.1159*0.03532 =  

2.2641624*10-4 kg.m2 

Counter-

balance, G 
0.097 

JG = mGr2/2 +  mG a
2  = 0.097×0.0042/2 +  

0.097×0.052 =  2.43276×10-4                                                            

Axle, s 0.005 
Js = msl

2
s/3 = 0.005×0.052/3 = 

0.00416666×10-4  

Centre 

beam with 

journals and 

screw, b 

0.028 

Jb = mbr
2

b/2 = 0.028×0.0042/2 = 

0.00224×10-4   

Total 0.2753  
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TABLE III. Technical data of Super Precision Gyroscope, 

“Brightfusion LTD”. 

 

 

 

The friction torque in sliding chamfered bearings of the 

support A and B about axis ox is represented from the 

components of the friction forces (Eqs. (2) and (3)) which 

combining yield the following modified equation: 

 

0

2

0

45cos2
21

3
2

45cos2
)(

fd

c

J

d
gfGbsWTTT

x

fpxfWfx

























         (6) 

where 45
0
 is angle of the chamfered sliding bearing, other 

parameters are as specified above.  

The test of the gyroscope with the counter-balance on 

motion about axis ox when the rotation of the frame about 

axis oy is blocked demonstrates one phenomenon. This 

phenomenon is represented in the gyroscope rotation about 

the axis ox that is carrying out with high angular velocity, 

which larger when the gyroscope rotation is free about two 

axes. Analysis of acting torques on the gyroscope enables to 

explain this phenomenon by the following reason.  

   In case of the blocking the gyroscope rotation about axis 

oy the following torques is involved in process: 

- the torque generated by the inertial forces and the rate 

change of the angular momentum of the spinning rotor 

with the precession about axis ox, receives the reactive 

counter torque from the supports.  

- the blocking the gyroscope rotation about axis oy leads 

to deactivation of the resistance torque generated by the 

centrifugal, inertial and Coriolis forces and rate change 

of the angular momentum about axis ox.   

- deactivation of resistance torques about axis ox leads to 

increasing the angular velocity of the gyroscope turn 

about the axis ox. 

Full blocking of gyroscope motions about one axis leads to 

full deactivation of the precession and resistance torques.   

The first tests were conducted for the gyroscope with the 

spinning rotor and blocked one axis of rotation. The second 

test conducted for the gyroscope motion which rotor does 

not spin. This type of tests is focused on validation of the 

statement that resistance torques that generated by the 

pseudo forces is deactivated in case of the blocking of 

rotation about axis ox. The tests are conducted with record 

of the time of the gyroscope turn about axis ox for both 

cases. 

The gyroscope with the spinning rotor turns about axis ox in 

case of blocking its precession about axis oy. The motion 

about axis ox with corrections based on the action of the 

gyroscope components weight and the friction forces is 

represented by the following equation: 

 

 

x

sx
xbxsxGxW

J
c

fdd
gfGbsW

gGa
l

sWl
dt

d
JJJJ







0

2

0 45cos2
1

3
2

45cos2
)(

cos
2

































 (7)                             

where all parameters are as specified above. 

Equation (7) is used for the test of the gyroscope motion that 

conducted with counter-balance of the mass G (Table III).  

The location of the gyroscope axis is accepted γ = 60
0 
and 

coefficient of friction in sliding supports is f = 0.1. 

Substituting defined parameters that represented in Table II 

and III and Fig. 3 into Eq. (7), transforming and 

simplification yield the following result: 

 

 

  10071048.110638713336.7

cos001902551.0104.703329

64

4-

x

x

dt

d






 

                     (8) 

Equation (8) enables to define the initial angular velocity of 

gyroscope precession about axis  ox. Separating variables 

and transforming for the differential Eq. (8) gives the 

following equation: 

dt
d

x

x 







002277.0

199906.713cos345224.1776





    (9) 

Taking integrals from Eq. (9) at definite limits yields the 

following 

 




t

x

x dt
dx

00

002277.0
199906.713cos345224.1776











                                             

(10) 

Left integral of Eq. (10) is tabulated and presents integral 

Cx
xa

dx


 ln . Right integral is simple and integrals 

have the following solution: 

t

x tx

00 002277.0
199906.713cos345224.1776

ln 


  












   giving                                          

tx e 





 002277.0

199906.713cos345224.1776
1 




               (11)                                      

Solving Eq. (11) gives the equation of the angular 

velocity for the gyroscope about the axis ox as the result of 

the action of the gyroscope weight   
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)1(
199906.713cos345224.1776 002277.0 t

x e 




 







 
     (12)                           

                      

Expression 
te 002277.0
of Eq. (12) contents the angular 

velocity of the spinning which value is around n = 10000 – 

30000 rpm. Hence, the formula 
te 002277.0
 has a small 

magnitude and can be neglected.  Then, the equation of the 

angular velocity for the gyroscope about the axis ox as the 

result of the action of the gyroscope weight   is represented 

by the following equation: 

  





199906.713cos345224.1776 
x

                     (13)                                 

where all parameters are as specified above. 

 The angular velocity of the gyroscope about the axis ox is 

variable and depends on the angle γ of location the 

gyroscope axis.  The time of gyroscope turn on angle γ 

about axis ox is derived from the following equation: 

                          
xt  /                                   (14)                                                                    

 

where t is time of gyroscope turn about axis ox, γ is the 

angle of the turn.   

  

The change of the time of the gyroscope motion with the 

change of the its angle location represented by the following 

differential equation: 

 

x

d
dt




                                                      (15)                                                                  

 

Substituting Eq. (14) into Eq. (15) and transforming 

enable to represent the integral form of Eq. (15) is as 

follows: 

 

 








00
401498.0cos3452244.1776

d
dt

t

         (16)                                                       

 

The right integral can be converted to integrals of rational 

functions using the versatile trigonometric substitution 

)2/tan(x .Then, the derivative
)2/(cos2 2 

d
dx 

. Using 

the trigonometric identities
)2/(tan1

)2/(tan1
cos

2

2









 , 

2

cos1

2
cos2  

  , substituting into Eq. (19) 

and transforming yield the following integral equation: 

 

  
 




0

22

4

0
653486.0

10033598.8
t

dt
dt

t

            (17)                                            

 

Integrals (17) is tabulated and represented by the 

following equation:
ax

ax

aax

dt






 ln
2

1
22

. Substituting 

expression of x into Eq. (17) and transforming yield the 

following equation: 

 






 0

4

0
653486.0)2/tan(

653486.0)2/tan(
ln10146725.6




 tt     (18)                                   

 

 

Substituting the given speed of the gyroscope rotor ω = 

10,000 rpm and inclination of the gyroscope axis on angle γ 

= 60
0
 into Eq. (18), transforming and calculating yield the 

time of the gyroscope turn to horizontal location of the 

gyroscope axis is as follows: 

 

s

t

79.1
653486.0)2/0tan(

653486.0)2/0tan(
ln

653486.0)2/60tan(

653486.0)2/60tan(
ln

60

210000
10146725.6

0

0

0

0

4






















  

 

For the gyroscope with the stopped rotor, the equation of the 

gyroscope motion about axis ox does not includes the 

component of the friction torque generated by the inertial 

torque and the rate change of the angular momentum acting 

about axis oy. The equation of the gyroscope motion is 

represented by the following expression: 

 

     
 

045cos2
)(

cos
2

d
gfGbsW

gGa
l

sWl
dt

d
JJJJ sx

xbxsxGxW











 



 (19)                                                                                            

 

The acceleration of the gyroscope with the stopped rotor 

turn about axis ox is calculated by Eq. (19) that after 

transforming yields the following result: 

40-4 10638713336.760cos001902551.0104.703329  x

, then  εx = 0.39845 rad/s
2
 

The time of the gyroscope turn about axis ox is defined by 

equation: 

2/2t                                                                      (20)                                                         

where γ is the angle of the gyroscope turn, ε  is the angular 

acceleration. 

Substituting defined results into Eq. (22) and transforming 

gives the time of the gyroscope turn about axis ox is as 

follows: 
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st
x

32.1
 0.39845

180/6022 00









  

Practical tests of the time motion of gyroscope with the 

counter-balance from 60
0
 of axis inclination to horizontal 

recorded and represented in Table IV.  

TABLE IV.  Experimental and theoretical results of the 

gyroscope turn time 

  

 

 

 

 

Results of the theoretical calculations and practical tests of 

the gyroscope turn time that represented in Table IV are 

well matched in spite on differences. The reason of 

differences in results can be represented  by simplification 

in calculations and by magnitude of the friction coefficient 

of sliding supports that defined empirically.  

The time of the turn of the gyroscope with spinning rotor is 

larger than with the stopped rotor. This is result of the action 

of the friction force in the sliding supports, generated by the 

action of the precession torque. Also, this result is validation 

of the analytical statement that blocking of the rotation of 

the gyroscope about axis oy leads to deactivation of the 

resistance torques generated by the pseudo forces acting 

about axis ox.  

  

V. RESULTS AND DISCUSSION 

     The load torque applied to the gyroscope leads to an 

angular velocity of precessions and generates the torques 

based on action the centrifugal, inertial, Coriolis forces and 

the rate changes in the angular momentum of the spinning 

rotor. Based on the action of these torques is formulated the 

mathematical models for the resistant and precession 

torques about axis ox at accepted systems of coordinates.   

The new analytical approach to gyroscopic problems 

demonstrates that centrifugal, inertial and Coriolis forces of 

the mass elements for the spinning rotor are really active 

physical components as its the rate change in the angular 

momentum. These forces generate the torques that act 

simultaneously and result in the resistance and precession 

torques, respectively. Experimental tests and results of the 

gyroscope torques that conducted for the gyroscope of one 

axis turn demonstrates that blocking of motion deactivate of 

pseudo torques.   

VI. CONCLUSION 

The gyroscope theory in classical mechanics is one of the 

most complex and intricate in terms of analytical solutions. 

The known mathematical models in the gyroscope theory are 

mainly based on the actions of the load torque and the rate 

change in the angular momentum of the spinning rotor. The 

known gyroscope theory does not give correct answer on 

numerous practical problems. The known gyroscope theory 

and mathematical models for gyroscope effects do not 

consider the action of the pseudo centrifugal, inertial and 

Coriolis forces of the rotating mass of spinning rotor, which 

play a critical role.   

New mathematical models for the gyroscope effects lead 

to new properties and will thus be useful for modeling the 

behavior of the gyroscopic devices. The experimental tests 

and mathematical models of the gyroscope effects for the 

gyroscope with blocked rotation about one deactivate the 

pseudo resistance torques. The new analytical approach for 

the gyroscopic effects describes its new properties 
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Abstract—This paper is forcusing on the optimization simulation 

analysis of the network structure optical division multiple access 

(OCDMA) technique is investigated using the 2-D Hybrid 

OCDMA code. The performance was analyzed using Optisys 

software. During the simulation process, various parameters, 

variables such as distance of the fiber, bit rate and number of 

users are analyzed. The results indicate that with bit rate of 155 

Mbps, 4 numbers of user the 2-D Hybrid OCDMA code can 

achieve maximum transmission of 80 km with bit error rate 

(BER) 4.99x10-9. At 622 Mbps and 1.1 Gbps both can achieve 

maximum transmission of 60 km with BER 8.31x10-9 and 45 km 

with BER 6.44x10-9 respectively. For 9 users, the 2-D Hybrid 

OCDMA code of bit rate 155 Mbps, can achieve maximum 

transmission of 65 km with BER 8.31x10-9. At 622 Mbps and 1.1 

Gbps respectively, it can achieve maximum transmission at 40 

km and 35 km with BER 1.51x10-9 and 5.49x10-9. 

Keywords-multiple access interference, phase induce intensity 

noise, bit error rate, 2-D Hybrid code. 

 

I. INTRODUCTION 

 
OCDMA is an emerging research area that attracts huge 

interest due to the demand of OCDMA application in a local 
area network. OCDMA offers various advantages such as 
large bandwidth, high security, flexibility of high speed access 
network, dynamic bandwidth, asynchronous transmission with 
low latency, soft capacity on demand and enhanced network 
security. However, in order to improve the performance in 
term of the number of user results in code length expansion 
[1]. Another limitation is due to the unipolar characteristic of 
optical signals where the length of one-dimensional (1-D) 
optical codes should make large enough to increase the 
number of simultaneous users [2,3,4].  

In order to overcome the drawbacks of 1-D OCDMA 
codes, the 2-D OCDMA code of OCDMA was proposed [5]. 
The 2-D OCDMA coding system attracts more and more 
attention owing to its good correlation properties compared 
with 1-D OCDMA coding [7-9]. A well designed of 2-D 
OCDMA code can minimize the interference between users to 

a lower level and enhance the BER substantially. The two-
dimensional codes spread in both time and wavelength 
simultaneously [5]. The 2-D OCDMA codes provide more 
flexibility and greater capacity than 1-D OCDMA codes [6]. 
The wavelength-time schemes provide a lower probability of 
interception and offers scalability and flexibility. The 
probability of interception is enhanced because the pulses of 
each code sequence are transmitted in different wavelengths, 
making eavesdropping more difficult. In this paper, we will 
further study on the performance of 2-D OCDMA codes 
through the simulation setup using 2-D Hybrid OCDMA code. 
It is because, most of the research into 2-D OCDMA codes 
before has only discussed the theoretical performance of each 
2-D OCDMA code to analyze the bit error rate (BER) 
performance. 

  

II. CONTRUCTION OF 2-D HYBRID CODE 

 

The 2-D Hybrid OCDMA code evolved from the 1-D 

Integer Lattice OCDMA code [9] and 1-D Perfect Difference 

(PD) OCDMA code [10,11]. An example of the 2-D Hybrid 

OCDMA code with slope, s=1, code size, ms =3, code weight 

lattice code, Llattice=2, code weight PD code, KPD=2, code 

length, M=6, a code length of the spectral and spatial code 

sequence, P=3.   

The cross-correlation value of 2-D hybrid OCDMA code is 

shown in Table 1. From that table, it illustrated the 

relationship of R
(0)

(g,h), R
(1)

(g,h), R
(2)

(g,h), and R
(3)

(g,h). It can 

be observed that R
(2)

(g,h), and R
(3)

(g,h) are no used for new 

correlation function, which effect the MUI elimination process 

become easier. 

The 2-D hybrid OCDMA code signal-to-noise ratio can be 

expressed as: 

SNR =  
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The PIIN can be suppressed and the MAI can be 

eliminated, by using the new correlation function property of 
the 2-D Extended-EDW OCDMA. 

 

 

 

 

 

 

 

 

 

 

III. RESULTS AND DISCUSSION 

 

The result obtained from simulation process was discussed. 

The simulation was carried out with a number of users equal 

to four and nine. The performances of the system are 

illustrated by BER in graph format.  

 In simulation, the distance range was used is from 10 

km to 50 km. Figure 1 shows the BER versus distance at 16 

dBm of power. This figure also shows the performance of the 

system is varied with different bit rate of 155 Mbps, 622 Mbps 

and 1.1 Gbps. From the graph, it can be seen that the BER 

increases as the distance increased. This is because a longer 

fiber will provide a larger dispersion and attenuation.  

With bit rate 155 Mbps, 4 numbers of user 2-D Hybrid 

code can achieve maximum transmission at 80 km with BER 

4.99x10
-9

. Then 622 Mbps and 1.1 Gbps both can achieve 

maximum transmission at 60 km with 

 

 

Figure 1: BER versus Distance for 2-D Hybrid OCDMA Code. 
 

Figure 2 shows the eye diagram of the 4 users at bit rate 
1.1 Gbps while figure 6 shows the eye diagram of 9 users at 
bit rate 1.1 Gbps. The distance was fixed at 10 km. 

 

Figure. 2: Eye diagram of 9 users at bit rate 1.1Gbps. 

 

IV. CONCLUSION 

In this paper, the analysis on the performance of 2-D Hybrid 

OCDMA code was investigated. The analysis was carried out 

through a software simulation. This analysis was carried out to 

study the performance of the 2-D Hybrid OCDMA code. From 

the simulation result, it is indicated that with bit rate 155 

Mbps, 4 numbers of user 2-D Hybrid OCDMA code can 

achieve maximum transmission at 80 km with BER 4.99x10
-9

. 

Then 622 Mbps and 1.1 Gbps both can achieve maximum 

transmission at 60 km with BER 8.31x10
-9

 and 45 km with 

BER 6.44x10
-9

 respectively. For 9 users 2-D Hybrid code of 

bit rate 155 Mbps, it can achieve maximum transmission at 65 

km with BER 8.31x10
9
. At 622 Mbps and 1.1 Gbps 

respectively, it can achieve maximum transmission at 40 km 

and 35 km with BER 1.51x10
-9

 and 5.49x10
-9

. The 2-D Hybrid 

OCDMA code also shows a better performance when 

compared to others 2-D OCDMA code. 
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CorrelationAgh     

 

g=0, h=0 

 

k1k2 

 

0 

 

0 

 

0 

g=0, h≠0 k1 0 k1(k2-1) 0 

g≠0, h=0 k2 k2(k1-1) 0 0 

g≠0, h≠0 1 k1-1 k2-1 (k2-1)(k1-1) 

Table 1: The Cross-Correlation of 2-D Hybrid OCDMA [9] 
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Abstract t—Food supplying industry is one of the role 

models of development areas which had led to the rise of 

human weal. The study of food is very challenging as it 

improves the quality of earthly life. To classifying and grading 

meat, then the color of the texture is a sensory indicator that 

affects the consumers’ manner, especially the change of meat 

color and musculature. There has yet been any data reported 

on freshness grading in processed meat. To overcome with this 

problem, the meat classifies method has been studied based on 

the change of the color texture. This study is focussing in a 

grading system design that helps to classify the meat freshness 

using texture and the change of color space and histogram 

value. The support of the theory included in the calculation of 

color space from the Red, Green and Blue (RGB) and also 

Hue, Saturation and Intensity (HSI) value. This study focuses 

on grading system design that helps to classify the meat 

freshness according to its color. By using a Graphical User 

Interface(GUI) program, it can analyze the color of the meat 

that being inspected. The mathematical calculation of the mean 

values and histograms is capable of classifying meat freshness 

based on color. 

Keywords- Image Processing; Machine Vision System; NIR/VIS 

Camera; Fish. 

 

I. INTRODUCTION 

 

Recently, there has been no report to grade and analyze 

meat freshness of process of meat delivery. Before this, 

mostly meat is graded manual using the human eyesight at 

the meat’s color and quantity of fats. A parameter to show 

the freshness of meat has only been analyzed manually 

using a human’s eyes. This is some of difficulty method to 

make a right selection when choose and select the fresh 

meat. Meat grading is a method to show the mathematical 

calculation on the change of color and using classification of 

the mean value in the process of meat freshness detection. 

This study focus on designing a grading system based on 

color changing to the texture when meat is selected and 

exposure with vinicity. This study had found that color 

changing significantly with the time, and this was proven 

after calculation of color changing in meat texture. By doing 

a test on the selected number of samples using a 

photoelectric technology, an effective method for grading 

system using a vision feature with an image processing may 

help in the selection of the fresh meat using the grading 

system. The results obtained using the proposed method 

were confirmed to agree well with the judgments of a 

grader. 

 

The possession and consumption level of meat product is 

a measure of a state and important indicators of the quality 

of people. The quality of meat product is growing forward 

by grading it with the quality standards. The idea of 

changing in people, lifestyle, people has claimed about 

health is becoming stronger. The aim to choose or instance 

of fresh meat and green healthy food has become important. 

  

The grading system for meat or carcass is by quantity of 

fat and a color. Currently a manual system is presented to a 

user or consumer when buying a meat or carcass. This 

happens because of a practical system to inspect and grading 

a meat does not yet exist. In order to help the food industry 

analyze and object the subjective decisions of human testers, 

several devices had appeared and designed especially for 

that purpose. The disadvantage with this alternative type of 

testing is what human’s interpretation such as tastes and 

smells, machines will interpret them in a more complicated 

and difficult way. The aim of this research is to devise a 

system such as image processing and neural network[1] 

which capable of interpreting the analyses made by an 

electronic device and making the results of those analyses 

more easily understandable for human experts. 

 

Topology of freshness meat levels is according to the 

color of the meat itself. System grading by rule algorithm is 

dividing the freshness level with a pattern such as very 

fresh, fresh, semi fresh, half-fresh and defective meat by 

color intensity at a meat itself. The freshness level of meat is 

classified by a level of histogram and also a mean value of 

the image.  

 

II. MEAT RECOGNITION AND IMAGE PROCESSING 

 

The methods of detection in meat freshness degree  

include as following manner: the sensory detection, all kind 

of physiochemical detection, microorganism detection, and 

etc. Several researches have been carried out by Japanese 

students on describing a method of determining meat quality 

using the concept of marbling score. A research based on 

describing a method to determine a meats quality using the 

concept of “marbling score” and texture analyses had been 

carried out before [2][3].  
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The study of marbling score is a measure of the 

distribution density of fats in the rib-eye region. In the 

grading by the marbling score, the comparison of the meat 

with the standard images is the fundamental step. The 

marbling score in the rib-eye standard was determined by 

calculating the percentage of fats in the rib eye region. From 

figure 2.1 shown the design of marbling concept, 12 

standard images which represent 12 grades of marbling. 

Professional graders decide the grade of actual meat by 

comparing it with the standard images. The disadvantage 

using “marbling score” or texture pattern recognition is 

when the grading is performed in a refrigerator at a low 

temperature, this will make it difficult for grader to make a 

decision.  

 

 
 

Fig. 2.1. Beef marbling standard[2] 

 

According to this paper, the researchers have used the 

image processing with the neural network technique and 

multiple regression analysis to examine the kind of image 

input to the grading system and clarify that 4-bit 

monochromatic image that is sufficient for accurate grading. 

Besides that, a method of binarization of the 4-bit meat 

image using a three layer neural network developed on the 

basis of the input given by a grader had been proposed and a 

multiple regression equation for the determination of the 

grade using the feature obtained by multiple regression 

analysis also had been formulated.  

 

From the experiment result showed the proposed method 

to be effective and the application of texture analysis for 

grading the meat quality is a suitable example of the 

application of texture analysis. The researchers also used a 

“fat-pixel” and the “muscle-pixel pattern” to find the density 

histogram for grading meat. From this method, fat and 

muscle has become a problem to the meat grading without a 

fats. The color of meat, then becomes more important 

judging with the grading system characteristic. Figure 2.2 

shows the 4-bit monochromatic image of Hough transforms. 

 

 
 

Fig 2.2. An example of 4-bit monochromatic image 

 

Pattern recognition is one of the image processing 

methods which may help the researches on finding the 

solution in grading the meat fresh. The author uses digital 

image processing technique to detect the plaque bacteria 

that taking Hough Transform to extract the complete outline 

of fat cell based on mathematical morphology method[4][5]. 

Sample image is collected for an image processing method 

to analyze the sample. As the sample is positioned in the 

glass, the specimen illuminates from the bottom to keep 

away the result which reflection and refraction from the 

glass effect image is captured.  

 

The Hough transformation is a kind of method that can 

feature point of the image onto the parameter space so that 

the image point can be gained. This method identifies the 

geometric figure from images and is widely used. If the 

shape of region beforehand is known, Hough transformation 

is used to get the border and connect the discontinuous point 

conveniently. The structure of the image capturing system is 

shown in Figure 2.3 below.  

 

 
 

Fig. 2.3. Image Acquisition System 

 

III. MACHINE VISION 

 

The process of color classification involves image 

extraction of useful information concerning the spectral 

properties of object surfaces and discovering the best match 

from a set of knowing description or class model to 

implement the recognition task. It is useful to easier a 

monochrome problem by improving contrast or segregation. 
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Color has been a great help in identifying objects for many 

years. 

 

A visual-based color classification system is introduced 

to overcome the best match and color identifying objects. 

This system is used in the manufacturing industry, as it can 

reduce dependence on human power and highly production. 

Basically, machine vision system is performing a four basic 

procedure. The image is captured and acquisition and image 

are processed in the computer center. Then the image is 

analyzed to get the information and will be interpreted to the 

image processing. The elements include in a vision system 

consist of a camera or sensor, lighting, a computer and 

software. The camera is used to capture an image of the 

object being inspected. Lighting is needed to shine the 

object, so that the image taken by the camera is adequately 

exposed. The computer is a key element of the machine 

vision system; a fast computer will reduce the time needed 

for image processing. Machine vision programming is used 

to create and execute, processing input image data and 

providing a conclusive result[6]. 

 

A. Graphical User Interface (Gui) 

 

GUI software development is needed in this color 

detection and grading system. The MATLAB GUI is used in 

this study as the centerpiece of the system in detection 

colors and show the results. The main idea of the program 

advanced here is to measure the histogram of RGB and HSI 

colors in the captured image and calculate its mean values.  

 

B. Color Image Processing 

 

 There are many different HSI transformations, one of 

them is given below. The HSI color model represents a 

color in term of hue, saturation, and intensity. The RGB 

component of an image can be converted to the HSI[7]. The 

intensity is represented by the average grey level normalized 

to 1: 

 

      (1) 

 

The derivation of the formula for hue and saturation 

begins by removing intensity from the RGB values. In order 

to have the value for hue in the range from 0 to 360 degrees, 

it is necessary to subtract H from 360 when B/I>G/I. It 

should be noticed that hue feature has an angular 

representation from 0 to 255 after normalization. The lower 

values near 0 or 255 represent red pixels, value near 85 

represent green pixels, while values near 170 represent blue 

pixels. It has the property of being relatively unaffected by 

shadow caused by the light source. The cosine of hue is: 

    

 

  (2)

  

 

The saturation is the ratio of the distances, dp/dq. 

Saturation also measures the degree of purity of Hue. The 

formula for saturation is:  
   

   (3)
 

 

IV. EXPERIMENTAL DESIGN 

 

The general design of block diagram for image 

acquisition using a camera and computer as a machine 

vision with a light is shown in Figure 6 This design is for 

capturing images and collecting data into a personal 

computer. This data then will be analyzed using image 

processing methods. 

 

 
 

Fig. 6. Block diagram of an image acquisition system 

 

A. Image Capturing 

 

VIS/NIR camera will be used in acquisition image and 

also to capture the meat data. The images of the meat were 

first acquired using VIS/NIR camera and saved in the lab 

using a personal computer equipped with USB (Universal 

Serial Bus). CMOS camera is used to capture the image 

which is detailed and consists of useful data. For this project 

the sample is fixed and with additional time to capture an 

image, it gave benefits for improving resolution and color 

accuracy of three shot in color. Figure 6.1 below shows 

when an image is captured with the image data, it will then 

be digitized first and sample is extracted and used in 

computer processing. 
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Fig. 6.1. Image representation and image analysis 

 

The raw images of meat are collected per days and the 

time periods are 24, 48 and 72hours. This means that there 

are a total of 30 inputs per sample. Since there were 3 

samples, the final data collections will be 270. Data are 

encouraged to be collected as much as possible in order to 

make this recognition system more accurate. The raw 

images are taken under different condition like the lighting 

and shadowing conditions and from different angles. The 

size of the image taken is 640x480 pixels. The images are 

then saved into the computer and will be used in the data 

analysis for meat classification.  

 

B. Sample Selection 

 

Meat sample is purchased at Parit Raja market area and 

has been cut into slices and each weighed 10mg. As the 

sample is lighted from two light bulbs is placed in glass to 

prevent the reflection and refraction that will affect the 

image acquisition. The size of the image acquisition is 640 x 

480 pixels. The database consists of 3sample of meat, where 

30 images are captured from them for 24, 48 and 72hour 

period of time. The total of data 3x30x3 is 270 images. 

 

C. Image Processing 

 

All the images were transferred to a computer 

workstation for further processing. The degree in gray value 

can be collected through this system during the process of 

meat classification. The color and brightness are determined 

by the quantity of muscle-redness protein and also the color 

of the meat itself because color is the meat’s first point of 

view for customers. It is best that the meat is redness and 

shine. The color of meat can well manifest its characters.  

 

During the meat stored, its color and shine will change 

with the freshness level of meat. Meat freshness is red in 

color compared to the hypo-fresh meat which is gray. 

Defective meat is henna and no shining. The change of color 

and shine of meat can be reflected through the change in the 

gray level. The change of freshness level than can be 

identified through the change of the gray level. From this 

gray level, the characteristic of the freshness is designed 

according to the class of gray level. 

 

D. Hue, Saturation And Intensity (HSI) Transform 

 

The hue, saturation and brightness of a light beam are 

often specified using a three-dimensional color tree, as 

shown in Figure 6.4. The vertical axis of the tree specify the 

intensity of the beam, from nothing at the bottom (that is, 

black) through gray to some maximum value at the top 

corresponding to the brightest possible white. 

      

At each level of the tree (which corresponds to a given 

lightness or brightness), by drawing a circle whose 

circumference shows the various pure, fully saturated, 

monochromatic colors of the rainbow in wavelength order 

from red to violet. The points on a radius line from the 

center of the tree to any point on the circumference 

represent different unsaturated colors formed by mixing 

some amount of white from the center of the tree with some 

amount of the color at the end point of the line. From this 

three dimensional, the calculation of value HSI is used to 

convert the value of RGB. 

 

 
Fig. 6.4. Three dimensional color tree 

 

E. Meat Classifications 

 

About 270 samples of meat for image analysis were 

prepared and have been bought from the market and 

slaughtered. The test is carried out at the area of Parit Raja 

and Batu Pahat, Johor. This image analysis has been carried 

out in two parts, which the first 240 images are used in the 

color analysis of meat based on histogram on classification 

of meat freshness. The second group with the remaining 30 

of the images was used for validation testing to the 

freshness level using GUI to identify meat freshness. 

     

The general classification of fresh meat is too simple to 

meet the producers practice requirement. More detailed 

according to the meat fresh and grading classification would 

play a significant guiding, or role model in the real 
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application. The system measures the change of value Hue, 

Saturation and Intensity during the idea of meat freshness 

classification. 

 

This change of the meat color is measured through the 

image collection system based on camera and measured 

precisely the content of the gray level test. The value of H, 

S, and I are act toward as input signal. The system 

identification meat freshness is through GUI system. The 

flow chart of the system is shown in Figure 6.5 below. 

 

 
Fig. 6.5. The system identification flow chart to the fresh degree 

classification 

 

 

The purpose idea is that under a fixed or control heat for 

instance room temperature. The data is collected once at 

every half an hour. The experiment is done repeatedly until 

the data is complete. The data is bring into the GUI system 

to analyze the mean values, from this method the freshness 

level of meat can be known. 

 

 

F. Sample Analysis 

 

The samples of meat A is selected and is categorized to 

three days, which the A1 is for the sample of the first day of 

images, were captured. A2 represented the data of images 

captured on the second day and the A3 is the data sample of 

images captured on the third. The sample of meat A, then 

analyze and the results of the experiment have been shown 

in the Figure 7.1. It represents the example of the images to 

the RGB after image processing and image extraction are 

done to get the information from the images. 

 

 
Fig. 7. RGB space color for sample A 

 

Figure 7.1 shows that the image of the sample A is 

separated to the space color transform. From the figure, all 

the data of the image are calculated and known as: a) RGB 

color space, b) the intensity of Red layer, c) the intensity of 

Green layer and d) the intensity of Blue layer.  The same 

experiment is repeated to the sample B and C, and the image 

results are shown as in the Figure 7.2 and Figure 7.3. 

 

 
Fig. 7.2. RGB space color sample B 

 

 
Fig. 7.3. RGB space color for sample C 

 

As a conclusion, this experiment of the color space is 

done with all of the images and the data of the mean values 

are then stored into the file data. The data of mean value 

will be used in the analysis and the classification of meat 

grading in the last experiment. For the HSI color space for 

the sample A is represented in the Figure 7.4.  

 
Fig. 7.4. HIS space color for sample A 

 

V. MEAN INTERVAL VALUE RGB AND HSI 

 

This experiment then calculates the value of the mean 

value and also the mean interval value to be used in 

classification meat degree. Experiment result obtained from 

fresh meat to the Sample A, are charted in the Figure 8.1, 

8.2 and 8.3.  
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Fig. 8.1. Chart of RGB to the fresh meat for sample A1 

 

 
Fig. 8.2. Chart of RGB to the half-fresh meat for sample A2 

 

 
Fig. 8.3. Chart of RGB to the defective meat for sample A3 

 

From the charts above show the mean value according to 

RGB of the sample A. This sample is calculated for mean 

value according to the day of captured image as A1 is for 

first day the image was captured, A2 is for second day the 

image was captured and A3 is for third day the image was 

captured.  

  

This test for 240 samples of meat has been done for the 

mean color of RGB and HSI. This classification using a rule 

based has been used to identify a degree of freshness to the 

sample. The system processed the collected data, and using 

the model color values transforms to extract sample color 

value (R, G, B, H, S, I). The images tested with the rule 

based were created for identification to the degree of 

freshness. 30 samples of meat images were tested and this 

gave a positive response with 80% of the target is achieved. 

 

VI. CONCLUSION 

 

During the experiment of the mean value, classification 

of meat can be done with the value of the mean and also the 

histogram. From the experiment, the highest intensity value 

of the mean value to the RGB and HSI is proved that the 

grading meat is successful. The fresh meat is choosing from 

the interval value with the specific mean value and this also 

help the researcher to complete the meat grading processes. 

 

The experiment results achieve have greatly helped in 

develop the entire study. Without the data, the performance 

of the system may not be successful. One of the purpose of 

this study is to dissipate meat into ‘fresh’, ‘half-fresh’ and 

’defective’ meat. 
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Abstract - A new two dimensional (2-D) Wavelength/Time 
(W/T) scheme is proposed to enhance the capacity and 
performance of the system. This new 2-D Hybrid FCC-MDW 
code is utilizing Flexible Cross Correlation (FCC) and Modified 
Double Weight (MDW) codes which both codes capable to 
suppress multiple access interference (MAI) and reduced the 
PIIN. The numerical results reveal that the value of time 
spreading (spatial) code length, N is the major impact on the 
cardinality of the system. The performance of the system can be 
enhanced by exploiting the number of N rather than the value of 
wavelength encoding (spectral) code length, M.

Index Terms - Optical Code Division Multiple Access, 
Modified Double Weight, Flexible Cross Correlation

I. INTRODUCTION

The past thirty years have seen increasingly rapid 
advances in the field of optical CDMA system [1]. The
motivations of OCDMA being the most attractive multiple 
access techniques from a networking perspective are by 
following three potential [2]. At first, as compared to the 
spectral division of WDM, OCDMA offers a larger channel 
count. Next, asynchronous transmission simplifies medium 
access control (MAC) as compared to TDMA. Finally, the 
multirate services can be implemented by variable code length 
and code weight of the signature code simultaneously.There 
have been several studies reporting that performance and the
cardinality of the system can be optimized in 2-D coding such 
as in [3],[4],[5],[6],[7]. The relationship between code length 
and system performance has been widely investigated such as 
in [3]. In addition, [8] mentioned that code length is an 
important feature of code and system design. Moreover, with a
larger code length, the correlation properties among the codes
can be improved. Consequently the system performance in 
terms of MAI, BER and throughput can be improved.

This paper provides new 2-D Hybrid FCC-MDW codes
which combine the two different codeword to improve the 
system performance as well as the cardinality of the system. 
Utilizing MDW codes with fixed in-phase cross correlation 
and the flexibility of in-phase cross correlation in FCC code as 
well as the capability of both codes to eliminate MAI inspired
us to evaluate the performance of these codes. From the 
analytical results of 2-D Hybrid FCC-MDW with different 
code size verified that the increment number of time spreading 
code length (spatial code length), N significantly affects the 

system performance compared to wavelength encoding code 
length (spectral code length), M.

The rest of this paper is organized as the construction and 
correlation property description of 2-D Hybrid FCC-MDW 
codes are detailed in Section II, performance analysis of 2-D 
Hybrid codes is provided in Section III, numerical results are 
shown and discussed in Section IV and finally, the conclusion 
of this paper in Section V.

II. 2D HYBRID FCC-MDW CODE

Basically the construction of 2-D Hybrid FCC-MDW code is 
the combination of 1-D MDW code and 1-D FCC code. This 
proposed code denoted by (M × N, w, λa, λc); M is the number 
of wavelengths, N is the temporal code length, w is code 
weight, λa and λc is auto-correlation and cross correlation 
respectively. Therefore, M × N is the code size of the 2-D
Hybrid FCC-MDW.

A. 1-D MDW code

The weight of 1-D MDW code can be any even number that is 
greater than two as defined in [9].

As a family of DW code, MDW can also be represented by 
using the K x N matrix as shown in Fig.1.

A B

C D

Fig.1 K x N matrix for 1-D MDW code

where the elements of A consists of 1 ×  3 ∑2 −
= matrix of 

zeros, B is 1 x 3n matrix containing the basic matrix of [X2]
for every 3 columns, C is the basic code matrix for the next 
smaller weight, W = 2(n-1) and D is a matrix n x n consisting 
of basic matrix of [ X3 ] arranged as 

000 000 [ ]000 [ ] 000[ ] 000 000
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Two basic components in the basic matrix for MDW codes are 

code length  3 ∑  2= and number of user,  +  1                                                                             

representing K B × NB where NB is the column and KB is the 
row. The example of MDW code with code length 9, weight 4 
and an ideal in-phase cross-correlation denoted by (9, 4, 1) is 
shown in Table I.

TABLE I
1D MDW CODE SEQUENCES

(N,w,λ)
Code 
length

Number 
of user

Code 
weight

Code sequences

(9, 4, 1) 9 3 4
   
   000011011
   011000110
   110110000

B. 1-D FCC code

As disclosed in [10] for a given K user, hamming-weight w, 
in-phase cross correlation λmax and code length N, the set of 
the code can be represented by a KxN matrix where the 
elements aij of  is binary [0,1] can be written as:

 ′0′  ′1  1, , …1, , …
Equation (1) is known as Tridiagonal Code Matrix and can 

be expressed as (2) which the rows A1, A2, Ak represent the K 
code words.  
   = 

⎣⎢
⎢⎢
⎡ 00 40

0
4

⋯……
0 00 00 0⋮ ⋱ ⋱ ⋱ … 0 00 0 0 0 … − ⎦⎥

⎥⎥
⎤

 ⋮                            

The K rows of the code matrix in (2) give the K OCDMA 
codes having flexible in phase cross-correlation, Hamming-
weight w and minimum code length. One of the matrices 
binary sequences as shown in (2) whose the first ith row for 
the first K users can be expressed by (3) while the length N of 
code matrix or the length of the rows of KxN matrix has 
defined as (4). 

                 r ( i – 1 )           w           r ( K – i )

       A i =   0 ...… 0     1   1 …. 1       0 …  0   = N                  

      N = w K – λmax ( K -1)

The Tridiagonal code matrix of the code with K= 4, w= 3, λmax 

=1, is shown in Table II. 

TABLE II
1-D FCC CODE SEQUENCES

(N,w,λmax) Cord 
length

Number 
of users

Code 
weight

Code 
sequences

(9, 3, 1) 9 4 3 111000000   
001110000   
000011100   
000000111

As above mentioned, the development of 2-D Hybrid FCC-
MDW codes is the combination of two different codes i.e 1-D 
FCC and 1-D MDW codes. Let code sequences for 1-D MDW 
represented by X = { x0, x1,....... xM-1} and Y = { y0, y1,....... yN-1}
represents 1-D FCC code sequences. Then, the 2-D Hybrid 
FCC-MDW can be generated by  ,ℎ  ℎ where g   ∈
(1,2,3,.....,M − 1) and h ∈ (1,2,3,....., N − 1).  ℎ is the time 
spreading patterns while  is the wavelength encoding
patterns. Table III shows some examples of 2-D Hybrid FCC-
MDW code sequences for k1 = 4 and k2 = 2, where k1 and k2 
are the code weights for and  ℎ respectively.

TABLE III
2-D HYBRID FCC-MDW CODE FOR K1 =4 AND K2=2 SEQUENCES

A g,h [000011011] [011000110] [110110000]   Xg

1
1
0

0
1
1
Yh

  
  000011011
  000011011
  000000000

  000000000
  000011011
  000011011

  
  011000110
  011000110
  000000000

  000000000
  011000110
  011000110
  

  
  110110000
  110110000
  000000000

  000000000 
  110110000
  110110000
  

Four characteristic matrices ( ) , d (0, 1, 2, 3) has been 
introduced in [3] to obtain the cross correlation property. 
Following the same assumption, ( ) for 2-D Hybrid FCC-
MDW codes can be defined as:

A(0) = Y T X
                      

A(1) = Y T                                        

A(2) =  T X                                

A(3) =  T                                   

Parameter  and  are the complementary of X and Y
respectively. The cross correlation of 2-D Hybrid FCC-MDW 
code A (d) and Ag,h is expressed as

  ( )( , )  ( ) ( )( ℎ)
−

=

−

=
           

  (9)

  (1)

     (2)

     (3)

     (4)

  (5)

    (6)

    (8)

    (7)
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where ( ) is the (i, j) th of A(d ) and ( )( ℎ) is the (i, j) th
of Ag,h . Table IV illustrates the cross correlation between any 
two codes A (d) and Ag,h of 2-D Hybrid FCC-MDW code
generated from (9).

TABLE IV
CROSS CORRELATION OF 2-D HYBRID FCC-MDW CODE

   X g,h R(0)(g,h)    R(1) (g,h)    R(2) (g,h) R(3) (g, h)

g = 0,h = 0

g = 0,h ≠ 0

g ≠ 0,h = 0

g ≠ 0,h ≠ 0

k1k2

k1

k2

1

0

0

k2 (k1 −1)

k1 −1

0

k1

0

1

0

0

0

k1 −1

This property is very important in order to cancel the MAI and 
suppress the PIIN. The derivation of new correlation functions 
can be expressed as

( )( , )  ( − )  ( )( , )  +  ( − )  ( )( , )  
( )( , )     k1 k2,       for g=0 and h=0                                                               

                            0,          otherwise                                                 
                                   

III. PERFORMANCE ANALYSIS

The correlation function values, BER and codeset   
cardinality are highly considered in order to analyze the 
performance of 2D Hybrid FCC-MDW code. The Gaussian 
approximation is used to calculate the bit error rate (BER).
Subsequently, three types of noises are taken into account for 
calculating the BER including PIIN, shot noise as well as 
thermal noise in the photodiodes. The general form of the 
photocurrent noise emitted from the photodiodes can be 
expressed as follow:

    〈 〉   +  + 
                                     
where is the average photocurrent output from the 
photodiode, is the electrical bandwidth, τc is the coherence 
time of the light source, is electron’s charge, is 
Boltzmann’s constant, is the absolute receiver noise 
temperature and  is the load resistance.

In addition, the following assumptions are made to 
simplify the analysis. Firstly, the output of broadband light 
source is ideally unpolarized and has flat spectrum over ∆ , + ∆   where and ∆f are the central frequency 

and the bandwidth of the source. Secondly the spectral width 
of each spectral component is identical. Thirdly, every single 
user has equal received power and lastly, bit stream from 
different transmitter are synchronous. Based on the 
abovementioned assumption, the power spectral densities of 
the received optical signals can be written as [6];

( ) ∆ ∑ ( ). ∑ ∑ −=−== ( )   ×    
 ∆  – +       ∆  – + +  

                                                                    

where  the effective source power at the receiver, k2 is the 
code weight of the time spreading code sequence, W is the 
number of simultaneous active users, ( ) is the data bit of 
the  th user, which can be “1” or “0”, M is the code length 
of the wavelength encoding code sequence, N is the code 
length of the time spreading code sequence,  ( ) represents 
an element of the  th user’s code word while  ( ) is the 
unit step function.

By using cross correlation between codeword ,ℎ and 

,( ) as shown in Table IV, the equations of total output 
photocurrent, PIIN and shot noise can be determined. The total 
output photocurrent from the receiver can be expressed as:

       ℜ 1 
       

where k1 is the code weight of the wavelength encoding code 
sequence. Accordingly, the power of PIIN that exists in 
photocurrent of the receiver and under the circumstances that 
all of the users transmit bit “1” [3],[5], [6] can be written as:

    < >   ℜ
∆ ( 1)  {[ 1  ( 1)

+  ( 1)( 1)]+  [  ( 1)( 1)]  }  
In addition, by applying the same method as in (14) the power 
of shot noises from all photodiodes can be written as:

< ℎ >    ℜ  1 + 1 ( 1)( 1)( 1)
+  ( 1)( 1)( 1)
+  ( 1)( 1)( 1)( 1)

   
Furthermore, by assuming that the probability of each user 
sending bit “1” is equal or ½ [6], the equation of PIIN and shot 
noise can be revised as (16) and (17) respectively.   

< >     ℜ
∆ ( 1)  [ 1  ( 1)

+  ( 1)( 1)]+  [  ( 1)( 1)]  

(11)

  (15)

   (10)

   (12)

   (14)

   (13)

  (16)
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< ℎ >    ℜ  1 + 1 ( 1)( 1)( 1)
+  ( 1)( 1)( 1)
+  ( 1)( 1)( 1)( 1)

Moreover, the thermal noise can be written as:

< ℎ >    
  

Accordingly, by using the Eq. (13), (16), (17) and (18) the 
SNR at the receiver can be obtained as:

< >
 < >  + < ℎ >  + < ℎ >    

                        

Therefore, the BER can then be estimated as: 

 1   8
                                                                                             

       IV. RESULTS AND DISCUSSION

The parameters used in our analysis are listed in Table V. 
The numerical results are presented in Fig.2 and Fig.3.

TABLE V
TYPICAL PARAMETERS USED IN THE CALCULATION

Parameters Used  in Numerical Calculation

PD quantum efficiency
Spectral width of broadband light source

= 0.6
= 30nm (f = 3.75 THz)

Operating wavelength =1.55 m
Electrical bandwidth B = 320 MHz
Data transmission rate Rb = 622 Mbps
Receiver noise temperature Tn = 300K
Receiver load resistor RL = 1030 Ω
Boltzmann’s constant Kb = 1.38 ×10−23 W/K/Hz
Electron charge

Light velocity

e = 1.60217646 × 10-19

coulombs
C = 3 ×108 m/s

Fig.2 illustrated the BER against the number of 
simultaneous users with similar code size when the value of M
is fixed at 23 and the effective source power, Psr is fixed at      
-10dBm. The respective code sizes of 2-D Hybrid FCC-MDW 
are 161, 207 and 115 for (M = 23, N = 7), (M = 23, N = 9) and 
(M = 23, N = 5) respectively. From the data in Fig.2, it is 
apparent that when the value of M or wavelength encoding 
code length is fixed at 23 and the value of N is varied, there is 
a significant difference between the three groups. Fig.2 shows 
for N =7 the number of simultaneous users is 160, 210 and 

120 for N =9 and N=5 respectively at the standard acceptable
BER= 10-9. These numerical results indicate that the lowest 
number of N (time spreading code length) gives the lower 
cardinality in the system. On the other hand, the higher value 
of N can accommodate the higher cardinality. 

Fig.2 BER versus number of simultaneous users when the value of M is fixed. 

Fig.3 BER versus number of simultaneous users with the fixed value of N.

Fig. 3 discussed the BER versus the number of 
simultaneous users without changing the value of time 
spreading code length, N. As Fig.3 shows, there is only a 
small effect to the cardinality of the system. It can be clearly 
seen from the Fig.3, the varying value of M, makes a small 
different in the number of simultaneous users. The respective 
number of simultaneous users for the groups of code size (M = 
23, N = 7), (M = 27, N =7) and (M = 19, N = 7) are 160, 150 
and 180 respectively. It reveals that this finding is consistent 
with the findings of past studies by [3], which the
improvement of the number of the chip time (N) has a 
significant effect compared to increasing the number of 
wavelengths.
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V.  CONCLUSION

The present study was designed to determine the effect of 
the code size of new 2D Hybrid FCC-MDW code which 
integrate the 1-D FCC code and 1-D MDW code as a time 
spreading and wavelength encoding respectively. The results 
of this investigation show that the time spreading code length, 
N plays the main role in order to enhance the cardinality of the 
system. In fact, a large number of N can accommodate the 
higher cardinality in the system at standard acceptable BER 
and vice versa when the number of wavelength code length, M
is fixed. On the contrary, without changing the value of N and 
the values of M are varied, only a small effect on the number 
of simultaneous users can be obtained. Furthermore, these 
numerical results enhance our understanding of the 
relationship between the code size and the system 
performance.
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Abstract—Interaction (t-way) testing is a common sampling 

strategy to minimize combinatorial test data from large 

configuration space based on the defined interaction strength (t). 

Here, all t-way strategies generate the t-way test suite with the aim 

to cover every possible combination produced by the interacting 

parameters (or also known as tuples). In many systems under test 

(SUT), there are some known combinations that are impossible to 

occur based on the requirements set to the system. These 

combinations (termed constraints) have to be excluded from the 

final test suite. This paper describes the generation of t-way test 

suite using the Late Acceptance Hill Climbing based Strategy 

(LAHC) in the presence of constraints. Our benchmarking results 

have been promising as LAHC gives competitive results in many 

constraints configurations considered.  

I. INTRODUCTION 

 

Given potentially large possible input parameters, 

exhaustive testing of any typical software is practically 

impossible. As such, many sampling based strategies (such as 

random testing[1], each-choice and base-choice[2], and anti-

random[3]) have been proposed in the literature to help test 

engineers select a subset of test cases (i.e. from the exhaustive 

testing) that would maximize the probability of fault detection. 

Although useful, the aforementioned strategies are not 

designed to tackle faults due to interaction. As such, their 

applicability is deemed limited to certain types of faults. 

Addressing these issues, researchers have turned into t-way 

strategies [4] whereby t indicates the interaction strength. 

Here, all t-way strategies generate the t-way test suite with the 

aim to cover every possible combination produced by the 

interacting parameters (or also known as tuples). In many 

systems under test (SUT), there are some known combinations 

that are impossible to occur based on the requirements set to 

the system. These combinations (termed constraints) have to 

be excluded from the final test suite. 

While many t-way strategies have been proposed in 

literature for the past 20 years (e.g. GTWay[5, 6], MIPOG[7-

10], TConfig [11, 12] and TCG[13]), few strategies have 

sufficiently considered constraints during test generation 

process.  In fact, HSS [14], PICT [15], mAETG[16], SA[16] 

and TestCover [17] are amongst the few known t-way 

strategies that address constraints issues. 

Complementing existing work, this paper describes a novel 

strategy, called LAHC, based on Late Acceptance Hill 

Climbing Algorithm that is capable of generating the t-way 

test suite in the presence of constraints. The main contribution 

of the work is that it is the first constraints supported t-way 

strategy that is developed based on the Late Acceptance Hill 

Climbing Algorithm. Our benchmarking results have been 

promising as LAHC gives competitive results in many 

constraints configurations considered.  

The rest of the paper is organized as follows. Section II 

highlights covering array notation. Section III gives the 

problem definition model. Section IV describes the relevant 

related work. Section V highlights the general Late 

Acceptance Hill Climbing. Section VI elaborates on our 

strategy developed based on the Late Acceptance Hill 

Climbing Algorithm. Section VII describes our evaluation 

experiments. Finally, Section VIII gives our conclusion and 

future work. 

 

II. COVERING ARRAY NOTATIONS 

 

Mathematically, t-way interaction test suite can be 

abstracted using the covering array (CA) notations. Normally, 

the CA has four parameters; N, t, p, and v (i.e., CA (N, t, v
p
).  

Here, the symbols p, v, and t are used to refer to number of 

parameters, values, and interaction strength for the CA, 

respectively. For example, CA (9, 2, 3
4
) represents a test suite 

consisting of 94 arrays (i.e., the rows represent the size of 

test cases (N), and the column represents the parameter (p)). In 

this case, the test suite also covers two-way interaction for a 

system with four 3-value parameters.  

Similar to CA, mixed covering array (MCA) has three 

parameters; N, t, and Configuration (C) (i.e., MCA (N, t, C)).  

In addition to N and t that carry the same meaning as in CA, 

MCA adopts a new symbol, C. Consistent with earlier given 

notations, C represents the parameters and values of each 

configuration in the following format: v1 
p1

 v2 
p2

… vn 
pn

 

indicating that there are p1 parameters with v1 values, p2 

parameters with v2 values, and so on. For example, MCA 

(1265, 4, 10
2 

4
1 

3
2 

2
7
) indicates the test size of 1265 that 

covers four-way interaction. Here, the configuration takes 12 
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parameters: two 10-value parameters, one 4-value parameter, 

two 3-value parameters, and seven 2-value parameters.   

To cater for constraints covering array (CCA) or mixed-

constraints covering array (MCCA); a new variable called 

forbidden (F) interaction is introduced to represent the set of 

disallowed interactions (i.e., CA (N, t, v
p
, F) or MCCA (N, t, 

C, F)). Here, F takes the following format {Fa,b} where a 

indicates the pth parameter and b indicates the vth value are 

within the list of constraints. For example, consider CCA (10, 

2, 3
3
, F) where F = {F1,1,F3,1}. In this case, the CCA indicates 

the test size of 10 for pairwise interaction of three 3-value 

parameters with constraints pair interaction elements from 

parameter 1 and value 1, as well as parameter 3 and value 1.  

III. PROBLEM DEFINITION MODEL 

 

To illustrate the problem of t-way testing and constraints, a 

simplified pizza ordering system will be elaborated based on 

the example in [14]. The simplified pizza system takes five 

parameters as follows (see Table I). 

TABLE I 

SIMPLIFIED PIZZA ORDERING SYSTEM  

Pizza 

Type (P1) 

Crust 

(P2) 

Toppings 

(P3) 

Size 

(P4) 

Delivery 

(P5) 

Vegetarian 

Cheese 

Thin 

Crust 

Roasted 

Chicken 

Large Eat In 

Meat 

Lover 

Extra 

Thick 

Ground 

Beef 

Medium Take 

Away 

  Mushroom Small  

 

Here, Pizza Type, Toppings and Size take 3 possible values 

whilst Crust and Delivery take 2 possible values. Exhaustive 

testing of all possible interactions for the aforementioned 

pizza ordering system requires 2 × 2 × 3 × 3 × 2 = 72 test 

cases. Now, pairwise (2-way) interactions can be tested using 

9 test cases as shown in Table II.  

 

TABLE II 

PAIRWISE TEST SUITE FOR CA (N, 2, 23
 32) 

No 
Pizza 

Type 
Crust Toppings   Size Delivery 

1 
Vegetarian 

Cheese 
Thin Crust 

Roasted 
Chicken 

Small Take 
Away 

2 
Meat 

Lover 

Extra 

Thick Mushroom Small Eat In 

3 
Vegetarian 

Cheese 

Extra 

Thick Ground Beef Large 
Take 

Away 

4 
Meat 

Lover 
Thin Crust Ground Beef Medium Eat In 

5 
Vegetarian 

Cheese 
Thin Crust Mushroom Large Eat In 

6 
Meat 
Lover 

Extra 
Thick 

Roasted 
Chicken 

Medium Take 
Away 

7 
Vegetarian 

Cheese 
Thin Crust Mushroom Medium Take 

Away 

8 
Meat 

Lover 
Extra 

Thick 

Roasted 

Chicken 
Large Eat In 

9 
Meat 

Lover Thin Crust Ground Beef Small Eat In 

Referring to Table II, it can be deduced that each 2-way 

interaction between parameters are covered at most once 

(indicating that the given result is the most optimal one). 

Nonetheless, there exist a number of constraints. The pair 

interactions between Pizza Type (Vegetarian) and Topping 

(Ground Beef, Roasted Chicken) are impossible, hence, must 

be forbidden. By the same token, pair interaction between 

Pizza Type (Meat Lover) and Toppings (Mushroom) is also 

forbidden. Using the mixed-constraints covering array 

notation discussed earlier, the system configuration can be 

formally expressed as CA (N, 2, 2
3
 3

2
, F), where F= 

{(F1,1,F3,1), (F1,1,F3,2), (F1,2,F3,3)}. Considering these 

constraints, the correct representation of CA is given in Table 

III. 

TABLE IIII 

PAIRWISE TEST SUITE  FOR CA (N, 2, 23
 32, F), WHERE F= {(F1,1,F3,1), 

(F1,1,F3,2), (F1,2,F3,3)} 

No 
Pizza 

Type 

Crust Toppings   Size Delivery 

1 
Vegetarian 

Cheese 

Extra 

Thick 
Mushroom Medium Take 

Away 

2 
Meat 
Lover Thin Crust Roasted 

Chicken 
Large Take 

Away 

3 
Meat 
Lover 

Extra 
Thick Ground Beef Medium 

Eat In 

4 
Vegetarian 

Cheese 
Thin Crust Mushroom Small 

Eat In 

5 
Meat 

Lover 
Extra 

Thick 
Roasted 

Chicken Medium 
Eat In 

6 
Meat 

Lover Thin Crust Ground Beef Medium Take 

Away 

7 
Vegetarian 

Cheese 

Extra 

Thick Mushroom Large Eat In 

8 
Meat 
Lover 

Extra 
Thick 

Roasted 
Chicken 

Small 
Take 
Away 

9 
Meat 
Lover Thin Crust Ground Beef Large 

Take 
Away 

 

The results in Table III faithfully forbid the given 

constraints.  Hence, the two way interactions (Pizza Type <<>> 

Topping) featuring Vegetarian Cheese will only cover 

Mushroom whilst the two way interactions featuring Meat 

Lover can take both Roasted Chicken as well as Ground Beef.  

 

IV. RELATED WORK 

 

In general, existing t-way strategies can be categorized into 

two categories based on the dominant approaches, that is, 

algebraic approaches or computational approaches 

respectively [18].  

Algebraic approaches construct test sets using pre-defined 

rules or mathematical function [18]. Often, the computations 

involved in algebraic approaches are typically lightweight, 

and in some cases, algebraic approaches can produce the most 

optimal test sets. However, the applicability of algebraic 

approaches is often restricted to small configurations [18, 19]. 

Orthogonal Arrays (OA) [20, 21], MOA [1] and TConfig [22] 

469

http://mucet2014.utem.edu.my/conference-venue-and-fee


8th MUCET 2014, Date: 10-11 November 2014, Melaka, Malaysia 
 

 

are typical example of the strategies that are based on 

algebraic approach.  

Unlike algebraic approaches, computational approaches 

often rely on the generation of the all pair combinations. 

Based on all pair combinations, the computational approaches 

iteratively search the combinations space to generate the 

required test case until all pairs have been covered. In this 

manner, computational approaches can ideally be applicable 

even in large system configurations. However, in the case 

where the number of pairs to be considered is significantly 

large, adopting computational approaches can be expensive 

due to the need to consider explicit enumeration from all the 

combination space. Example strategies that adopt this 

approach includes An Automatic Efficient Test Generator 

(AETG) [23, 24],  its variant (mAETG) [25], PICT [8, 36], 

IPOG [18], Jenny[26], TVG [27, 28],  IRPS [29], GA [30], 

ACA [30], and SA [31]. 

Although useful, much of the aforementioned strategies do 

not provide the support for constraints. Hence, in line with the 

scope of the paper, what follows is the review of strategies 

that address the problem of constraints.  

Automatic Efficient Test Generator (or AETG) [23, 24] and 

employ a greedy search algorithm based on 2-way interaction 

pairing in order to generate the final test suite. In this manner, 

the generated test case is highly non-deterministic. A number 

of variations of AETG have been developed over the years, 

including AETGm [30] and mAETG_SAT [34]. Unlike 

AETG and AETGm, mAETG_SAT provides the support for 

constraints through its forbidden tuple implementation. 

PICT [8, 36] generates all specified interaction tuples and 

randomly selects their corresponding interaction combinations 

to form the test cases as part of the complete test suite. In case 

a particular test case matches a specified constraint, PICT 

randomly generates a new combination for covering the 

interaction tuples. Due to its random behaviour, PICT tends to 

give a non-optimal test size as compared to other strategies. 

TestCover [36] is a commercial t-way strategy 

implementation. No implementation details have been 

published in the literature apart from a list of benchmark 

configurations on constraints that can be obtained from its 

website.  

SA [11, 13] relies on a large random search space for 

generating a t-way test suite. Using probability-based 

transformation equations, SA adopts binary search algorithm 

to find the best test case per iteration to be added to the final 

test suite. SA addresses constraints support through its variant 

strategy, called SA_SAT [34].   

HSS [14] is perhaps the most recent t-way strategy that 

addresses the constraints problem for the t-way test suite 

generation. Based on the Harmony Search Algorithm, HSS 

adopts two probability values (i.e. the considering rate and 

pitch adjustment rate). Here, global search is iteratively 

performed by randomizing values in the Harmony memory 

whereby the local best value can be selected given a 

considering rate probability. Here, local best value can be 

considered for improvements for further improvements in the 

local search (i.e. with pitch adjustment probability). At each 

iteration, the best value will be added to the final test suite 

(provided that they do not cover constraints) until all the 

required interactions are covered.  

V. LATE ACCEPTANCE HILL CLIMBING ALGORITHM  

 

Late Acceptance Hill Climbing Algorithm is started from a 

randomly generated potential solutions captured in to the 

LAHC memory (in the form of list with fixed length). LAHC 

then generates a current neighbour to be compared one-value-

at-a-time with the corresponding value from the LAHC 

memory.  LAHC also maintains the previous cost function in 

the memory to allow selection of the best fit value. Ideally, the 

candidate cost is compared with the selected ith cost from the 

memory. If the cost is not worse, the candidate will be 

accepted (as the current local best). Upon acceptance, the cost 

of the new current solution will be made to replace the 

original ith cost from the memory. Here, the list keeps the 

fitness array Fa of length Lfa (Fa = {f0, f1,f2..fLfa-1}). The 

position v, at the ith iteration can be calculated via: 

 

   𝑣 = i mod 𝐿𝑓𝑎            (1)     

 

where mod represents the remainder of the integer division 

 

 Assuming minimization problem, the final acceptance 

condition at ith iteration can be expressed as: 

 

𝐶𝑖 ≤   𝐶𝑖−𝐿𝑓𝑎      or    𝐶𝑖 ≤   𝐶𝑖−1      (2)     

  

where 𝐶𝑖  = the candidate cost;  𝐶𝑖−1  = the current 

cost; 𝐶𝑖−𝐿𝑓𝑎  = the cost of the current Lfa iteration before 

 

The complete pseudo code for LAHC can be summarised in 

Fig. 1.  

 
Produce an initial solution s  

Calculate initial cost function C(s)  

Specify Lfa 

for all k ϵ {0...Lfa-1}  

  begin 

    s=random(s)  

    fk := C(s) 

 end  

Assign the initial iteration I:= 0;  

While not a chosen stopping condition is met  

  Construct a candidate solution s*  

  Evaluate its cost function C(s*)  

  v :=I mod Lfa  

  if C(s*)≤ fv or C(s*)≤ C(s) 

  then accept candidate (s :=s*)  

  Insert cost value into the list fv:= C(s)  

  Increment the iteration I:= I+1  

end while 

Fig. 1  General Purpose LAHC Algorithm 

VI. ADAPTING LATE ACCEPTANCE HILL CLIMBING 

ALGORITHM FOR T-WAY TEST GENERATION  
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 The optimization problem of concerned can be specified 

using on Equation 3 and 4.  

     Maximize 𝑓(𝑥)  =  ∑ 𝑥𝑖

𝑁

1
                            (3)                       

 Subject to 𝑥 ∈  𝑥𝑖   , 𝑖 =  1,2, … . , 𝑁               (4)                        

where 𝑓(𝑥) is an objective function capturing the weight of 

the test case in terms of the number of covered interactions; x 

is the set of each decision variable 𝑥𝑖   ;  𝑥𝑖   is the set of 

possible range of values for each decision variable, that 

is, 𝑥𝑖  = {𝑥i (1), 𝑥𝑖(2), . . . , 𝑥𝑖(𝐾)}  for discrete decision variables 

(𝑥i (1) <  𝑥𝑖(2) <. . . <  𝑥𝑖(𝐾)); N is the number of decision 

parameters; and 𝐾  is the number of possible values for the 

discrete variables. 

 

Addressing the aforementioned optimization problem, our 

LAHC strategy works as follows. 
 

A. Parameter Initialization 

 

Firstly, the LAHC accepts the input parameters and their 

corresponding values. Then, the LAHC generates the 

interactions list IL containing all interactions tuple 

combinations for each pair which later forms the objective 

function. Apart from accepting input parameters and their 

values, LAHC also needs to initialize the size and values of 

Lfa as well as the number of iteration, M. 

Owing to the need to generate a population of interaction 

test cases as opposed to single optimization problem, there is a 

need to modify the structure of Lfa as well as to add the 

number of iteration into the original LAHC. In this case, it is 

proposed that Lfa keeps both the cost function value as well as 

its corresponding candidate solution. Here, when LAHC 

decides to accept the solution in Lfa, it can immediately use 

that solution as the basis for the next neighbourhood solution 

(i.e. for local search).  

As the name suggests, M specifies the number of iteration 

for improving Lfa. Here, the value of M must be greater than 

or equal to the size of Lfa (M≥Lfa size), that is, to ensure that 

all the values in Lfa are visited at least once (see equation 1). 

 

B. Diversification and Intensification  

 

To achieve optimal solution, there is a need for sufficiently 

elaborate local and global search via exploiting the 

diversification and intensification property of the algorithm of 

interest.   

Within the general purpose LAHC algorithm, 

diversification for global search is appropriately addressed by 

the generation of random initial solution within the Lfa list. 

However, the intensification element within the local search is 

missing.  

Addressing this intensification issue, there is a need for a 

good perturbation function which can “slightly” modify the 

current local best solution to get better solution (see Figure 2). 

For instance, consider a solution candidate, 𝑆(𝑥𝑛𝑒𝑤): 

 

  𝑆(𝑥𝑛𝑒𝑤) = ( 𝑥1,
𝑛𝑒𝑤 𝑥2

𝑛𝑒𝑤, … 𝑥𝑖
𝑛𝑒𝑤, … . 𝑥𝑁

𝑛𝑒𝑤), (𝐶𝑠 ) 
 

function Pertubate (solution s) 

 begin 

    for all i ϵ {0...length (s)} 

    begin 

       with probability, Pchange= 0.5   

        begin 

           with probability, P direction = 0.5  

               if (Pdirection<0.5) // move down 

                   begin 
                      if   xi  = max value range 

                           xi := xi -1  

                      else 

                          xi := xi +1  

                   end 

              else   //move up 

                 begin  

                    if   xi  = min value range 

                        xi := xi +1  

                    else 

                       xi := xi -1  

                end 

           end 

            update s(xi) 

       end 

    end 

        return (s);   

 end  

 

Fig. 2  Probabilistic Pertubation Function 

 

If 𝑥𝑖 range values is {0, 1, 2, 3, 4, 5}, and the new 𝑥𝑖
𝑛𝑒𝑤in 

the Lfa has the value of {3} then this value can be moved to 

the neighbouring value {4}. To ensure that only slight 

modification is done, we introduce two probability value 

called Pchange and Pdirection respectively. Here if both Pchange =0.5 

and Pdirection = 0.5, there is only 50% chance of 𝑥𝑖
𝑛𝑒𝑤  be 

changed or remained. Now, if 𝑥𝑖
𝑛𝑒𝑤is going to be changed, it 

can have equal chance of changing either in the lower, upper, 

or combination of both directions.  

At first sight, the approach of adopting two probabilistic 

values in LAHC appears similar to HSS. A closer look reveals 

some fundamental differences. Firstly, in HSS, the two 

probabilistic values are used to decide whether or not to use a 

random value or a value from memory for improvisation as 

well as whether or not to do pitch adjustment of the current 

values. Within LAHC, Pchange is used to decide whether to 

pertubate the current values much like the pitch adjustment in 

HSS, however, the use Pdirection is completely different. In 

LAHC, Pdirection is used to decide on the direction of the 

neighbourhood search and not on the use of a random value or 

any existing value from memory.  
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C. Control Loop with Interaction Coverage iteration, M 

iteration and Lfa Memory Update 

 

Using the general Late Acceptance Hill Climbing algorithm 

with the aforementioned perturbation function, the complete 

LAHC strategy can be summarised in Fig. 3. 

 
Define interactions to cover list, L 

Define the constraints list, F 

Produce an initial solution s  

Calculate initial cost function C(s)  

             Specify Lfa, and iteration M 

             Populate F with constraints 

             while L is not empty 

  begin 

     /////////////////// diversification ///////////////////  

     for all k ϵ {0...Lfa-1} do randomize fk := s,C(s)  

    

  Assign the initial number of iteration I:= 0;  

  do until I=M 

     Construct a candidate solution s* based on at  

     least 1 uncovered pair  

     Calculate its cost function C(s*)  

     v :=I mod Lfa  

     if C(s*)≤ fv or C(s*)≤ C(s) 

     then accept candidate (s :=s*) 

 

      /////////////////// intensification ///////////////////  

     s:=pertubate (s) 

     if C(s)> fworst 

      Replace the worst solution in Lfa , fworst:= s,C(s)  

     Increment the number of iteration I:= I+1  

  end do 

    Pick the best s  from Lfa not in F 

    If exist best s not violating F 

        Add best s  to the final suite 

    Reset Lfa  for the next iteration 

 end 

Fig. 3 LAHC Strategy 

Here, the internal M iteration loop will iteratively update 

Lfa with the local best value. Here, an index of the worst 

solution in Lfa is kept internally to facilitate the update of Lfa. 

Upon completion of the M iteration, the local best solution 

(with the best Cs) will be taken into the final test suite. Here, 

LAHC maintains the list of constraints as forbidden list in 

order to make sure that the local best solution does not contain 

the constraints tuple. If so, new test value will be generated 

accordingly. The main iteration loop will stop when all the 

interactions are covered. 

   

VII. EVALUATION EXPERIMENTS 

 

In this section, we benchmark LAHC with other existing 

strategies that support constraints using the experiments 

described by Cohen [34]. For our experiments, we have used 

Lfa = 100, Pchange=0.2, Pdirection=0.5, and M iteration =1000 for 

all the experiments. Here, we report the best results after 20 

runs for statistical significance. Table IV summarizes the 

results. Here, the best generated results are highlighted in bold 

font. Entries marked with Not Supported (NS) indicates that 

the configurations that are not supported by the given strategy 

implementation. 

Summing up, LAHC appears to perform well on all the 

given configurations. In fact, LAHC gives the most optimal 

test cases for two cases. The first case involve the 

configuration with CCA(N,2,5
3
,F{}) where F={(F1,2,F2,2), 

(F1,5,F3,3),(F1,5,F3,5),(F1,5,F2,4,F3,2),(F1,5,F2,3),(F1,2,F2,4)}. The 

second case involves the configuration with  CCA(N,4,3
5
,F{}) 

where F={(F1,2,F2,2,F3,2,F4,2), (F2,1,F3,1,F4,1,F5,1)}. For the rest 

of the configuration, HSS appears to have the best overall 

results. SA_SAT, mAETG_SAT, and Test Cover also give 

optimal values for the first two configuration involving 

CCA(N,2,3
3
,F{}) where F={(F2,3,F3,1),(F2,2,F3,1), 

(F1,1,F3,2),(F1,3,F2,4),(F1,3,F3,3),(F1,3,F2,3,F3,3)} and 

CCA(N,2,4
3
,F{}) where F={(F1,1,F2,2),(F1,3,F3,4), 

TABLE IV 

COMPARISON IN TERMS OF THE TEST SUITE SIZE FOR NINE SYSTEM CONFIGURATIONS IN THE PRESENCE OF CONSTRAINTS  

 

NO 

 

CCA 

  

LAHC HSS SA_SAT mATEG_SAT PICT TestCover 

1 CCA(N, 2,33,F{}) 9 9 9 9 10 9 

F={(F2,3,F3,1),(F2,2,F3,1),(F1,1,F3,2),(F1,3,F2,4)(F1,3,F3,3),(F1,3,F2,3,F3,3)} 10 10 10 10 10 10 

2 CCA(N, 2,43,F{}) 16 16 16 16 17 16 

F={(F1,1,F2,2),(F1,3,F3,4),(F1,4,F2,4,F3,1)(F1,3,F2,2)} 17 16 17 17 19 17 

3 CCA(N, 2,53,F{}) 25 25 25 25 26 25 

F={(F1,2,F2,2),(F1,5,F3,3),(F1,5,F3,5),(F1,5,F2,4,F3,2),(F1,5,F2,3),(F1,2,F2,4)} 25 26 26 26 27 30 

4 CCA(N, 2,63,F{}) 38 36 36 37 39 36 

F={(F1,4,F2,6),(F2,4,F3,5),(F1,3,F2,1),(F2,2,F3,3),(F1,4,F3,2),(F2,4,F3,2),(F1,6,F2,5,F3,5)} 36 36 36 37 39 38 

5 CCA(N, 2,73,F{}) 51 49 49 52 55 49 

F={(F2,1,F3,6),(F1,6,F2,6,F3,4),(F1,5,F3,1),(F1,7,F2,5),(F1,2,F2,5),(F1,7,F2,4)} 53 51 52 52 56 54 

6 CCA(N, 3,54,F{}) 145 138 127 143 151 NS 

F={(F1,4,F3,3,F4,2),(F2,2,F4,4),(F1,3,F2,4),(F1,2,F3,4)} 141 139 140 138 143 NS 

7 CCA(N, 3,64,F{}) 253 240 222 247 260 NS 

F={(F1,5,F4,3),(F3,4,F4,2),(F2,3,F4,3),(F2,2,F3,3)} 245 238 251 241 250 NS 

8 CCA(N, 3,74,F{}) 409 377 351 395 413 NS 

F={(F2,3,F3,7),(F2,6,F3,7),(F2,5,F3,3),(F4,2,F4,6)(F3,3,F4,5),(F1,3,F3,7)} 395 377 438 383 401 NS 

9 CCA(N, 4,35,F{}) 94 89 NS NS NS NS 

F={(F1,2,F2,2,F3,2,F4,2),(F2,1,F3,1,F4,1,F5,1)} 93 97 NS NS NS NS 
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(F1,4,F2,4,F3,1)(F1,3,F2,2)}. PICT appears to perform poorly on 

all the given configurations. 

VIII. CONCLUSIONS 

In short, this paper has elaborated a new strategy, called 

LAHC, based on Late Acceptance Hill Climbing Algorithm. 

Our experience with LAHC has been promising. As the scope 

for future work, we are looking to tune LAHC to get better 

results. We are also looking to address adopt LAHC for 

software product line testing.  
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Abstract— Software testing relates to the process of accessing the 

functionality of a program. To ensure conformance, test 

engineers often generate a set of test cases to validate against the 

user requirements. When dealing with large line of codes 

(LOCs), there are potentially issues of redundancy as new test 

cases may be added and old test cases may be deleted during the 

whole testing process. To address redundancy issues, many 

useful strategies (e.g. HGS, GE, and GRE) have been developed 

in the literature. These strategies often put focus on getting the 

most minimum test suite size but give poor emphasis on test 

prioritization (i.e. ordering of tests). Here, as most testing 

activities happen toward the end of software development, testers 

are often forced to consider partial test suite, that is, to be in line 

with the project deadline. In this manner, some impactful defects 

may be missed owing to the need to accommodate deadline shift 

from earlier development activities. In order to address these 

issues, this paper highlights our on-going work on the 

development of a novel test redundancy reduction strategy based 

Late Acceptance Hill Climbing, called (LAHCS).  LAHCS is the 

first known strategy that adopts Late Acceptance Hill Climbing 

Algorithm for test redundancy reduction and prioritization. 

  

I. INTRODUCTION 

 

To ensure quality and conformance, developers often rely 

on testing to reveal defects. Typically, testing is guided by the 

designed test suite made of a set of test cases. These test cases 

are usually backward traceable to the corresponding design, 

product requirements and right through the stakeholder’s 

justification. Generally, test cases are dynamic entity. Owing 

to the need to address defects and accommodate stakeholders’ 

change requests during the development process, new test 

cases may be added whilst existing test cases be updated or be 

removed completely. For these reasons, there is potentially 

significant probability for test redundancy, that is, one 

requirement is covered by more than one test case. Although 

desirable in some class of systems, test redundancy often 

incurs unnecessary costs. 

In the literature, test redundancy issues have been 

addressed by many researchers resulting into many helpful 

strategies (e.g. HGS [1], GE[2], and GRE[3]) Although useful 

in term of systematically sampling of the appropriate test case 

for consideration, existing strategies have not sufficiently 

dealt with test prioritization. As most testing activities happen 

towards the end of software development, testers are often 

forced to prioritize and consider partial of the test cases, that is, 

to be in line with the project deadline. Addressing the 

aforementioned issues, this paper describes a novel approach 

of adopting Late Acceptance Hill Climbing (LAHCS) based 

Strategy for test redundancy reduction and prioritization. 

LAHCS serves as our research vehicle to investigate the 

effectiveness of Late Acceptance Hill Climbing Algorithm for 

test redundancy reduction and prioritization. 

The rest of the paper is organized as follows. Section II 

gives an overview of the test redundancy reduction and 

prioritization problem and highlights the related work. Section 

III describes our strategy within the Late Acceptance Hill 

Climbing Algorithm. Section IV highlights our benchmark 

against other strategies. Finally, Section V gives our 

conclusion and future work. 

II. OVERVIEW AND RELATED WORK 

 

Test redundancy reduction and prioritization problem can 

be viewed as a set covering problem as follows [4]: 

 

Given: A test suite TS, a list of testing requirements  r1,r2,…rn 

with well-defined prioritization contribution,  that must be 

tested to provide the desired testing coverage of the program, 

and a list of subsets of TS, T1, T2,…. Tn, one associated with 

each of the ri’s such that any one of the test cases tj belonging 

to Ti can be used to test the requirement ri. 

 

Problem: Find an ordered representative set of test cases tj 

according to defined priority that will satisfy all of the ri’s. 

 

Many useful strategies have been developed to address the 

aforementioned problem in the last 20 years.  Perhaps, the 

pioneer work on test redundancy reduction is based on that of 

Chavatal[4]. He introduces a novel strategy based on the 

greedy heuristics.  Initially, the Chavatal’s strategy greedily 

picks a test case ti that covers the most requirements.  Then, 

all the requirements that are covered by ti are marked. The 
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whole cycle is repeated until all requirements are marked.  

Although helpful, Chavatal’s strategy appears not optimal and 

does not deal with prioritization.  

Complementing Chavatal’s work, Harrold et al develops a 

similar strategy, called HGS [1]. Unlike Chavatal’s strategy, 

HGS greedily ranks the cardinality of each requirement with 

the corresponding test case (from low to high) as the main 

basis for reduction. A requirement A has lower cardinality 

than a requirement B if A is covered by fewer test cases than B. 

Briefly, HGS works as follows. Initially, all covered 

requirements are considered unmarked. For each requirement 

that is exercised by one test case (i.e. cardinality of 1), HGS 

adds the test case into the minimized test suite and marks the 

covered requirements accordingly. Next, HGS considers the 

unmarked requirements in increasing order of cardinality of 

the set of test cases exercising each requirement. Then, HGS 

chooses the test case that would cover the greatest number of 

unmarked requirements associated with the current cardinality 

of interest. When there is a tie amongst cardinality of multiple 

test cases, HGS breaks the tie in favour of the test case that 

would mark the greatest number of unmarked requirements 

with the case sets of successively higher cardinalities. If the 

highest cardinality is reached, and the tie is not resolved, HGS 

arbitrarily selects one amongst those tied test case. Then, HGS 

marks the requirements covered by the selected test case. The 

whole iteration is repeated until all the requirements are 

completely marked.  The main strength of HGS is the fact that 

it creates a subtle (and stable) prioritization of test cases 

during its selection process (i.e. based on cardinality).  Here, 

hard to cover requirement with low cardinality are considered 

first and followed by other requirements in order of increasing 

cardinality.   The main limitation of this approach is the fact 

that, in real testing endeavour, prioritization is not solely a 

function of cardinality. In fact, prioritization can also be a 

function of likelihood of faults as well as their impacts.  

Lau and Chen introduce another variant greedy strategy, 

called GE [2]. In GE, the concept of concept of essential test 

case is introduced for the greedy selection of test cases. Here, 

essential test cases, tessential, represent those test cases that 

when removed, some test requirements can never be satisfied. 

In a nut shell, GE works as follows. Firstly, GE selects the 

essential test cases tessential that cover the most uncovered 

requirements. Secondly, GE removes all the requirements 

covered by the chosen essential test cases tessential . The process 

continues for all other essential test cases until completion. If 

there are any uncovered requirements, the GE iterative 

process will continue to greedily select test cases ti that covers 

the most uncovered requirements much like Chavatal’s 

approach [4]. Then, all the requirements covered by ti are 

removed. The process is repeated until all requirements are 

covered.  Implementation wise, GE is straightforward to 

implement as compared to HGS. Furthermore, as GE 

considers tessential before greedily selecting candidate test case, 

the test suite size offered by GE is at least the same of better 

than that of Chavatal.  The same argument cannot be 

applicable when comparing HGS and GE. On the negative 

note, GE does not address prioritization issue. 

As enhancement of GE, Chen and Lau later introduce the 

GRE strategy[3]. In addition to the concept of essential test 

cases, GRE also exploits the idea of redundant test case. In 

this case, if a test case satisfies only a subset of test-case 

requirements satisfied by another test case, then that particular 

test case is redundant. GRE starts by first removing redundant 

test cases from the test suite. In the process, GRE reduces the 

test suite and may make some test cases essential. Then, GRE 

applies the same algorithm as GE in order to choose the test 

cases that cover all the requirements.  GRE inherit many 

advantages of GE. In fact, in the absence of redundant test 

case, GRE behaves much like GE.  Interestingly, due to NP 

completeness of the test redundancy reduction problem, the 

performance of GE can still be better than GRE or even HGS 

in terms of test reduction.  Similar to GE, GRE does not 

address the prioritization issue. 

Shengwei et al adopts a strategy similar to GE [5]. Unlike 

GE, they exploits weighted set covering (for requirements) in 

order to eliminate test redundancy and prioritize the test suite 

according to cost order. The general performance of the 

algorithm appear the same to that of GE. On the negative note, 

although important, prioritization need not be considered 

merely on cost but on how effective of the tests being 

prioritized. As highlighted earlier, prioritization can also be a 

function of likelihood of faults as well as their impacts. 

Galeebathullah and Indumathi develop a strategy that 

combines the set theory and greedy heuristics [6].  Initially, 

the strategy finds the intersection of each requirement with 

other requirements. If exist any intersection exist, the test 

cases are greedily combined and added to the final test suite. 

The process is repeated until all requirements are covered by 

the test case. In the work, prioritization issues are not reported. 

Additionally, no benchmarking result against other existing 

strategies is published. 

Apart from the greedy heuristic approach, a number of 

researchers (e.g. Tallam and Gupta [7] and Ng et al [8]) have 

started to adopt the Formal Concept Analysis (FCA).  

Basically, FCA is a technique for classifying objects based 

upon the overlap among their attributes.  For reduction, test 

cases are considered as objects and requirements as attributes. 

Relationship between objects and attributes corresponds to the 

coverage information of test case. Using concept analysis, 

maximum grouping of objects and attributes can be deduced 

(termed context) in a table.  Here, facilitated by graphical 

concept lattice and based on the object and attribute reduction 

rules, objects (i.e. test cases) can be systematically reduced.  

Although helpful, FCA suffers from the problem of scale – 

when the formal objects and their attributes grew, it is almost 

impossible to construct and manipulate the concept lattice 

graphically. Hence, the applications of FCA for large scale 

test reduction (and prioritization) can be problematic and 

difficult.    

In light of some of the problems highlighted earlier, this 

paper proposes the use of Artificial Intelligence Algorithm for 

test redundancy and prioritization problem. Specifically, this 

paper adopts a new variant of Hill Climbing Algorithm, 

termed the Late Acceptance Hill Climbing Algorithm [9-11].  
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The main feature of Late Acceptance Hill Climbing Algorithm 

is the fact that it provides significant improvements over its 

predecessor in terms of performance (and still maintains the 

Hill Climbing simplicity).  Unlike the original Hill Climbing, 

Late Acceptance Hill Climbing algorithm allows worsening 

moves. In this manner, the iterative search in Late Acceptance 

Hill Climbing can be prolonged to avoid the local minima 

problem inherent to the original Hill Climbing algorithm. 

Another useful feature of the Late Acceptance Hill Climbing 

algorithm is that it has a single parameter for manipulation, 

hence, not vulnerable to inadequate parameterization and 

insufficient tuning [9].   

III. LATE ACCEPTANCE HILL CLIMBING ALGORITHM FOR TEST 

REDUNDANCY REDUCTION AND PRIORITIZATION  

 

In a nut shell, Late Acceptance Hill Climbing (LAHC) 

adopts an iterative neighbourhood search process similar to its 

predecessor. Nonetheless, unlike its predecessor which 

compares the candidate solution with the current one for 

acceptance (i.e. when the cost function is not worse), LAHC 

delays this comparison with a solution, which was “current” 

several steps before [11]. Here, each current solution still 

takes on the role of an acceptance benchmark, but it will be 

used at later steps. The net effect is that LAHC also considers 

poor solution as the basis for the next solution – an 

improvement of the general Hill Climbing algorithm as far as 

avoiding local minima/maxima problem.  

The main component of our strategy LAHCS that 

constitutes the LAHC algorithm can be summarised in Figure 

1. 
Produce an initial solution s  

Calculate initial cost function C(s)  

for all k ϵ {0...L-1} do Ĉk ← C(s)  

Assign the initial number of iteration I ← 0;  

do until a chosen stopping condition:  

  Construct a candidate solution s*  

  Calculate its cost function C(s*)  

  v ← I mod L  

  if C(s*)≤ Ĉv  

  then accept candidate (s ← s*)  

  Insert cost value into the list Ĉv ← C(s)  

  Increment the number of iteration I ← I+1  

end do 

Sort (s) 

 

Fig. 1  LAHCS Strategy 

In order to solve the test redundancy problem with 

prioritisation, the following objective function has been 

considered. 

 

min g = truncate f(x1,x2,….xn)  (1) 

 

where: x1, x2, … xn are different combinations of the 

solution sequence. 

 

We need to find a truncated sequence of (x1,x2,….xn) that will 

give the optimal (minimal) value for the objective function g(x) 

based on the order of the given weighted priority.  Here, if 

each of the variable (x1,x2,….xn) can be chosen, this will yield 

n! = n*(n-1)*(n-2)…*(1) number of permutation sequences. 

Considering all exhaustive sequences, the searching process 

can take hours, days, or even weeks depending on the size of 

the problem. 

A set of m random sequence is generated from (x1,x2,….xn) 

from (n1,n2,….nn) number of ways.  The generated solution 

would be: 

  (x
k
1,x

k
2,….x

k
n) where k = 1,2….m and m≤ n  (2) 

 

The fitness generated from (x
k
1,x

k
2,….x

k
n) is then substituted 

in g(x) to get the minimum cost function. Then, the most 

minimum solution is then sorted according to the weighted 

priority. 

f(x
k
1) ≤ f(x

k
2) … ≤ f(x

k
m)   (3) 

 

In order to adopt LAHC as the basis algorithm for test 

redundancy reduction and prioritization, there is a need to 

choose the appropriate stopping condition as well the history 

length (L) that controls the memory of the previous cost 

functions. Here, the longer the history length, the longer the 

search and usually the better the results. 

Theoretically, we argue that the stopping criteria should 

always be at least the same number of defined test case but 

must not be more than the factorial of the test suite size for 

reduction (i.e. n≤ stopping criteria ≤ n!).  If the most minimum 

stopping criteria is less than test suite size, we cannot be sure 

that we have considered all the test cases in the test suite at 

least once for reduction.  In similar manner, if the maximum 

stopping criteria is greater than the factorial of the test suite 

size, we might as well use exhaustive search.  

The question now is that what is the best value for stopping 

criteria? Based on the aforementioned conditions 

consideration, we have decided to adopt the stopping criteria = 

n x L (where n = test suite size and L=the number of defined 

requirements) when (n! > n x L). In the case when (n! < n x L), 

then the best stopping criteria would be at n!  

As for the history length (L), we argue that the value should 

be at least equal to the number of defined requirements. In this 

manner, we can be sure that priority ordering of requirement 

prioritization can still be possible should there be no reduction 

of test suite size. It should be noted that the aforementioned 

decisions on the stopping criteria and history length still 

adhere to the required condition, n≤ stopping criteria ≤ n! 

  

IV. BENCHMARKING EXPERIMENTS 

To benchmark the performance of LAHCS against related 

work (including GE, GRE, and HGS), we have adopted the 

existing comparative case studies which are reported by Chen 

and Lau [3]. Additionally, we have also added 2 new case 

studies with sufficiently large test size and requirements. The 

detailed configurations are shown in Table I, Table II, Table 

III and Table IV respectively.   
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For the case studies 1 till 3, no priority is explicitly defined 

for GE, GRE, and HGS.  For LAHCS, the priority is defined 

in order of requirements, that is, the lower order requirement 

has always higher priority than the subsequent requirement. 

As for the stopping criteria and history length, we use the sets 

of values according to our defined conditions given earlier. 

For Case Study 1, the value for stopping criteria = 19x7=133 

and L = 19. For Case Study 2, the value for stopping criteria = 

19x9=171 and L = 19. For Case Study 3, the value for 

stopping criteria = 19x12=228 and L = 19. For Case Study 4 

and 5, the value for stopping criteria = 24x31=744 and L = 31.  

For both case studies, we compare LAHCS against our own 

implementation of GE derived from Chen and Lau [2]. Here, 

unlike earlier case studies where requirement priorities are in 

increasing order, different weighted requirements priorities 

are defined for LAHCS (i.e. the same priority for both case 

study 4 and 5 respectively).   

TABLE I 
BENCHMARK CASE STUDY 1 

Reqi Tn 

req1 {t1,t2,t3,t4,t5,t6,t7} 

req2 {t1,t2,t3,t4,t5,t6,t7} 

req3 {t1,t2,t3,t4,t5,t6,t7} 

req4 {t1,t2,t3,t4,t5,t6,t7} 

req5 {t1,t2,t5,t7} 

req6 {t2,t3,t4,t6} 

req7 {t1,t7} 

req8 {t2,t5} 

req9 {t1,t7} 

req10 {t1,t2,t5,t7} 

req11 {t2,t3} 

req12 {t3,t4,t6} 

req13 {t2,t3} 

req14 {t2,t3} 

req15 {t3,t4,t7} 

req16 {t4,t6} 

req17 {t3,t4} 

req18 {t3,t4} 

req19 {t4,t6} 

TABLE II 
BENCHMARK CASE STUDY 2 

Reqi Tn 

req1 {t1,t2,t3,t4,t8,t9} 

req2 {t1,t2,t3,t4,t8,t9} 

req3 {t1,t2,t3,t4,t8,t9} 

req4 {t1,t2,t3,t4,t8,t9} 

req5 {t1,t2,t9} 

req6 {t2,t3,t4,t8,t9} 

req7 {t1} 

req8 {t2,t9} 

req9 {t1} 

req10 {t1,t2,t9} 

req11 {t2,t3,t8} 

req12 {t3,t4,t8,t9} 

req13 {t2,t3,t8} 

req14 {t2,t3,t8} 

req15 {t3,t4,t9} 

req16 {t4,t8} 

req17 {t3,t4,t9} 

req18 {t3,t4,t9} 

req19 {t4,t8} 

 

Concerning collection of results, as LAHCS gives non-

deterministic outputs, we repeat all our runs for all 5 case 

studies 20 times and choose the best results. The Table V 

depicts the results for the first three case studies whilst Table 

VI highlights the last two case studies involving the 

comparison between LAHCS against GE. Here, cells with the 

best results are shaded accordingly. 

TABLE III 

BENCHMARK CASE STUDY 3 

Reqi Tn 

req1 {t1,t3,t4,t5,t6,t8 ,t10,t11,t12} 

req2 {t1,t3,t4,t5,t6,t8 ,t10,t11,t12} 

req3 {t1,t3,t4,t5,t6,t8 ,t10,t11,t12} 

req4 {t1,t3,t4,t5,t6,t8 ,t10,t11,t12} 

req5 {t1,t5,t10,t11,t12} 

req6 {t3,t4,t6,t8,t10,t12} 

req7 {t1,t10,t12} 

req8 {t5,t11} 

req9 {t1,t10,t12} 

req10 {t1,t5,t10,t11,t12} 

req11 {t3,t8,t10} 

req12 {t3,t4,t6,t8,t12} 

req13 {t3,t8,t10} 

req14 {t3,t8,t10} 

req15 {t3,t4,t12} 

req16 {t4,t6,t8} 

req17 {t3,t4,t12} 

req18 {t3,t4,t12} 

req19 {t4,t6,t8} 

TABLE IV 

BENCHMARK CASE STUDY 4 AND 5 

Priority Reqi Tn for Case 

Study 4 

Tn for Case Study 5 

0 req1 {t0,t3,t7,t18,t29} {t0,t3,t7,t18,t19,t29} 

0 req2 {t3,t16,t22} {t1,t2,t3,t6,t12,t16,t22,t24} 

1 req3 {t0,t2,t25,t27} {t0,t2,t25,t27} 

2 req4 {t11,t30} {t11,t30} 

50 req5 {t1,t4,t8,t14,t25} {t1,t4,t8,t14,t25} 

100 req6 {t9,t14,t19,t24 } {t9,t14,t19,t24 } 

2 req7 {t5,t10,t21} {t5,t10,t21} 

5 req8 {t4,t20} {t4,t20} 

7 req9 {t7,t17,t24,t26} {t7,t17,t24} 

8 req10 {t6,t15,t29} {t15,t29} 

90 req11 {t10,t15,t23} {t10,t15,t23} 

80 req12 {t1,t6} {t1,t6} 

45 req13 {t4} {t6} 

67 req14 {t2,t8,t13,t16,t23} {t2,t8,t13,t16,t23} 

55 req15 {t28} {t20,t28} 

30 req16 {t22,t28} {t0,t18,t22} 

6 req17 {t17,t29} {t17,t29} 

7 req18 {t5,t20} {t5,t20} 

9 req19 {t9,t25} {t9,t25} 

22 req20 {t12} {t10,t12} 

12 req21 {t9,t28,t30} {t9,t28,t30} 

46 req22 {t3,t24} {t3,t24} 

76 req23 {t0,t30} {t0,t5,t30} 

19 req24 {t5,t8,t11,t26,t27} {t5,t8,t11,t13,t26,t27} 

V. DISCUSSION 
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Referring to the results in Table V and VI, a number of 

observations can be elaborated further. The first observation 

relates to the adoption of Hill Climbing as the main basis for 

LAHCS.  While Hill Climbing algorithm has always been 

criticized for its proneness to get trap into local 

minima/maxima, the development of LAHCS has proven that 

Late Acceptance feature within Hill Climbing significantly 

improves its performance owing to the balance selection 

between intensification (i.e. how intensive is the local search 

for the current solution is) and diversification (i.e. how diverse 

is the current solution).  Here, all solutions whether good or 

inferior solution are also considered for accepting new 

neighbourhood solution – unlike Simulated Annealing which 

adopts probabilistic criteria based on Boltzmann energy 

function [12]. 

From all the case studies, LAHCS produces sufficiently 

competitive results in terms of percentage of reduction (see all 

the shaded cells) although in different order owing to its 

weighted prioritization order. With the exception of Case 

Study 4, LAHCS is able to match the best performing 

strategies (as in Case Study 1 and 2) and even outperforms its 

competitors (as in Case Studies 3 and 5 respectively). 

Specifically, for Case Study 3 and 5, LAHCS is also able to 

produce diversified solutions not found by other strategies.  

Also, for Case Study 5, the percentage of reduction for 

LAHCS outperforms that of GE but, in return, GE 

outperforms LAHCS for Case Study 4 suggesting that there is 

no single one size fit all strategy for test redundancy reduction. 

Another observation relates to prioritization. The question 

is how prioritization can be effectively captured in order to 

order the suite accordingly. In general, any requirement 

prioritization can be defined in term of Likert scale. In this 

case, requirement priority can come directly from the 

stakeholder’s (i.e. through specification documents) or from 

pragmatic experiences of the engineers on the likely hood of 

failure of each requirement and its impact (i.e. through 

(normalized) priority = likelihood x impact) [13].  In many 

cases, software testing activities get squeezed towards the end 

resulting from (unplanned) extension of other software 

development activities. Owing to the need to accommodate 

market demands and constraints, test engineers are often 

required to prioritize only critical test cases that have the 

highest impact for testing consideration. 

Finally, test reduction strategy serves two sides of the same 

coin. On one side of the coin, the strategy involved must be 

able to generate the most optimal and minimum number of 

test cases in order to reduce testing costs. On the other side of 

the coin, the strategy must also not sacrifice the bug-detection 

capabilities using lesser number of test cases. When dealing 

with any testing strategy, test engineers may be poised with 

crossroad decisions, that is, to minimize as much as possible 

or to keep some if not all test cases. In some cases, it is 

important to test all highly critical requirements multiple times 

(i.e. voluntary redundancies) with more than one test case, that 

is, to ensure strict adherence to specification. In such a case, 

test engineers are free to include such test cases as required in 

the final test suite list (i.e. seeding). In similar manner, test 

engineers are also free to forbid a set of test cases if such a 

need arises (i.e. constraints). To make matters worse, there a 

no hard rules as all decisions depend on circumstances as well 

as the creativity and judgment of test engineers based on the 

testing job at hand as well as the testing in context. 

VI. CONCLUSIONS 

Summing up, this paper has elaborated a new strategy, 

called LAHCS, based on Late Acceptance Hill Climbing 

Algorithm. Our experience with LAHCS has been promising. 

As the scope for future work, we are looking into improving 

LAHCS to address reduction with multi-objective 

consideration along with the support voluntary redundancies, 

constraints and seeding.    

ACKNOWLEDGMENT 

TABLE V 

BENCHMARKING RESULTS FOR CASE STUDIES 1, 2, AND 3 

Strategy Case Study 1 Case Study 2 Case Study 3 

GRE {t2,t4,t1(t7)} 

Reduction = 62.5% 

{t1,t3,t2(t9), t4(t8)} 

Reduction = 33% 

{t5(t11),t3,t10(t12),t4(t8)} 

Reduction = 50% 

GE {t3,t1(t7),t4(t6),t2(t5)} 
Reduction = 50% 

{t1,t3,t2(t9),t4(t8)} 
Reduction = 33% 

{t12,t8,t5(t11)} 
Reduction = 66% 

HGS {t3,t1(t7),t4(t6),t2(t5)} 

Reduction = 50% 

{t1,t4,t2} or {t1,t8,t9} 

Reduction = 50% 

{t5 (t11),t3,t1(t10,t12),t4(t6,t8)} 

Reduction = 50% 

LAHCS {t1(t7),t2,t4} 
Reduction = 62.5% 

{t1,t2,t4} or {t1,t8,t9} or 
{t1,t9,t8} 

Reduction = 50% 

{t5(t11),t8,t12} or {(t5(t11),t10,t4} 
Reduction = 66% 

TABLE VI 
BENCHMARKING RESULTS FOR CASE STUDIES 4 AND 5 

Strategy Case Study 4 Case Study 5 

GE {t4,t28,t12,t5,t3,t2,t6,t9,t17,t10,t11} 

Reduction = 64% 

{t6,t0,t5,t9,t4,t10,t17,t2,t3,t11,t15,t20} 

Reduction = 61% 

LAHCS {t7,t17,t12,t3,t25,t6,t30,t28,t15,t4,t5,t24,t23} 
Reduction = 58% 

{t7,t29,t11,t3,t16,t20,t0,t10,t9,t6,t8} or 
{t29,t27,t18,t28,t20,t30,t10,t9,t6,t8,t24} 

Reduction = 64% 
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Abstract—Abundance of empty fruit bunch (EFB) as biomass 

waste in Malaysia lead to fulfill the requirement of clean carbon 

emission as a source for renewable energy.  Catalytic pyrolysis by 

using calcium oxide from waste eggshell as a catalyst were 

conducted to produce bio-oil. The effect of various pyrolysis 

parameter on bio-oil production were investigated to obtain 

maximum oil yield in the optimum pyrolysis condition. The 

objectives of this study are to investigate effect of temperature, 

heating rate, holding time and catalyst loading on oil yield and to 

determine optimum condition for high oil yield. Maximum oil 

yield, which was 36.6% were obtained in the optimum 

temperature of 400oC, heating rate of 80oC/min, holding time of 4 

min, and 10% of catalyst loading. 

Keywords— catalytic pyrolysis; biomass; empty fruit bunch; 

calcium oxide; bio-oil 

 

I. INTRODUCTION 

The Malaysian palm oil industry is leading in technology 

and production for the global markets. Palm oil and related 

products represent the second largest export of Malaysia in the 

first nine months of 2005 [1]. The greatest production of palm 

oil also generate their residues. Malaysia generate about 80 

thousand tones residues from their oil palm plantations include 

empty fruit bunch (EFB), trunks, fronds, palm fiber, and palm 

kernel shell [2]. EcoIdeal and Mesilin [3] observes that palm 

oil mill waste in the form of biomass residue such as EFB can 

be a potential renewable energy producer in Malaysia. It can 

help to reduce global warming by displacing the use of fossil 

fuels [4,5]. 

Biomass conversion into energy can be achieved in two 

pathways which are biological and thermochemical process. 

Biological process consists of fermentation and anaerobic 

digestion, whereas thermochemical process include 

gasification, liquefaction and pyrolysis [6]. Among this 

conversion, pyrolysis is considered to be the one of the most 

promising technology for liquid oil production. Pyrolysis is 

thermal decomposition of organic component in the absence 

of oxygen which produce char, tar, and gaseous fraction.  

Several researchers have pyrolyzed palm oil residue to 

produce bio-oil under certain conditions. Bio-oil is dark brown 

liquid have high heating value can be used as fuels in boiler, 

diesel engines for power generation, or upgraded to produce 

fuels and bulk chemicals.  However, direct usage of bio-oil as 

conventional fuels may present some difficulties due to high 

viscosity, poor heating value, corrosiveness and instability. 

The presence of oxygen in the bio-oil has a negative effect 

such as further increasing the corrosion due to its low pH. The 

upgrading of bio-oil by catalytic treatment has received 

increasing consideration. The catalyst is expected to improve 

the cracking reactions of the heavy molecules in pyrolysis 

products resulting the production of high yield and high 

quality of bio-oil. 

Calcium oxide (CaO) is usually used as catalyst in bio-

diesel production. However, it was reported that using CaO 

base material such as dolomite and limestone can be more 

worthwhile in upgrading bio-oil to obtain better liquid yields 

[7]. Using CaO from dolomite and lime stone may contribute 

to environmental problem as the source of this commercial 

CaO is a non-renewable resource. Large usage of non-

renewable CaO causes rapid depletion of those resources. This 

has led to many researches being made in order to find 

alternative ways to replace commercial CaO. Eggshell waste is 

expected to be a source of this substance as it is non-corrosive, 

environmental friendly and economical. Eggshell containing 

most of CaO composition after the calcination process is a 

suitable material to be used as a catalyst.  

Optimum conditions also important in pyrolysis process 

to obtain better quantity and quality of bio-oil. Azri et al. [8] 

investigated that 33% of oil yield was obtained from pyrolysis 

of EFB at temperature of 500
o
C. Onay and Kockar [9] also 

studied that maximum oil yield obtain from pyrolysis of 

rapeseed with heating rate of 300
o
C/min, temperature of 

550
o
C and particle size range of 0.6-1.25mm. Meanwhile, the 

catalytic pyrolysis of Mahua seed with CaO at 2:1 ratio 

produced higher oil compared to thermal pyrolysis [10]. The 

objectives of this research are to study the effect of 

temperature, heating rate, holding time and catalyst loading on 

production of oil yield by catalytic pyrolysis and to determine 

the optimum pyrolysis conditions for high oil yield.  
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II. MATERIALS AND METHODS 

 

A. Raw material  

Empty fruit bunches was used as biomass material for 

pyrolysis process. The samples were collected, dried and 

separated from physical impurities. The dried empty fruit 

bunch was ground in a rotary cutting mill and screened into a 

particle between 212µm-425µm in size. Meanwhile, eggshells 

were used as catalyst were collected from local industries and 

rinsed several times with water to remove impurity and 

interference material. Then, it was dried in the oven at 

temperature of 100
o
C for 24 hours. The eggshells were ground 

with Fritsch Pulverisette 6 Planetary Mono Mill. It was 

calcined under nitrogen gas at temperature of 900
o
C for 1 hour 

in the tube furnace. 

 

B. Characterization of EFB 

EFB was characterized for its proximate and ultimate 

analysis thermal gravimetric analysis (TGA/DSC) 1 Model 

Mettler Toledo and elemental analyzer, Series II CHNS/O 

2400. Heating value was determined based on the proximate 

and ultimate analysis. 

 

C. Pyrolysis process 

The fixed-bed pyrolysis experiments were performed under 

100ml/min of nitrogen flow rate. For first series of 

experiment, the aim was to determine the effect of pyrolysis 

temperature on oil yield. Experiment were carried out at 

holding time of 4 min and 10% of catalyst loading. The 

sample was heated with heating rate of 50
o
C/min to a 

temperature of 350
o
C, 400

o
C, 450

o
C, 500

o
C, and 550

o
C. 

Effect of heating rate of 50
o
C/min, 80

o
C/min, 100

o
C/min, 

150
o
C/min, and 200

o
C/min was conducted in the second series 

with the optimum temperature of 400
o
C at holding time 4 min 

and 10% of catalyst loading. To determine effect of holding 

time on oil yield, the experiment was conducted with holding 

time of 0 min, 2 min, 4 min, 6 min, and 8 min. The optimum 

heating rate, 80
o
C/min was used in this series with 10% of 

catalyst loading and temperature of 400
o
C. For the last series 

of experiment, effect of catalyst loading was performed with 

the addition of various amount of catalyst (0, 5, 10, 15, 20wt. 

% of raw material) at the optimum temperature (400
o
C), 

heating rate (80
o
C/min), and holding time (4 min). The oil 

product yield was collected and calculated at the end of the 

pyrolysis process. 

 

 

III. RESULTS AND DISCUSSION 

 

A. Characterization of EFB 

The properties of empty fruit bunch was carried out and 

presented in Table 1. The proximate analysis showed the 

maximum volatile matters, which was 48.86% in the EFB. 

More volatile matter produces more liquid and gaseous fuel 

during pyrolysis. The high ash content are noteworthy as it 

lead to reduce liquid yields in pyrolysis [11]. Thus, 7.5% of 

ash content in this EFB lead to produce high liquid yield. The 

fixed carbon and moisture content of EFB were 26.45% and 

10.39% respectively. From ultimate analysis, it was found that 

the EFB contained 33.69% of carbon, 3.12% of hydrogen, 

3.86% of nitrogen, 0.42% of sulfur, and 58.92% of oxygen. 

Lower sulfur content in the EFB make them suitable for 

pyrolysis to produce good quality of oil yield. Heating value 

of EFB was 13.26 MJ/kg as the measured from ultimate 

analysis. High heating value produces more heat for pyrolysis 

process, thus increase the production of oil. 

 

TABLE 1. PROPERTIES OF EFB 

Proximate Analysisa                                  wt. (%) 

Moisture content                                           10.39 

Volatile matter                                              48.86 
Fixed carbon                                                 26.45 

Ash content                                                     7.50 

 

Ultimate Analysisa  
Carbon (C)                                                    33.69 
Hydrogen (H)                                                 3.12 

Nitrogen (N)                                                   3.86 

Sulfur (S)                                                        0.42 
Oxygenb (O)                                                  58.92 

 

 

Heating value      =    13.26 MJ/kg  
     a – as received 

b – by different 

 

B. Effect of temperature on oil yield 

In the first series of experiment, pyrolysis was performed 

at temperatures of 350
o
C, 400

o
C, 450

o
C, 500

o
C, and 550

o
C 

under constant heating rate of 50
o
C/min, holding time of 4 

minutes, and 10% of catalyst loading. As can be seen from 

Fig. 1, the oil yield increase from 6.1% to 35.6% as 

temperature raised from 350
o
C to 400

o
C. However, oil yield 

starting to decreased from 32.8%, 7.8%, and 4.9% at 

temperature of 450
o
C, 500

o
C, and 550

o
C due to the formation 

of more non-condensable gases [12]. Further increased of 

temperature enhanced gas products only. Secondary cracking 

reactions of the liquid fraction of volatiles at higher 

temperature reduced oil yield [13,14]. Chang et al.[15] 

revealed that pyrolysis at high temperature produces higher 

amount of H2 and CO gas which does not condense, hence 

resulting in less oil yield. 
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Fig. 1. Effect of temperature on oil yield 

C. Effect of heating rate on oil yield 

In the second series of experiment, pyrolysis were 

conducted at heating rates of 50
o
C/min, 80

o
C/min, 100

o
C/min, 

150
o
C/min, and 200

o
C/min, with a constant gas flow rate of 

100ml/min, at temperature of 400
o
C. Fig. 2 showed the 

percentage of oil yield increase from 21.2% to 36.6% at 

heating rate of 50
o
C/min to 80

o
C/min. However, it decreased 

from 11.5% to 7.5% as the heating rate increased from 

100
o
C/min to 200

o
C/min.  

Maximum oil yield obtained at heating rate of 80
o
C/min 

showed that the optimum heating rate exceeded the heat and 

mass transfer limitations in the pyrolysis condition, preventing 

secondary reaction and resulting in maximum oil yield [16]. 

The decreasing of oil yield as the heating rate increase was 

due to the high heating rate could not exceeded the heat and 

mass transfer limitations as it had short period of time to 

achieve the temperature of 400
o
C. 

 

 
Fig. 2. Effect of heating rate on oil yield. 

 

 

D. Effect of holding time on oil yield 

Effect of holding time on oil yield can be seen in Fig.3. 

The experiment was conducted at holding time of 0 min, 2 

min, 4 min, 6 min, and 8 min, with constant gas flow rate of 

100 ml/min, temperature of 400
o
C, heating rate of 80

o
C/min, 

and 10% of catalyst loading. Oil yield increased from 6.9% at 

holding time of 0 min to 23.3% at holding time of 2 min. 

Maximum oil yield obtained at holding time 4 min were 

30.9%. It was seen that, increasing holding time from 1 min to 

2 min would increase the oil yield as reported by Tsai et al. 

[17].  

However, oil yield decreased from 26.5% to 8.2% as 

holding time increased from 6 min to 8 min. The value slightly 

decreased was possibly attributed to the thermal cracking 

and/or gasification of pyrolysis products [18]. 

 

 

 

 

 

 

 
Fig. 3. Effect of holding time on oil yield. 

 

 

E. Effect of catalyst loading on oil yield 

In the last series of the pyrolysis experiment, it was 

conducted at catalyst loading of 0%, 5%, 10%, 15%, and 20% 

wt. of biomass, with constant gas flow rate of 100 ml/min, 

temperature of 400
o
C, heating rate of 80

o
C/min and holding 

time of 4 min. Effect of catalyst loading on oil yield can be 

seen in Fig. 4. Oil yield percentage for non-catalyst, which 

was 0% catalyst loading were 21.9%, then increased to 22.3% 

of oil yield at 5% of catalyst loading. Besides, the maximum 

oil yield, 36.6% obtained at 10% of catalyst loading. Lin et 

al.[19] observed that increasing the CaO to biomass ratio led 

to an increase in oil yield. However, oil yield slightly 

decreased from 14.4% to 3.2% with catalyst loading of 15% to 

20%. It could be due to the agglomeration of active CaO phase 

and the cover of basic sites by exceeded CaO [20], hence 

resulting in less oil yield.  
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Fig. 4. Effect of catalyst loading on oil yield. 

 

 

 

 

 

 

IV. CONCLUSION 

 

Based on the proximate analysis, the volatiles, fixed carbon, 

moisture and ash content of EFB were found to be 48.86%, 

26.45%, 10.39%, and 7.5% respectively. It was also found that 

the EFB contained 33.69% of carbon, 3.12% of hydrogen, 

3.86% of nitrogen, 0.42% of sulfur, and 58.92% of oxygen. 

Meanwhile, heating value of EFB was 13.26 MJ/kg. Optimum 

conditions for pyrolysis process to obtain maximum oil yield, 

which was about 36.6% of oil yield were temperature of 

400
o
C, heating rate of 80

o
C/min, with holding time for 4 min, 

and 10% of catalyst loading.  
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