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Preface 

The second edition forum of The Innovative Manufacturing, Mechatronics and Mate-
rials Forum 2021 (iM3F 2021) organized by Universiti Malaysia Pahang through its 
Faculty of Manufacturing and Mechatronic Engineering Technology was held on 20 
September 2021. The main field focuses on manufacturing, mechatronics as well as 
materials. 

More than 132 submissions were received during iM3F 2021 and were reviewed in 
a single-blind manner, and 60 papers were advocated by the reviewers to be published 
in the Lecture Notes in Mechanical Engineering. The editors would like to express 
their gratitude to all the authors who submitted their papers. The papers published 
in this proceeding have been thoroughly reviewed by the appointed technical review 
committee consisting of various experts in the field of mechanical, manufacturing 
and material engineering sciences. 

The conference had brought a new outlook on cutting-edge issues shared through 
keynote speeches by Prof. Ir. Dr. Jamaluddin Mahmud and Prof. Dr. Mohammad 
Osman Tokhi. 

Finally, the editors hope that readers find this volume informative as we thank 
LNME for undertaking this volume publication. We also would like to thank the 
conference organization staff and the International Program Committees’ members 
for their hard work. 

Pekan, Pahang, Malaysia 
November 2021 

Amiril Sahab Abdul Sani 
Muhammed Nafis Osman Zahid 

Mohamad Rusydi Mohamad Yasin 
Siti Zubaidah Ismail 

Mohd Zairulnizam Mohd Zawawi 
Ahmad Rosli Abdul Manaf 

Siti Nadiah Mohd Saffe 
Radhiyah Abd Aziz 

Faiz Mohd Turan
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Cutting Force in Dry Slot-Milling 
of Hastelloy X 

Nor Aznan Mohd Nor, B. T. Hang Tuah Baharudin, Zulkiflle Leman, 
and Mohd Khairol Anuar Mohd Ariffin 

Abstract Increasing spindle speed accompanied with decreasing feed per tooth 
during slot-milling of nickel-based superalloys, is a common approach in aircraft 
manufacturing industry for achieving low cutting force. This is due to nickel-based 
superalloys is difficult-to-machine materials, thus increase in spindle speed will lead 
to thermal softening that may reduce cutting force, while decrease in feed per tooth 
will decrease the amount to shear unwanted material at the tool edge and may avoid 
excessive cutting force. By considering this approach, an effective validation is vital. 
This manuscript elucidates the influence of spindle speed and feed per tooth during 
dry slot-milling of Hastelloy X on cutting force. Conventional-milling and climb-
milling are performed experimentally using Kennametal KYS40 solid ceramic end-
mill. Experimental results indicate that cutting force firstly decrease and then increase 
with increase in spindle speed, whereas cutting force increases with increase in 
feed per tooth. Feed per tooth has significant effect on cutting force. In contrast, 
spindle speed, and the interaction between spindle speed and feed per tooth have 
effect on cutting force but not significant. The lowest cutting force can be obtained 
using medium spindle speed (24,100 rev/min) accompanied with lowest feed per 
tooth (0.013 mm/tooth), instead of using highest spindle speed (26,800 rev/min) 
accompanied with lowest feed per tooth (0.013 mm/tooth). 
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1 Introduction 

Hastelloy X is increasingly applied in the aircraft manufacturing industry [1, 2], 
especially in the manufacture of combustion chambers [1]. This is due to the charac-
teristics of nickel-based superalloys that are high resistance to elevated temperature, 
high resistance to corrosion and oxidation, high feasibility for manufacturing, high 
resistance to thermal fatigue, low cost, low thermal expansion, low density and low 
elastic modulus [1], which perfectly suit the working principle of combustion cham-
bers. In the aspect of machinability, Hastelloy X can be categorized as difficult-to-
machine material [3]. Due to this, high cutting force will be generated from the use 
of conventional machining methods. 

Machining Hastelloy X using conventional machining methods is very chal-
lenging. Which is why increasing spindle speed accompanied with decreasing feed 
per tooth during milling process becomes a common approach by aircraft manu-
facturing industry for achieving low cutting force. In addition, this approach can 
be related to the findings indicated by Masmiati et al. [4], where they claimed 
that increase in cutting speed and decrease in feed rate, reduces the cutting force. 
Increasing spindle speed during milling process leads to greater thermal softening of 
machined material at the tool-chip interface, thus energy requirement is decreased 
and subsequently reduce cutting force [4, 5]. On the other hand, decreasing in feed 
per tooth will decrease the amount of unwanted material to be removed during the 
end-mill slides and bites the machined material [4, 6]. Low cutting force in milling 
process may restrain vibrations then leads to improve the quality of machinability 
[7]. Thus. validating the effectiveness of increasing spindle speed accompanied with 
decreasing feed per tooth during milling of Hastelloy X for achieving low cutting 
force is vital. 

Slot-milling is a versatile form of milling process, which capable of machining 
slot. In slot-milling, the direction of end-mill rotation is normally constant, while the 
direction of feed is changing. Therefore, slot-milling can be divided into two distinct 
processes of removing an unwanted material as depicted in Fig. 1; conventional-
milling and climb-milling. Conventional-milling refers to the direction of feed 
opposed to direction of end-mill rotation, while climb-milling refers to the direction 
of feed same as direction of end-mill rotation. 

In this manuscript, dry slot-milling in conventional-milling and climb-milling are 
experimentally carried out on Hastelloy X. Apart of this, the influence of spindle 
speed and feed per tooth on cutting force is elucidated, for the purpose to validate the 
effectiveness of increasing spindle speed accompanied with decreasing feed per tooth 
for achieving low cutting force. In addition, dry condition is chosen as this research 
intends to encourage sustainable manufacturing of nickel-based superalloys. Thus, 
solid ceramic end-mill is applied due this type of end-mill has excellent thermal 
resistance which can avoid from the damaging effect of heat. Cutting force behaviour 
induced by spindle speed and feed per tooth is explicated systematically, subsequently 
the optimal spindle speed accompanied with feed per tooth for achieving the lowest 
cutting force is simultaneously proposed.
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Fig. 1 Schematic illustration of conventional-milling and climb-milling 

2 Experimental Setup 

Dry slot-milling was carried out on ASME SB435 Hastelloy X 90 × 40 × 10 mm 
using Mori Seiki NV 4000 DCG vertical machining centre. Conventional-milling 
and climb-milling were performed with Kennametal KYS40 solid ceramic end-mill 
diameter of 6 mm. The cutting parameters used in the experimental test are shown in 
Table 1. In addition, the cutting parameters set in the experimental test were selected 
by taking into consideration ISO 3002/4 standard as recommended by solid ceramic 
end-mill manufacturer. 

Cutting force components; feed force (Fx), normal force (Fy), and axial force (Fz) 
at each run were measured simultaneously using Kistler 9129AA dynamometer. The 
measurements were performed three times at each run to obtain the average value, 
thus the total sample for 9 runs are 27 samples. The average value was then inserted 
into the equation below [8] to calculate the cutting force or resultant force (Fr). 

Fr =
 /
F2 
x + F2 

y + F2 
z (1) 

Further, the calculated cutting force was elucidated via main effects plot and 
Pareto chart of the standardized effects in Minitab software. 

Table 1 Cutting parameters 
used in the experimental test 

Cutting parameter Level 

Spindle speed (rev/min) 21,400, 24,100 and 26,800 

Feed per tooth (mm/tooth) 0.013, 0.016 and 0.019 

Axial depth of cut (mm) 0.2
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3 Results and Discussion 

Figure 2 depicts the overall experimental results of dry slot-milling on Hastelloy X 
during conventional-milling and climb-milling. X-axis and Y-axis represent spindle 
speed and cutting force respectively, while orange trend-line, lavender trend-line

(a) 

(b) 

Fig. 2 Overall experimental results: a conventional-milling and b climb-milling
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(a) (b) 

Fig. 3 Main effects plot: a conventional-milling and b climb-milling 

and black trend-line represent feed per tooth 0.013 mm/tooth, 0.016 mm/tooth and 
0.019 mm/tooth, respectively.

As presented in Fig. 3, main effects plot is used to quantitatively assess the influ-
ence of spindle speed and feed per tooth on cutting force. The dotted line represents 
the overall mean cutting force. 

In both conventional-milling and climb-milling, cutting force firstly decreased 
when spindle speed was increased from 21,400 to 24,100 rev/min, and then increased 
with increase in spindle speed higher than 24,100 rev/min. This cutting force behavior 
is contradictory to the cutting force behaviour observed by Masmiati et al. [4] where 
cutting force decreases with increased in spindle speed. The behavior of cutting 
force firstly decreases and then increases after reaching a specific spindle speed 
is in line with the research conducted by Mohd Nor et al. [9], where it can be 
associated with ductile-to-brittle transition, in which Hastelloy X undergoes brittle 
cutting mode at spindle speed 24,100 rev/min and subsequently leads to fluctuation in 
cutting force. As expected, cutting force increased when feed per tooth was increased 
from 0.013 to 0.019 mm/tooth. This can be associated with the increase amount of 
unwanted Hastelloy X to be sheared during dry slot-milling [4, 6]. Another factor 
that can be associated is due to the increase in feed per tooth which causes the strain 
hardening effect, and consequently increases cutting force [10]. Therefore, the higher 
the feed per tooth, the higher the cutting force. Figures 2 and 3 confirm that using 
spindle speed 26,800 rev/min accompanied with feed per tooth 0.013 mm/tooth will 
not achieve low cutting force. Therefore, the approach of increasing spindle speed 
accompanied with decreasing feed per tooth for achieving low cutting force is non-
effective. The good rule of thumb for achieving the lowest cutting force during dry 
slot-milling of Hastelloy X is to use spindle speed 24,100 rev/min accompanied 
with feed per tooth 0.013 mm/tooth, instead of the maximum spindle speed (26,800 
rev/min) accompanied with the minimum feed per tooth (0.013 mm/tooth). 

In search of determining the magnitude and the importance of the effects, Pareto 
chart of the standardized effects is used as depicted in Fig. 4. Factor that crosses the 
dotted line is statistically significant.
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(a) (b) 

Fig. 4 Pareto chart of the standardized effects: a conventional-milling and b climb-milling 

From Fig. 4, feed per tooth was the dominant factor affecting cutting force in 
both conventional-milling and climb-milling, followed by spindle speed and the 
interaction between spindle speed and feed per tooth. Since feed per tooth extended 
past the dotted line, thus it can be considered that feed per tooth had significant 
effect on cutting force at 0.05 significance level. Whereas, spindle speed and the 
interaction between spindle speed and feed per tooth both had effect on cutting force 
but not statistically significant. It can be claimed that the variation of cutting force 
behavior during dry-slot milling of Hastelloy X is closely related to the increasing and 
decreasing feed per tooth, when compared to the increasing and decreasing spindle 
speed. Therefore, a precise selection of feed per tooth value is crucial in order to 
prevent cutting force catastrophe. 

4 Conclusion 

Dry slot-milling of Hastelloy X was performed by conventional-milling and climb-
milling using Kennametal KYS40 solid ceramic end-mill. The following conclusions 
can be drawn from this experimental test: 

• Cutting force firstly decreased as spindle speed was increased from 21,400 to 
24,100 rev/min, then cutting force increased as spindle speed increased higher 
than 24,100 rev/min. 

• Cutting force increased with the rise of feed per tooth from 0.013 to 
0.019 mm/tooth. 

• Increasing spindle speed accompanied with decreasing feed per tooth for 
achieving low cutting force is non-effective approach. 

• Spindle speed 24,100 rev/min (medium spindle speed) accompanied with feed 
per tooth at 0.013 mm/tooth (lowest feed per tooth) were found to achieve the 
lowest cutting force, instead of spindle speed 26,800 rev/min (highest spindle 
speed) accompanied with feed per tooth 0.013 mm/tooth (lowest feed per tooth).



Cutting Force in Dry Slot-Milling of Hastelloy X 7

• Feed per tooth is the most influential cutting parameters for the cutting force 
generated during dry slot-milling, while spindle speed and the interaction between 
spindle speed and feed per tooth have effect but not significant. 

• Future research should be focused on surface integrity of Hastelloy X and tool 
wear of KYS40 solid ceramic end-mill. 
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Compressive Failure Behaviour of Kevlar 
Epoxy and Glass Epoxy Composite 
Laminates Due to the Effects of Cutout 
Size and Variation in Fibre Orientations 

Zeno Michael, Jamaluddin Mahmud, Syed Mahathir Al-Attas, 
Tri Hartutuk Ningsih, and Ayoub Guerrah 

Abstract At present, rigorous research are carried out to produce the finest possible 
properties of composite materials. This phenomenon has made it possible to expand 
the application of composite laminates, which originally meant for only defence 
and aeronautical industries towards more public and general applications. To avoid 
catastrophic failure of composite structures, its failure behaviour should be estab-
lished. Nevertheless, composite laminates may deform in various modes and thus, 
these modes of failure should be well understood before designing a composite struc-
ture, especially with the cutouts. This paper aims to study the effect of the circular 
cutout on the failure behaviour of Kevlar Epoxy and Glass Epoxy composite lami-
nates with various fibre orientations. The work was conducted in two stages. The 
preliminary work involved mesh convergence analysis and numerical validation. 
The laminate modelling and failure analysis was performed using a finite element 
software (ANSYS). The model with stacking sequence is [θ4/04/−θ4]s and various 
fibre orientation, θ from 0° to 90° were investigated. Failure was determined using 
Maximum Stress Theory. The results show substantial strength reduction between 
composite laminates with and without circular cutout. Comparing Kevlar Epoxy and 
Glass Epoxy at 0° fibre angle, the results show that the circular cutout has more influ-
ence on Kevlar Epoxy (10 times weakened) than the Glass Epoxy (3 times weakened).

Z. Michael 
College of Engineering (Mechanical), Universiti Teknologi MARA, Kampus Pasir Gudang, 
81750 Masai, Johor, Malaysia 

J. Mahmud (B) 
School of Mechanical Engineering, College of Engineering, Universiti Teknologi MARA, 40450 
Shah Alam, Selangor, Malaysia 
e-mail: jm@uitm.edu.my 

S. M. Al-Attas 
Quadrant 2 Technologies Sdn Bhd, Taman TTDI Jaya, 40150 Shah Alam, Selangor, Malaysia 

T. H. Ningsih 
Department of Mechanical Engineering, Universitas Negeri Surabaya, Ketintang Campus, 
Surabaya, Indonesia 

A. Guerrah 
Mechanical Engineering Department, University of El Qued, P.O. Box 789, El-Qued, Algeria 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 
A. S. Abdul Sani et al. (eds.), Enabling Industry 4.0 through Advances in Manufacturing 
and Materials, Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-19-2890-1_2 

9

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-2890-1_2&domain=pdf
mailto:jm@uitm.edu.my
https://doi.org/10.1007/978-981-19-2890-1_2


10 Z. Michael et al.

However, when the fibre angle varied, both composites exhibit the similar trend of 
failure. Therefore, it is proven that the current study is essential in understanding the 
failure behaviour of composite plates with circular cutout. 

Keywords Failure analysis · Glass Epoxy · Kevlar Epoxy · Circular cutout ·
ANSYS ·Maximum Stress Theory 

1 Introduction 

The utilisation of composite laminates has expanded from only for defence and aero-
nautical industries to civil and consumer use, such as construction, sports equipment, 
and automotive parts [1]. This is due to the advantage of its mechanical properties 
along with the materials and research development. It has been marked as the new 
generation material because of the demand for both the industry’s rapid growth and 
change in technology [2]. Since material strength is an essential property in selecting 
material for design of any structure [3], this material becomes popular because of its 
tailorable properties and high strength to weight ratio [4]. The strength of a mate-
rial is the capability of the material to hold the load. Nahas et al. [3] has claimed 
that a material failed when the applied load reaches the limit of its load carrying 
capacity. The laminate failure led to permanent loss of integrity within the laminate 
and degradation of stiffness and strength of the material [5]. 

The ideal approach to analyse the failure of material is from the physical test. 
The data obtained from this approach is acceptable due to its accuracy and validity. 
However, physical tests are tedious and time. Latterly, along with computer software 
development, researchers use more favourable numerical methods to conduct the 
failure analysis [1]. In a numerical approach, the idea of failure theory is implemented 
to estimate the strength of laminated composite through advanced computational 
methods using finite element analysis, much preferred by researchers in predicting 
laminate failure [6, 7]. Rahimi et al. [8] have analysed analytical and finite elements 
on woven Kevlar Epoxy laminate to identify failures on the material. The results 
of predicting the strength of laminates were determined and compared between the 
two methods. Mali et al. [9] also conducted a study on the effects of the V-notch 
and the variation of fibre orientation angle to the strength of Glass Epoxy composite 
laminates. The failure behaviour of the plain plate and V-notch plate laminate was 
analysed under bending load. Içten et al. [10] has conducted failure analysis of both 
numerically and experimentally on woven Kevlar Epoxy pin joints under tensile load. 
Failure mode and failure load of composite plates were determined using Hashin, 
Hoffman and Maximum Stress criteria. For laminated composite of a flat plate with 
a circular cutout under a compression state, Mali et al. [11] studied the effects of the 
angle of fibre orientation to woven Kevlar Epoxy laminates. 

To fully understand the property of composite laminates, the failure behaviour 
of this material should be well analysed, considering this composite laminate was 
widely used in marine, aerospace and automobile structure [12]. Since it plays a
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crucial role in engineering application, there is a need for a different type of holes 
and size in the composites for specific structure accommodating bolts, nuts, rivet and 
others. The presence of cuts is inevitable and their existence is surely to reduce load 
carrying capacity and hence strength [13]. Therefore, it must be tested to determine 
its limit of strength to prevent any failure. Even though, many studies have been 
carried out on the failure analysis of cutouts Kevlar fibre [14]. However, there are 
still not many studies on the effect of various square cutout shapes related to Kevlar 
Epoxy and Glass Epoxy, respectively. Thus, the behaviour of these structures is not 
fully understood. 

The present paper aims to study the effect of the circular cutout on the failure 
behaviour of Kevlar Epoxy and Glass Epoxy composite laminates with various fibre 
orientations. A numerical method analysis was conducted to analyse failure using 
Maximum stress theory as the failure criteria. This study helps to recommend a 
proper selection of Kevlar Epoxy and Glass Epoxy with a suitable cutout to prevent 
future problems such as delamination and cracking of laminate. 

2 Methodology 

Generally, this study uses a mechanical finite element analysis software (ANSYS 
r16.0 2014 SAS IP, Inc.) to model the Kevlar Epoxy and Glass Epoxy composite lami-
nates with a circular cutout under uniaxial compression. The failure load is predicted 
using the available built-in failure criteria function, Maximum stress theory. For better 
organization and clarity, the methodology adapted in the study was conducted based 
on the steps as described followed: (1) Mesh Convergence Analysis, (2) Numerical 
validation and (3) Failure Analysis on the effect of the circular cutout on both Kevlar 
Epoxy and Glass Epoxy composite laminates with various fibre orientation. 

2.1 Stage 1: Mesh Convergence Analysis 

Mesh size is crucial in conducting a numerical analysis. It is also primarily influenced 
by numerical accuracy, computing time and cost [2]. Therefore, a small meshing size 
could lead to the higher accuracy of simulated results. Since convergence analysis 
is essential, the study initially performing the convergence analysis before any other 
investigations. The various mapped meshing of (2 × 2, 3 × 3, 4 × 4, 6 × 6, 8 × 8, 
12 × 12 and 16 × 16) with quadrilateral elements under constant uniaxial tension 
for Kevlar Epoxy and Glass Epoxy were analysed. Analysis results show that the 
optimum size of 6 × 6 was the best mesh size for accurate results. The plate was 
meshed using 8-noded shell element (Shell281).
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Table 1 Mechanical properties of Kevlar Epoxy and Glass Epoxy 

(a) Kevlar Epoxy (b) Glass Epoxy 

Elastic parameter Strength data Elastic parameter Strength data 

E1 76.0 GPa XT 1380 MPa E1 54.0 GPa XT 1035 MPa 

E2 = E3 5.50 GPa XC 276 MPa E2 = E3 18.0 GPa XC 1035 MPa 

v12 = v23 = 
v13 

0.34 YT 28 MPa v12 = v23 = 
v13 

0.25 YT 28 MPa 

G12 = G23 
= G13 

2.10 GPa YC 138 MPa G12 = G23 
= G13 

9.0 GPa YC 138 MPa 

S 44 MPa S 41 MPa 

Fig. 1 The model under 
uniaxial load 

a 

a 

x 
y 

Po 

2.2 Stage 2: Numerical Validation 

A numerical analysis approach was used to predict the maximum displacement for 
x-direction and y-direction under uniaxial tension load, respectively. The model with 
stacking sequence is [θ4/04/−θ4]s and the angle of fibre orientation, θ from 0° to 90° 
were simulated for the analysis. Table 1 shows the elasticity and strength value of 
Kevlar Epoxy and Fig. 1 shows the uniaxial model. Comparative results between 
analytical and MATLAB are presented in Table 2. 

2.3 Stage 3: Failure Analysis 

The properties of both (a) Kevlar Epoxy and (b) Glass Epoxy of each lamina are 
presented in Table 1, respectively. The shape of the model with cutout are shown in
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Table 2 Analytical and simulation (FEA) results for composite laminates under uniaxial load 

Angle, θ (º) 0 30 45 90 

Simulation (ANSYS) Max. x (mm) 9.87E−05 1.75E−04 2.43E−04 2.57E−04 

Max. y (mm) 1.68E−05 1.07E−04 9.38E−05 4.58E−06 

Analytical Max. x (mm) 9.869E−05 1.746E−04 2.434E−04 2.571E−04 

Max. y (mm) 1.678E−05 1.075E−04 9.385E−05 4.578E−06 

Error % Max. x (mm) 0.0162 0.2109 0.1466 0.0182 

Max. y (mm) 0.1414 0.4290 0.0481 0.0461 

Fig. 2. The length of the plate is equal to the width of the plate. The length of the 
plate, a, is 0.279 m, having an aspect ratio (S = a/h) of 150. Therefore, the thickness 
of the plate, h, is 1.86 × 10–3 m and the cross-sectional area (A = ah) is 5.189 × 
10–4 m2. The 24 layers of laminates in this study having the layup of (θ4/04/−θ4)s. 
The laminates to analyse are with and without a central cutout of a circular shape 
with several cutout sizes. The cutout sizes of areas designated as (A1, A2 and A3) 
and their detailed dimensions are presented in Table 3. Under uniaxial compressive 
loading, this area used to observe the effect of cutout shape on the failure behaviour 
of the laminate. The area used to observe the effect of cutout shape on the failure

Fig. 2 Uniaxial 
compression model with 
cutout 

Nx x 
y 

Table 3 Details of cutout shapes and their dimension 

Cutout shape Cutout size A1 A2 A3 

Circular Ratio, d/b 0.158 0.316 0.474 

Diameter, d (m) 0.022 0.044 0.066 

Note d is diameter and b is width of the square laminate
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behaviour of the laminate under uniaxial compressive loading. The aspect ratio of 
d/b represents the circular cutout shape area.

3 Results and Discussion 

Maximum displacement and failure results for each models are recorded and tabu-
lated in Fig. 3 (Glass Epoxy) and Fig. 4 (Kevlar Epoxy) respectively. Although the 
displacement results for the Glass Epoxy plate with no cutout show a small increment 
on the displacement, the flat curves prove that they are not much affected by fibre 
orientation change. However, the Kevlar Epoxy plate with no cutout shows otherwise 
in Fig. 4. The increment shows in maximum x-displacement and fluctuated trend in 
maximum y-displacement. This result has been found similar to the previous study
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Fig. 3 The displacement curves in x-direction and y-direction for Glass Epoxy 
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of using different types of composite material [15]. All in all, out of the displace-
ment curves, the changes of fibre orientation would affect the plate displacement for 
Kevlar Epoxy.

Moreover, the failure curves for Glass Epoxy and Kevlar Epoxy with and without 
cutout are presented in Figs. 5 and 6. A match failure curves pattern developed from 
the results of Glass Epoxy with and without cutout in Fig. 5. In term of strength, 
especially in Glass Epoxy with cutout, it does not affect much with the change of the 
angle in fibre orientation. Both figures also show the failure curves for all cutout with 
the change of strength in the material by the size of its cutout. The gap in between 
no cutout and A1 cutout is tremendous at 0-degree fibre orientation. The gap is then 
reduced with the increase of fibre orientation. There are few differences between 
all cutouts (A1, A2 and A3), with a slight fluctuated trend towards increasing fibre 
orientation. This trend proved that the strength of the material is affected by the size
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of cutout. This finding parallels past studies on the influences of open holes shape 
on the failure fracture of composite laminates under compressive loading [16].

Figure 6 shows the strength of Kevlar Epoxy composite laminate. It is found 
that Kevlar Epoxy’s strength affects the fibre orientation but did not much affect the 
model with cutout. The strength values of Kevlar Epoxy without cutout decreasing 
from 0º to 60º of fibre orientation and then show a constant value until it reaches at 
90º. However, all three types of cutout (A1, A2 and A3) show a constant value and 
are almost equal. Consistency is found in results gaps for all three cutout sizes on 
all fibre orientation are slightly different by only 2%. Although it is not much, all 
the failure curves for cutout are gradually maintained by increasing fibre orientation. 
This flat-trend pattern is similar to past results on the composite plates with circular 
cutout [17]. The results also show that a noticeable difference value of stress with 
no cutout results. For the laminate with 0º fibre angle, 276 MPa was needed to 
induce the failure of the laminate without cutout but only 83.3 MPa was needed for 
the laminate with a circular cutout. Therefore, the circular cutout has weakened the 
laminate substantially, by about 3–4 times. 

Results for failure comparison in between Kevlar Epoxy and Glass Epoxy are 
presented in Fig. 7 for no cutout. In this figure, the stress curve for the Glass Epoxy 
shows a decreasing trend with a sudden drop from 0º to 20º. The stress curve pattern 
for Kevlar Epoxy shows a moderate decrease in strength when increasing the fibre 
orientation. This shows that the alteration of angle could effect on Glass Epoxy than 
Kevlar Epoxy. 

Figures 8 and 9 show the stress curve in different cutout sizes for both Glass Epoxy 
and Kevlar Epoxy, respectively. Both figures show the same trends with decreasing 
in strength when increasing the cutout size. This shows that the plates with a smaller 
cutout size show better strength. This can be concluded that plate with cutout would 
decrease the material strength with different fibre orientation. In addition, a large 
cutout size could reduce the material strength. Comparing the Kevlar Epoxy and 
Glass Epoxy, the results show that the circular cutout has more influence on Kevlar
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Epoxy 10 times than the Glass Epoxy with 3 times to the composite laminates without 
cutout.

4 Conclusion 

This paper presents the effects of circular cutout sizes and fibre angles arrangement 
to Kevlar Epoxy and Glass Epoxy composite laminates. The results show substantial 
strength reduction between composite laminates with and without circular cutout. 
Comparing Kevlar Epoxy and Glass Epoxy at 0° fibre angle, the results show that 
the circular cutout has more influence on Kevlar Epoxy (10 times weakened) than 
the Glass Epoxy (3 times weakened). However, when the cutout size and fibre angle 
varied, both composites exhibit the similar trend of failure. The main finding that
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can be deduced from the study is that the material removal due to cutout reduced the 
strength composite laminates substantially. Although the direction of fibre orientation 
does affect the material with no cutout, it does not affect so much the failure behaviour 
of both Kevlar Epoxy and Glass Epoxy composite laminates with circular cutouts. 
From the results, it is proven that the current study is essential in understanding the 
failure behaviour of the composite plates in which can help contribute the knowledge 
for further research. 
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Material Failure Assessment of Leakage 
in a Low Alloy Steel Choke Body 

J. Alias and N. A. Alang 

Abstract This paper highlighted the material failure of the low nickel–chromium-
molybdenum steel choke body by visual observation, microstructure characteriza-
tion, chemical composition, and hardness analysis. A choke body failed due to 
leakage at the choke body after 11 years in service. A combination of fluid flow 
condition and electrochemical reaction of the choke body in the non-associated gas 
(NAG) containing CO2 environment induces localised corrosion such as erosion and 
preferential weld corrosion (PWC). The severe corrosion penetration along the weld 
bead adjacent to the eroded region was observed as the primary cause of choke body 
leakage. The evidence of less chromium composition at the weldment region due 
to carbide coarsening could contribute to the decrease in corrosion resistance and 
induce localized corrosion of the weldment leading to PWC. To prevent the recur-
rence of failure, it is recommended that the material of the weldment should be of 
high corrosion resistance, which can be achieved by microstructure modification 
and avoidance of galvanic reaction between the weldment and other regions. Careful 
consideration of the fluid flow condition is also required as it may exacerbate the 
PWC. 

Keywords Choke valve · Low alloy steel · Erosion corrosion · Preferential weld 
corrosion · Microstructure 

1 Introduction 

Diverse grades of steel and stainless steels are used for the majority of process 
devices, for example, pipe, tube, fitting devices, valves and chokes used in the oil
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and gas sector due to economic and good characteristics reasons [1–3]. Plain carbon 
steels such as API 5L, ASTM A106 are the most commonly used alloys for these 
applications. However, they are unable to meet the needs of the modern oil industry 
for greater wear and corrosion resistant. The use of low alloy steel, which containing 
up to 1 wt.% of Cr, is a type of steel developed specifically for the use in CO2 

environments for high strength and good hardenability [4, 5]. 
A choke valve is a mechanical device that induces restriction in a flow line, 

causing either a pressure drops or a reduction in the rate of flow. In the oil and 
gas industry, choke valves are normally located on top of each well, as depicted in 
Fig. 1 [6]. The choke valves are used to control the pressure on several wells into 
a common manifold. Chokes used in oil and gas wells are classified into two types 
depending upon the operation mode, either be adjustable or positive. Adjustable 
chokes are flexible in that they allow the fluid flow and pressure to be adjusted 
in accordance with production requirements. Positive chokes do not provide that 
flexibility; however, they are more resistant to damage by abrasion or erosion. 

A mixture of the fluids, inhibitors and output hydrocarbons, including oil, gas, 
water, sand, H2S and even CO2, is regulated by choking valves. During opera-
tion, chokes are vulnerable to a variety of types of damage and localised corrosion, 
including erosion, wear, cavitation, weld corrosion, stress corrosion cracking, and 
corrosion fatigue [6–9]. 

Carbon dioxide, CO2-corrosion is the most prominent failure cause on the steel 
equipment due to material’s synergistic impact during operation in CO2-containing 
medium. As a result, it is important to conduct a thorough investigation to determine

Fig. 1 Flow line consists of 
wellhead and choke valve
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the root cause of the failure in order to avoid it in the future. The influence of dissolved 
carbon dioxide on the increase of the carbon steel corrosion rate has been studied by 
[10]. Carbon dioxide (CO2) is generally non-corrosive in the gaseous state. However, 
hydration has taken place and a more reactionary chemical species, carbonic acid 
(H2CO3), has been produced in the presence of water and hydrogen. The reaction is 
then accompanied by a dissociation reaction, which leads to acidic, corrosive solution 
[11–13] in order to form bicarbonate (HCO3−), carbonate (CO3 

2−), and hydrogen 
(H+) ions. The formation and chemical inhibition of iron carbonate, FeCO3 and 
iron sulphide and FeS help minimise carbon steel corrosion rates. However, the iron 
carbonate/sulphide scale or protective inhibitor layer may be affected by the small 
amount of sand or debris and therefore create a synergistic erosion-corrosion effect.

As a result, internal corrosion risk assessment and corrosion inhibition must be 
considered to ensure technical integrity over the equipment’s lifetime. In the last 
two decades, however, the results have questioned the explicitly labeled concepts 
regarding these process mechanisms [14–19]. 

This paper focuses on the damage analysis involved in the leaked steel choke body 
in order to determine the mechanisms and cause of the corrosion. 

2 Method and Materials 

According to the documentation and inspection histories, the choke body was 
constructed of two different sections and joined by a fusion welding process. The first 
section consists of the valve body until the choke seat, while another section is from 
the downstream of the choke seat until the outlet. The design life was 25 years. The 
inlet and outlet diameters of the valve were 3'' and 4'' outer diameter (OD), respec-
tively. The operating temperature and pressure of the steam water were in the range 
of 6.6–120 °C and 800 psi, respectively. The working flow rate was measured at 14 
mmscfd. The medium of the choke body consisted of non-associated gas (NAG) 
with 15% CO2 and less than 2 ppm H2S content. Water content was measured 
approximately 1110 bbl per day. 

The first leakage was started at the weldment after about 11 years in service. It was 
then repaired by insulating with Belzona metal repair. After 7 months, the leakage 
was leaked at the choke body that caused well shut. Accordingly, the choke was 
replaced by a second choke of the same design and material of construction from 
another flowline, which then failed again after less than 12 months service. Schematic 
diagram of leakage locations at the weldment and the surrounding environment of the 
choke valve is provided in Fig. 2. The choke body was cut carefully and split to half to 
observe the internal condition. An oxy-acetylene torch was used to separate both the 
flange units and followed by a milling process to cut the choke body. Manual cutting 
machine was then used to prepare small samples for microstructure characterization 
and hardness measurement. 

Sample for microstructure characterization was mounted, mechanical ground 
from 240 grit abrasive paper to 1200 grit, and polished with diamond slurry. The
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Fig. 2 Schematic diagram of leaked locations at weldment and the surrounding environment of the 
choke body 

sample was finally etched with 2% Nital solution for 3 s. The microstructure of the 
outlet, inlet and weldment regions was observed using optical microscopy. A similar 
sample was applied for Vickers microhardness for 15 indentations at three measure-
ment regions for accuracy and reproducibility. The Vickers method was performed 
in compliance with ASTM E384-17. The applied load for the hardness test was 100 
gf. 

Positive material identification (PMI) was conducted to the body material of three 
regions; inlet, outlet and weldment, by using optical emission spectroscopy (OES). 
The leaked region was observed further by using a low magnification stereo macro-
scope. The analysis of the corrosion product was performed by FEI scanning elec-
tron microscope (SEM) and Bruker D8 Advance X-Ray Diffractometer (XRD). The 
pattern was recorded from 7° to 100° 2 theta using cobalt Kα radiation for phase 
identification. 

3 Results and Discussion 

3.1 Visual Observation 

Figure 3 depicts the as-received split halve of the leaked choke body. The sample 
obtained by sectioning around the weldment adjacent to the leaked region and then 
metallographic preparation is shown in the inset image. The unit’s exterior surface is 
in excellent condition, with no visible signs of mechanical damage, dent, or gauging. 
There are no signs of rust, and the coating is in good condition. The inner surface 
revealed significant metal loss, especially downstream of the choke seat, severe corro-
sion penetration at the weldment, an erosion pattern, and a few cavitation downstream 
of the outlet.
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Severe aggravated weldment 
in the choke body’s interior 

Split halve leaked choke body 

Fig. 3 Overview of split halve of the choke valve. The inset image displays the sample obtained 
by sectioning around the weldment adjacent to the leaked region and further proceeded for 
metallographic preparation 

3.2 Chemical Composition 

The chemical composition of the choke body material is listed in Table 1. The  
composition was conformed to the specified ASTM standard, A487 Grade 4 and 
9 for standard specification for steel castings suitable for pressure service [20]. The 
compositions of ASTM A487 Grade 4 and 9 were included in Table 2. Both mate-
rials’ alloying content is nearly in the nominal range for the referred composition, 
but lower Cr content was measured at the weldment area. The body material is cast 
steel that has been quenched and tempered as part of the heat treatment for product 
fabrication, according to the ASTM A487 standard specification for steel castings 
suitable for pressure operation. Both alloys have tempering temperatures ranging 
from 595 to 675 °C. 

The inlet compositions are referred to the composition of ASTM A487 Grade 4, 
while the outlet compositions are referred to ASTM A487 Grade 9 [20]. 

Table 1 Measured chemical composition of choke valve’s material including inlet, outlet and 
weldment region 

Area Element composition (wt.%) 

C Si Mn P Mo S Cr Ni Fe 

Inlet 0.157 0.228 0.777 0.004 0.183 0.007 0.50 0.504 Bal 

Outlet 0.295 0.241 0.556 0.007 0.235 0.004 1.11 0.182 Bal 

Weldment 0.107 0.293 1.920 0.009 0.377 0.004 0.093 0.395 Bal
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3.3 Microstructural Characterization 

Figure 4a shows the overview of the sectioned sample for microstructure obser-
vation at outlet (A), inlet (C) and weldment (B) regions. Figure 4b and d shows 
the microstructures of both inlet and outlet consist of a fully tempered martensite 
structure. Finer size of tempered martensite at the outlet was observed than the inlet 
region, as the outlet is made of grade 4 steel casting, while the inlet is Grade 9 steel 
casting, which conformed by the composition analysis. The welded region consisted 
of a variation of microstructure (Fig. 4c), including grain boundary ferrite (GBF) 
and also evident of coarse martensite. The transformation of microstructures and 
properties during tempering is generally dependent on the primary microstructure. 
Precipitation of cementite, Fe3C, occurred during tempering from the martensitic 
process due to the reaction of iron with carbon in the solid state, accompanied by 
the formation of rich-carbide-(Mo,Cr) precipitates and carbide coarsening [21, 22]. 
As a result, the composition of C and Cr at the weldment, as shown in Table 1, is  
reduced due to carbon segregation to form Cr-carbide precipitates. 

(c) 

(a) (b) 

(d) 

Fig. 4 a Overview of sectioned sample for microstructure observation at outlet (A), inlet (C) and 
weldment (B) regions; b tempered martensite microstructure observed at outlet (A); c tempered 
martensite and GBF microstructure at weldment (B); and d tempered martensite microstructure at 
inlet (C). Take note that the micrograph of inlet region (C) has been enlarged with magnification of 
20×
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3.4 Hardness Profile 

Hardness test was conducted for the choke body near to the welded region by using 
Vickers microhardness. The hardness value is influenced by the heat input level, 
chemical composition and microstructure development during welding. The profile 
of hardness is aimed to reveal any effect of hardness and microstructural dependence 
on PWC. Three (3) measurements of 25 indentation points were plotted across the 
region of the weldment, with a distance of 0.5 mm between an indentation. Figure 5 
displays the hardness profile across the distance. The average hardness value as 
shown in Table 3, indicated the hardness value at weldment-fusion boundary of

Fig. 5 Indentation points during hardness test and hardness profile across the distance (mm) of 
parent metal (outlet and inlet) and welded region 

Table 3 Average Vickers microhardness (HV) of the welded region and parent metal 

Measurement Fusion boundary-welded 
region (HV) 

Outlet parent metal (HV) Inlet parent metal (HV) 

1 290 228 200 

2 309 224 211 

3 283 221 213 

Average 294 224 208 

Standard Dev. 13.5 3.5 7
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294 HV based on the three hardness measurements. Both outlet and inlet materials 
indicated a hardness value of 224 HV and 208 HV, respectively. The hardness level 
of weldment and the other region is considered more than those recommended based 
on NACE standard practice, SP0472 in H2S-containing environment which ruled 
out the maximum allowable weld deposit hardness of 210 HV and 248 HV for heat-
affected zone (HAZ) to prevent environmental crack occurrence [23]. By taking into 
account on the structure of body-centered tetragonal (BCT) of the alloy, the carbon 
trapping in the alloy following the carbide precipitation, induced strain field in the 
cell and restricted the dislocation movement. The precipitation of carbide in (Cr, 
Mo) will then begin, and thus, the precipitation strengthening becomes effective 
[24–26]. Furthermore, as the weldment having a mixture of martensite and GBF, 
the carbide coarsening became inevitable and increases the strength and hardness. 
Coarser carbide determines the increase of hardness value. The use of Hollomon-
Jaffe parameter is usually referred to dictate the changes in the hardness of steel 
during tempering [27, 28].

3.5 Damage Analysis 

The inspection of point of leakage is applied by using dye penetrant test to the 
choke body. A pin-hole was identified as marked by yellow arrows shown in Fig. 6a. 
From the inspection, two pinholes in the size of less than 10 mm were detected at 
the weldment region. Observing to the internal body (Fig. 6b), pink colorant of dye 
penetrant marked the exact location of pinhole, depicted by yellow arrow. The pinhole

(b) 

Fig. 6 Image of pinhole located at weldment a observing from the outer choke body. The inset 
image displays the enlarged image of the pinhole in red dash box, and b pink colorant from dye 
penetrant test indicated the location of pinhole, observed from inner choke body



30 J. Alias and N. A. Alang

is located at the corroded region which was deeply aggravated than the surrounding 
regions.

3.6 Localized Damage by Erosion Corrosion 

Figure 7 displays the micrograph of the corroded choke body adjacent to the severely 
degraded weldment. Erosion corrosion is obviously figured based on the flow pattern 
direction. In this case, the flow pattern has obviously followed the direction to 
the outlet suggesting the occurrence of vortices of flow. Under the operational 
temperature (6.6–120 °C) and pressure of about 800 psi, at the corroded area, the 
flow-accelerated corrosion or erosion corrosion is possible. 

According to Barker et al. [16], corrosion failures occur in regions where the 
steady-state flow patterns are disrupted, such as over the internal weld beads on 
the pipe body. In this case, the erosion or flow pattern near the region revealed 
the phenomenon of vortices flow, which primarily contributed to erosion corrosion 
and led to PWC of the weld bead at the same time. Impingement on the weld bead 
occurred as a result of fluid ejection due to the formation of flow vortices. Previously, 
Nøkleberg and Søntvedt [6] stated that cavitation occurs in chokes for multiphase 
flow if the local pressure is lower than the water vapour pressure. Due to moisture and 
gas flow, the hydrocarbon gas bubbles produced in the choke inlet collapse, resulting 
in cavitation formation. The presence of a high flow rate could also lead to high shear 
stress that could reduce the stability of the film of the inhibitor. According to [29], the 
existence of an inhibitor improved the galvanic impact of a weld and other regions. 
Serious localised corrosion of the welded metal can easily occur, in particular erosion

Fig. 7 Localized damage including erosion corrosion and preferential weld corrosion (PWC)
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and galvanic corrosion at high flow rates and with a reducing of the efficiency of 
the inhibitor. Thus, even under inhibited conditions, the presence of fine debris from 
the corrosion product in the internal choke, especially at the weldment area, induces 
erosion and preferential weld corrosion. The instability of the inhibitor film at the 
weldment, especially near the eroded area, and its electrochemical negativity cause 
the weldment to be selectively disrupted compared to the other region.

3.7 Preferential Weld Corrosion (PWC) 

Also displayed in Fig. 7 is the preferential weldment corrosion which contributed to 
the leakage. It is demonstrated that the leak of the pipeline should be attributed to the 
galvanic corrosion or preferential weld corrosion induced by less corrosion resistance 
and electronegativity of weldment compared to the inlet and outlet region [15, 19]. 
In this operation, nickel filler type ER7018 was employed for the welding of choke 
body. According to [19], a variation of regions of weldment possesses a different 
electrochemical potential value that contributed to a variation of susceptibility to 
corrosion. The weldment is anodic to the parent metal, then the localized metal loss 
can be easier to take place in this region. 

The composition of the region, as tabulated in Table 1, confirmed that the 
chromium weight percent at weldment is 0.0926 wt.%, which is less than 5 and 
12 times the composition of the chromium at the inlet and outlet regions, respec-
tively. As a result of the lower chromium content, the weldment has lower corro-
sion resistance than regions with higher chromium content Any high chromium 
content region is expected to have galvanic resistance due to the significant effect of 
chromium content. Furthermore, the formation of Cr-rich compounds in the corro-
sion product, i.e. FeCO3, also offers corrosion resistance. The more chromium in the 
alloy, the greater the amount of chromium compounds that form the protective layer 
[30]. However, in this situation, the impact of flow vortices aggravates corrosion 
at the weldment. This effect is exacerbated further by the limited surface areas of 
the weldment (anode) in comparison to the large surface area of the parent content 
(cathode). The increased hardenability of alloyed steel caused by coarsening of Cr-
rich carbide precipitates often increases localised corrosion caused by microstructure 
transformation [19]. 

3.8 A Synergy of Erosion-Preferential Weld Corrosion 
(PWC) Effect 

From the damage analysis, it can be found that the extensive metal loss was located 
right beside the choke seat location that possibly where the initiation of the gas 
vortex. This position also exhibited a reduction in wall geometry, which contributed
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Fig. 8 The impact of stress concentration, non-protective corrosion product and galvanic reaction 
on the PWC 

to the gas vortex. The droplets and particles in the vortices flow leading to alloy’s film 
thinning that can weaken the corrosion resistance at the weldment. The geometric 
inhomogeneity near the welded joint can also lead to stress concentration at the weld 
bead [31]. High stress can affect corrosion by changing the properties of the corrosion 
product film and disrupts over the weld bead. Because of the action of the stresses, 
localised corrosion tends to occur at the weld bead, and the corrosion product film 
integrity and adhesion is lost. The corrosion product completely detached and offered 
no protection, as well as no resistance due to the lower chromium content. The impact 
of stress concentration, non-protective corrosion product and galvanic reaction on 
the PWC is illustrated in Fig. 8. 

3.9 Analysis of Corrosion Product 

The corrosion product is viewed in the brownish color, the common iron carbonate, 
FeCO3 composition. The SEM micrograph of the corroded choke body with the 
accumulation of corrosion product is depicted in Fig. 9. As exhibited in the figure, 
the surface appeared to have tiny pits and loose corrosion products. Cracks can also 
be seen that were caused by surface dehydration. 

A few EDX analysis was carried out to reveal the chemical compositions of the 
corrosion product. Figure 9 showed one of the SEM–EDX spectrum 1 result. The 
corrosion product mainly contained the elements of C, Al, Si, S, Cr, Mn, Fe and 
Ni. The elements of Si, Cr, Mn, Fe and Ni were from the metal-based elements.
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Element Weight % 
C K 19.82 
O K 13.01 
Si K 0.33 
S K 1.09 
Cr K 0.52 
Mn K 1.69 
Fe K 54.85 
Ni K 8.69 
Total 100.00 

Fig. 9 SEM micrograph and EDX spectrum of the corroded choke body with accumulation of 
corrosion product consists of iron carbonate, FeCO3 

Carbon, C and oxide, O elements were also considered as the corrosive elements, 
with the high composition (%) was found. The corrosion product on the alloy was 
also analyzed with XRD spectra as provided in Fig. 10. The peak was found match 
with the composition of FeCO3. Detection of some compounds such as FeS seems 
limited, probably due to less presence of H2S. Also, there must be some compounds, 
such as Fe2O3 compounds, which were undetected by XRD. 

Two phase chemical reactions that involve in the formation of corrosion product 
are provided in the reaction (1)–(6) [3]. The iron carbonate, FeCO3 are the main 
corrosion products of carbon steel typically formed in the reaction involved with 
CO2 corrosion. The medium in operation is also containing wet gas of H2S that 
reacted with CO2. CO2 then is dissolved in the medium and formed weak H2CO3 

acid resulting in an acidic and corrosive solution that ingresses damage of carbon 
steel. The reaction scheme is shown in the following (1)–(4) reactions. 

Fe ⇌ Fe2+ + 2e− (1) 

CO2(g) ⇌ CO2(aq) (2)
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Fig. 10 XRD analysis indicating FeCO3 as the main corrosion product. Low peak intensities 
dedicated to FeS, due to the presence of H2S 

CO2(aq) + H2O(l) ⇌ H2CO3(aq) (3) 

Fe + 2H2CO3(aq) ⇌ 2FeCO3 + 2H2O(l) (4) 

H2S(g) ⇌ H2S(aq) (5) 

Fe + 2H2S(aq) ⇌ FeS + 2H2O(l) (6) 

Besides, FeS is also formed as a corrosion product from the second phase reaction 
of carbon steel with the H2S from the following chemical reactions (5) and (6). 
However, less intensity of FeS peak is presented in XRD analysis, due to the little 
percentage of H2S composition in the medium. Corrosion products are generally 
protective or corrosive depending on pH and ambient temperature. The morphology 
and composition of the corrosion product decide whether an attack manifests itself 
as worst-case corrosion, low corrosion with protective films, or mesa corrosion. The 
corrosion layer also affects the efficiency and availability of the corrosion inhibitor 
at the surface and thus play an important role for the inhibitor. When the FeCO3 

product is formed at a high temperature, normally greater than 60 °C, the formation 
rate is rapid and the supersaturation is low. Dense crystalline films that offer good 
protection often are created. While, with the low temperature of the medium, the 
relative supersaturation of FeCO3 product formation is high. The corrosion product 
exhibited low crystallinity, porous, loosely adherent, and much less protective than 
those formed at higher temperatures [32].
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4 Conclusions 

Throughout this analysis, the following points could be drawn: 

(1) The dominant cause of leakage in the choke valve is preferential weld corrosion 
(PWC) at the weld bead in the CO2 medium. 

(2) PWC is exacerbated by the action of the stresses and the formation of non-
protective corrosion product film. The flow pattern associated with the erosion 
corrosion was evidenced due to the turbulence/vortex flow that induces stress 
within the weldment. 

(3) The coarsening of chromium carbide precipitates increases the hardness value 
at weldment. 

(4) The driving force for the PWC is less chromium composition of the weldment 
region that decreases the corrosion resistance of the weldment. It is also asso-
ciated with the galvanic effect from the difference between the areas of the 
weldment and the inlet and outlet. The weldment region acts as the anode with 
the small area as compared to the large area of the parent material that served 
as the cathode. 
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Investigation of Tool Wear Mechanisms 
in Face Milling of Inconel 718 
with Different Cutting Fluids 

Tiyamike Banda, Man Shen Song, Ali Akhavan Farid, and Chin Seong Lim 

Abstract Inconel 718 is a hard-to-machine nickel-based alloy used for aerospace 
component manufacturing. The machining of Inconel 718 causes severe tool failure 
due to the heat generated by high friction forces. Therefore, cutting tool performance 
can be optimized by using a suitable cutting fluid. This paper compares the effects 
of synthetic and oil-based cutting fluids on wear mechanisms and failure modes of 
the PVD-TiAlN/NbN coated inserts during face milling of Inconel 718. Face milling 
was conducted by varying cutting speed at constant feed rate, axial and radial depth 
of cut. Flank wear (VB) was measured before the inserts were examined in SEM and 
EDX for tool wear mechanisms characterisation. Chipping, built-up edge (BUE) 
and severe notching were the most dominant failure modes observed in all cutting 
conditions. Pitting, galling and coat delamination associated with chipping and minor 
BUE were observed at low cutting speed. At high speed, progressive nose notching 
was the main cause of tool failure. At low cutting speed, dry cutting produced the 
longest tool life followed by oil-based and synthetic cutting fluids. At higher cutting 
speed, synthetic fluid had the longest tool life followed by oil-based cutting fluid and 
dry cutting. This research provides an insight on the influence of cutting speed to the 
choice of cutting fluids during machining so that tool wear can be minimized. 

Keywords Cutting fluids ·Wear mechanisms · Tool life · Inconel 718 

1 Introduction 

Inconel 718 is widely used in the aerospace industry due to their superior mechan-
ical, thermal and corrosive properties. It has exceptional application in jet engines 
and turbine, which are exposed to high thermal and fatigue stresses. However, it is 
hard to machine due to high mechanical strength and hardness, formation of highly
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abrasive carbide particles in the microstructure, high work hardening, low thermal 
conductivity and strong tendency to weld and form BUE during machining [1]. 

The main modes of tool failure during milling of Inconel 718 are flank wear chip-
ping, BUE, notching and abrasion. However, most researches seldom considered 
unprecedented tool failure caused by galling, pitting, flaking and coating delami-
nation. Galling is induced by adhesion and particle diffusion, which often occurs 
while metal surfaces are in contact or slide against each other, thus, it is a common 
issue in metal sheet forming industries [2]. Whereas flaking is caused by the high 
temperature generated at the chip-tool interface [3]. Pitting corrosion leads to small 
cavities induced by the chemical reaction of the medium environment or workpiece 
especially those materials that contain aggressive chemical chloride [4]. These tool 
wear mechanisms and failure modes can be minimised by reducing the heat and 
friction forces by applying the cutting fluids during the machining process. 

The cutting fluid is always considered an important machining element, which 
helps to improve tool life when cutting hard-to-machine metals. Cutting fluids are 
applied to minimise heat at relatively high cutting speed and reduce friction at rela-
tively low speed [5]. Cutting fluids can be classified as water-based or oil-based 
which represent the cooling capability and lubrication properties, respectively [6]. 
Normally, the water-based fluids are applied for both cooling and lubrication while 
the oil-based fluids are specifically applied for lubrication. The water-based cutting 
fluids are more apt to be used in high speed regime while oil-based cutting fluids 
are more apt to be used in low speed regime [5, 6]. Pereira et al. [7] found out that 
ECO-350 recycled oil and oleic sunflower oil improved tool life by 30% and 15% 
respectively compared to commercial canola oil. It was also observed that oil–water 
emulsion can reduce tool wear more than ethanol [8] because of good combination 
of cooling and lubrication properties. Sterle et al. [9] discovered that the addition 
of solid lubricant molybdenum di-sulphide (MoS2) in oil-based coolant enhanced 
cooling property which gives a better surface finish than normal oil-based coolant. 

In recent years, cryogenic cooling method had been used as an alternative 
cooling technique during machining of Inconel 718. Chaaban et al. [10] observed a 
higher work hardening on Inconel 718 surface during CO2 cryogenic cooling which 
increases the friction due to low lubrication. The internal CO2 CryoMQL (minimum 
quantity lubrication) and external CryoMQL has less cooling property which reduces 
tool life as compared to conventional oil-based flood coolant [11]. It was observed 
that cryogenic CO2 cooling reduced the cutting force by 23% which minimised 
notching, flaking and abrasion wear and improved the surface roughness by 88% 
compared to dry cutting [12]. An alternative to CO2 in cryogenic is LN2. Halim et al. 
[13] found out that cryogenic CO2 has better cooling property which improves tool 
life more than cryogenic LN2 cooling. Zhang et al. [14] discovered that addition of 
micro-droplets of vegetable oil to cryogenic compressed air increased lubrication 
and improved tool life by 1.57 times as compared dry cutting. 

Beside cryogenic cooling, there are new discoveries of nano-particles which 
improve the lubrication properties of cutting fluids. The addition of nano-particles 
improved the cutting fluids by reducing circularity errors, burr heights and thrust 
force which are common problems experienced in oil-based flood cooling and MQL
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conditions [15]. Bertolini et al. [16] observed that graphene nano-platelets improved 
surface roughness and cutting force by 38% and 59%, respectively as compared to 
oil-based fluids. Marques et al. [17] discovered that the MoS2 solid lubricants in LB 
2000 oil minimised notching, abrasion, diffusion and chipping wear which increased 
the tool life by 12% and 46% as compared to dry cutting and pure LB 2000 fluid, 
respectively. 

Although advanced techniques such as nanofluid have shown substantial improve-
ment in lubrication properties, the conventional water-based synthetic and oil-based 
fluids still offers the best cooling and lubricating properties. Most of the researches 
focused much on the effect of various cutting fluids on tool wear evolution, cutting 
forces, and surface roughness. However, the characterisation and identification of 
wear mechanisms, which influence unprecedented failure modes of tools are equally 
important in the optimisation of tool life. This research presents the study of the tool 
wear mechanisms, failure modes and tool life of PVD TiAlN-NbN coated cemented 
carbide insert under the application of synthetic and oil-based cutting fluids during 
face milling of Inconel 718. The effect of different cutting speeds on the selection of 
cutting fluid for CNC milling of Inconel 718 will also be discussed in this research. 

2 Methodology 

2.1 Materials and Methods 

The experiment was carried out on a 14 kW model of DMC 835V-DECKEL MAHO 
CNC milling machine. Figure 1 shows the CNC milling environment and the equip-
ment used for the experiment. TiAlN-NbN coated cemented carbide inserts with 
32 mm diameter face milling cutter were used in this research. The cutter was 
placed at the centerline of the workpiece and symmetric face milling was chosen 
as the milling method. The symmetric milling method was more apt to tool wear 
phenomenon which was dominant of end of tool life instead of tool breakage. The 
cutting insert had an approach angle of 45°; rake angle of 18°; radial rake angle 
of 8°. The synthetic cutting fluid consists of 50% water, 20% corrosion Inhibitors, 
29% Bio-stable Agents and 1% Biocides. The oil-based cutting fluid consists of 85% 
mineral oil-15% additives to water ratio of 1–18 to prevent fire risk or creating smoke 
that will result in an unsafe work environment because pure oil has poor heat dissi-
pating properties which are not suitable for high-speed milling process. The cutting 
process was performed on 100×50× 25 mm Inconel 718 block. Rough milling was 
done by removing 1 mm axial depth in all surfaces before commencing the main 
experiment. The chemical composition of the Inconel 718 and tool properties are 
shown in Tables 1 and 2. The PVD coated tools were tested at 3 cutting speeds which 
were 50, 75, 100 m/min. Dry cutting was performed for comparison purpose. The 
constant feed rate (f ) was 0.08 mm/tooth and axial depth of cut (ADOC) was 1 mm.
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Fig. 1 CNC milling set-up and the characterization equipment 

Table 1 Chemical composition of Inconel 718 

Element C Cr Mo Ti Ni Nb Al Cu Si Fe 

Weight 0.08 21 3.3 1.15 55 5.5 0.8 0.3 0.1 12.8 

Table 2 TiAlN-NbN coating properties 

Vickers hardness Oxidation 
temperature (°C) 

Friction coefficient Thickness Surface roughness 

2800 800 70 2–4 µm 40 

The coated cutting tool inserts were tested at 3 cutting speeds under synthetic, 
oil-based cutting fluids and dry cutting conditions. The experiments were interrupted 
at least 5 times during the machining trial to measure the flank wear, chipping and 
examine other failure modes under stereo microscope. 

The worn inserts were collected and characterized thoroughly by an EDX analysis 
under a scanning electron microscope (SEM). The SEM EDX analysis was performed 
to study the coating delamination and diffusion of chip material on the cutting edge 
of the tool. The experiments were terminated when the tool inserts reached the end



Investigation of Tool Wear Mechanisms in Face … 41

of tool life. The end of tool life was determined based on the following tool wear 
criteria [18]: Average flank wear (VB) of any insert reached 0.7 mm (4 cutting inserts 
per test) or chipping and flaking larger than 0.4 mm occur or maximum flank wear 
depth reached 1.2 mm and fracture. 

3 Results and Discussion 

3.1 Effects of Cutting Speed on Tool Wear and Tool Life 

The tool wear measurement and dominant wear mechanisms under various cutting 
speed were observed and measured under the stereo-microscope. The tool life was 
observed to decrease with an increase in the cutting speed for all the cutting condi-
tions, as shown in Table 3. This was because the temperature increased with cutting 
speed, which weakens the bonding strength and hardness of the tool coating, even-
tually facilitating the abrasion and TiAlN-NbN coating delamination. The second 
reason was due to an increase in dynamic forces and vibration, which facilitate the 
heavy shock and fatigue to cause severe chipping and notching. 

Figure 2 shows the average flank wear measurement taken on 4 inserts of the cutter. 
The tool life for the dry cutting condition was 47 min, outperforming all cutting fluids 
at a low cutting speed of 50 m/min. The average flank wear formed slowly in dry 
cutting (Fig. 2a) than in cutting fluids condition at low speed because of moderate 
heat, which minimised wear mechanisms like abrasion, oxidation and diffusion. 
However, dry cutting enhanced thermos-softening of Inconel 718, which significantly 
reduced the impact of the cutting force and friction to minimise mechanical wear. On 
the other hand, cyclic thermal shock or rapid variation of cutting temperature caused 
by cutting fluids hardened the workpiece surface by heat treatment, which increased 
the friction force, thereby accelerating mechanical failure on the tool’s cutting edge 
[19]. Thus, the precipitation hardening of Inconel 718, which increased the cutting

Table 3 Tool life for all cutting conditions at f = 0.08 mm/tooth; ADOC = 1 mm  

V (m/min) Cutting condition Tool life (min) 

50 Synthetic cutting fluid 29 

Oil-based cutting fluid 33 

Dry cutting 47 

75 Synthetic cutting fluid 21 

Oil-based cutting fluid 19.5 

Dry cutting 16 

100 Synthetic cutting fluid 18.5 

Oil-based cutting fluid 16 

Dry cutting 9.5
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tool failure 

(b) (a) 

(c) 

Fig. 2 Average flank wear at cutting condition at a V = 50 m/min; b V = 75 m/min, and c V = 
100 m/min 

force accelerated coating delamination, galling, chipping, and flaking. The tool life 
with oil-based cutting fluids was slightly longer (33 min) than the synthetic cutting 
fluids (29 min) at a low cutting speed of 50 m/min. This was attributed by lubricating 
effects of oil-based fluid, which reduced some friction forces to minimise abrasion 
wear [20]. Therefore, dry cutting was preferable when face milling Inconel 718 at 
low speed, followed by oil-based and synthetic cutting fluids.

At moderate and high cutting speed, the rate of tool wear with dry cutting tremen-
dously decreased (Fig. 2b and c), yielding the shortest tool life at 100 m/min, as shown 
in Fig. 2c. During dry cutting, the cutting zone experienced high temperature, which 
caused thermally induced wear mechanisms, such as diffusion, oxidation, plastic 
deformation, and adhesion wear [21, 22], which significantly increase the unprece-
dented failure modes like abrasion, chipping, and other stress-related failure modes. 
It was noted that at high speed regime, heat accumulated at the chip-tool interface 
region. Under such condition, high cutting forces caused by hardened Inconel 718 
surface accelerated some mechanical failure mechanisms like galling wear due to 
cyclic adhesion. However, the synthetic cutting fluid gave a better performance than 
oil-based cutting fluid, in terms of minimising flank wear to improve tool life at 
75 m/min and 100 m/min, as shown in Table 3. This was attributed to a low penetra-
tion rate of oil-based coolant to provide sufficient cooling due to limited wettability, 
inhibiting heat reduction on the tool-workpiece contact zone. On the other hand, 
the flood cooling of water-diluted synthetic fluids offered the best wettability, which 
improves the heat dissipation capability on the shear zone [23], providing better 
cooling and lubrication effect than oil-based fluids at the highest temperature region 
[24], while preventing chemical wear using anti-oxidants. Thus, the cooling effect
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of synthetic fluid reduced the thermally induced failure mechanisms at moderate and 
high cutting speed [22], thereby minimising progressive chipping, pitting, galling, 
and coat delamination to improve tool life. Therefore, the tool life at moderate and 
high cutting speed was more dependent on cooling than lubrication effect of the 
cutting fluid. Hence, a cutting fluid with a better cooling effect (synthetic) is more 
suitable for cutting Inconel 718 at a high cutting speed more than 75 m/min. 

3.2 Failure Modes and Wear Mechanism Under SEM 

To comprehend the development of tool wear mechanism, which influenced the 
tool life, the rake face and edges of worn tool inserts were examined under 
the SEM. The wear modes and mechanisms observed include galling, pitting, 
flaking, coating delamination, progressive and severe chipping. The dominant 
wear modes/mechanism at various cutting speed under different cutting fluids/dry 
cutting conditions are shown in Table 4. The dominant wear modes evolved from 
micro-chipping to severe chipping at highest cutting speed. 

At the low cutting speed, the dominant failure modes for all cutting conditions were 
galling, flaking and coating delamination. Based on Fig. 3a and b, it was observed that 
the galling and flaking on rake face and cutting edge occurred at low cutting speed. 
The occurrence of galling failure signified diffusion mechanisms of TiAlN particles 
to Inconel 718 surface due to high friction at the chip-tool interface region. The 
localized heat zone at chip-tool interface increased during machining which induces 
the plasticity of TiAlN coating properties and caused the diffusion of tool material 
resulting in galling after subsequent cuts [2]. Flaking is caused by the interaction of 
high thermal and mechanical stress at the chip-tool interface [3]. The sudden impact 
when the tool penetrated the workpiece removes large fragments of tool material as 
shown in Fig. 3a. 

Table 4 Dominant tool wear mechanisms observed on the worn inserts 

V (m/min) Cutting condition g p fl cd pc sc 

50 Synthetic fluid ✓ ✓ ✓ 
Oil-based fluid ✓ ✓ ✓ 
Dry cutting ✓ ✓ ✓ 

75 Synthetic fluid ✓ ✓ ✓ ✓ 
Oil-based fluid ✓ ✓ ✓ ✓ 
Dry cutting ✓ ✓ ✓ 

100 Synthetic fluid ✓ ✓ ✓ 
Oil-based fluid ✓ ✓ ✓ 
Dry cutting ✓ ✓ ✓ 

g: galling, p: pitting, fl: flaking, cd: coating delamination; pc: progressive chipping; sc: severe chipping
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Flaking 
Galling Galling 

Coating Delamination Flaking 

Galling 
Chip adhesion 

(a) (b) 

(c) 

Coating Delamination 

Coating Delamination 

Coating Delamination 

Tungsten 

Nickel 

(e) 

Pitting Mark 

(d) 

Fig. 3 SEM micrograph of tool wear mechanisms under a synthetic fluid at V = 50 m/min; b 
oil-based fluid at V = 75 m/min; c synthetic fluid at V = 75 m/min; d EDS of a new insert and e 
EDS of used insert for synthetic fluid V = 75 m/min 

The EDX analysis in Fig. 3d and e extracted the chip-tool interface region to 
determine the coating delamination and chip adhesion phenomenon. Based on the 
comparison between Fig. 3d and e, a large amount of tungsten (W) was detected 
which initially settled under the TiAlN coating layer. This implied that the coating 
layer was peeled off to expose W from the substrate. The TiAlN-NbN coating gets 
peeled together with the welded chips as they get removed when the tool insert re-
enters or exits the workpiece. Besides, the EDX analysis, Fig. 3e also showed that the 
presence of Nickel (Ni) was found in the rake face of the coated tool. This suggested 
that the chip adhesion phenomenon happened at the rake face which is caused by the 
diffusion of chip material at high temperature and friction in the contact zone. 

Pitting corrosion existed in oil-based and synthetic cutting fluids at 75 m/min 
as shown in Table 4. The pitting mark under synthetic fluid at 75 m/min is shown 
in Fig. 3c. The occurrence of pitting was due to the chemical reaction between the
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Progressive Chipping 

Severe Chipping 

(a) (b) 

Fig. 4 SEM images of progressive chipping and severe chipping under a dry cutting condition at 
V = 75 m/min and b oil-based fluid at V = 100 m/min, respectively 

environment and tool material. As the presence of chemical composition in both 
cutting fluids, it damaged the passive film at the high-temperature chip-tool interface 
during machining which eventually led to the pitting wear mode [4]. 

As the cutting speed increased, the wear region grows from microscale tool wear to 
progressive chipping which evolved to severe chipping and resulted in tool breakage 
as shown in Fig. 4a and b. At the high cutting speed of 100 m/min, severe chipping 
occurred in oil-based cutting fluids and dry cutting condition which progressed to 
tool fracture by nose notching. This was attributed to high thermal and mechanical 
stresses caused by high temperature due to poor cooling capability of oil-based cutting 
fluid and dry cutting condition. Therefore, the cutting at higher speed makes the tool 
inserts disposed to chipping and plastic deformation. As the chipping progresses, the 
original edge-sharpness is altered by increasing the nose radius, thus, resulting in 
high-stress concentration region at the sharp section which leads to high deformation, 
crack initiation and propagation, and accelerated fracture [19]. 

4 Conclusions 

The effect of cutting speed and performance of synthetic, oil-based cutting fluids, 
and dry cutting condition on wear characteristics of a TiAlN coated cemented carbide 
insert was investigated when face milling Inconel 718. The tool life reduced with 
increase in cutting speed for all cutting fluids/dry cutting tested. The dry cutting 
gave a better tool life, followed by the oil-based and synthetic cutting fluids at a 
low cutting speed of 50 m/min. The synthetic cutting fluid gave a better tool life 
as the cutting speed was raised, followed by the oil-based fluid and dry cutting. 
This was due to the high-speed machining prone to better cooling capabilities than 
lubrication properties. The coated tool in dry cutting gave tool life less than 10 min 
at a high cutting speed of 100 m/min. The dominant wear modes included galling, 
pitting, flaking, coating delamination, progressive and severe chipping under the 
SEM micrographs. The dominant wear modes were growing at higher cutting speed 
from micro-chipping to severe chipping which resulted in tool breakage by severe
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nose notching. The research can also be used to optimise the tool life by selecting 
the best speed and cutting fluids which minimises the failure modes and tool wear 
mechanisms of TiAlN coated inserts during machining of Inconel 718. 
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Assessing Integrated TOPSIS Model 
with Exponential Intuitionistic Entropy 
Measure: A Case Study 

Omar Ayasrah and Faiz Mohd Turan 

Abstract Solving multi-criteria decision-making (MCDM) problems requires 
assigning weights to the problem’s criteria, the determination of criteria weights 
could be subjectively or objectively. Many studies emphasized the effectiveness of 
using objective techniques to derive criteria weights, like using entropy as a measure 
of fuzziness of the fuzzy sets to detect criteria weights. Despite that, still this subject 
under study and debate between researchers. This is due to the importance and effect 
of the criteria weights on the final results. The proposed MCDM method integrates the 
TOPSIS approach with the intuitionistic fuzzy entropy measure in exponential form, 
aiming to have an MCDM method that is simple to be implemented and compen-
sate the need to determining the criteria weights. In this paper, the process of the 
new MCDM method is introduced, with two practical examples to demonstrate the 
simplicity of the proposed method, and to prove its effectiveness without the need 
to determine the attribute weights. At the end of each example, a comparison table 
is provided to benchmark the generated result from the new method with the results 
from other comparable methods. 

Keywords Intuitionistic fuzzy entropy · Exponential intuitionistic fuzzy entropy ·
Intuitionistic fuzzy TOPSIS ·MCDM 

1 Introduction 

In recent complicated life, selecting the best decisions turns out to be a tough part of 
the management job in both private and government enterprises. Recently, decision-
makers have become unwilling to take gut feeling-based decisions, and instead look 
to adapt quantitative techniques to take and analyze their decisions [1]. 

Multi-criteria decision-making (MCDM) methods support decision-makers to 
confront problems with multiple criteria to provide a solution. Usually, a single
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optimal solution for such problems does not exist. So, preferences from decision-
makers differentiate between solutions (alternatives). In other words, MCDM aims to 
aid decision-makers to shortlist alternatives or choose a single alternative that fulfills 
the attributes and is aligned with their preferences [2]. 

The solution of the MCDM problem is derived from the preferences of a group 
of decision-makers and, due to the vagueness and imprecision in the available infor-
mation, DMs use intuitionistic fuzzy numbers (IFNs) to give their preferences and 
build a decision matrix [3, 4]. 

Criteria weights having a significant effect on the final rank of the alternatives 
[5]. The used techniques to detecting weights for attributes could be grouped into 
two categories: subjective, based on decision-makers evaluation (like using AHP), 
and objective, that derived from given decision-makers preferences (like using the 
Entropy method) [6]. Hatefi [7] claimed that using objective methods would be more 
robust and rational than using subjective methods. 

Entropy measure is used to evaluate the fuzziness and vagueness of the fuzzy 
sets [8]. Zadeh [9] presented the fuzzy entropy first. Then Deluca and Termini [10] 
explored the definition of fuzzy entropy. Then, many fuzzy entropy measures were 
introduced, and the IF entropy measure was introduced by Burillo and Bustince [11]. 

2 The Intuitionistic Fuzzy MCDM Method Based 
on the New IF Entropy 

The proposed method aims to integrate a new intuitionistic fuzzy entropy measure in 
an exponential with TOPSIS approach. The process of the new method is presented 
in Fig. 1. 

Fig. 1 The process of the new method
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The rationale of using the IF-Entropy measure in exponential form is to simplify 
the implementation of the new MCDM method, without the need to assign weights 
for criteria. Moreover, engaging the TOPSIS approach would add more simplicity 
to the developed MCDM method. 

3 Illustrative Examples 

Example 1 This example is adapted from Chen et al. [12] and Aikhuele and Turan 
[13], and used by Liu et al. [14]: 

An investment corporation intends to invest a sum of money in the best firm. There 
are three alternatives firm A1 (a car firm), A2 (a TV firm), and A3 (a food firm) to 
be evaluated based on three criteria U1 (risk), U2 (growth), and U3 (environmental 
impact) by three DMs, i.e., the director (D1), the manager (D2) and the assistant 
manager (D3). Suppose that the weights λ1, λ2, and λ3 of the DMs d1, d2, and d3 are 
0.36, 0.32, and 0.32, respectively (Table 1).

• Aggregating the individual assessment matrices by using the IFWA operator to 
have the group assessment matrix (Table 2). 

Table 1 The individual decision matrix for Example 1 

DMs Alternatives Attributes 

U1 U2 U3 

D1 A1 (0.8, 0) (0.5, 0.3) (0.5, 0.2) 

A2 (0.85, 0.01) (0.85, 0.15) (0.8, 0.1) 

A3 (0.99, 0.01) (0.9, 0.05) (0.85, 0.05) 

D2 A1 (0.1, 0.9) (0.15, 0.7) (0.2, 0.6) 

A2 (0.2, 0.65) (0.35, 0.6) (0.3, 0.5) 

A3 (0.25, 0.01) (0.5, 0.4) (0.4, 0.4) 

D3 A1 (0.05, 0.95) (0.2, 0.75) (0.15, 0.65) 

A2 (0.15, 0.8) (0.4, 0.6) (0.3, 0.6) 

A3 (0.35, 0.6) (0.5, 0.4) (0.35, 0.5) 

Table 2 The aggregated assessment matrix for Example 1 

Alternatives Attributes 

U1 U2 U3 

A1 (0.467, 0) (0.311, 0.527) (0.311, 0.414) 

A2 (0.554, 0.155) (0.626, 0.364) (0.554, 0.297) 

A3 (0.849, 0.037) (0.72, 0.189) (0.626, 0.203)



52 O. Ayasrah and F. Mohd Turan

Table 3 The entropy exponential matrix for Example 1 

Alternatives Attributes 

U1 U2 U3 

A1 2.024 2.115 2.432 

A2 1.881 1.930 2.022 

A3 1.252 1.538 1.749

• Calculating the entropy exponential matrix (Table 3).

• Determining the separation measures, closeness coefficient for each alternative, 
and ranking alternative (Table 4). 

Table 5 shows the alternatives’ preference order of the proposed method with a 
comparison with results from other methods. Where the preference order for Zeng 
and Su [15], and Chen et al. [12] coincide with the proposed method results. And 
most of the methods considered alternative A3 as the best one among the three 
alternatives. 

Example 2 Chen et al. [12]: A decision-maker wants to invest money in a company. 
There are six alternatives to be assessed, as follows: 

Table 4 The preference order of the alternatives for Example 1 

Alternatives Attributes d− 
i (A−, Ai ) d+ 

i (A+, Ai ) Closeness coefficient Rank 

U1 U2 U3 

A1 2.024 2.115 2.432 2.083891 3.805867 0.64618 3 

A2 1.881 1.930 2.022 1.63876 3.3692 0.67276 2 

A3 1.252 1.538 1.749 0.955957 2.644133 0.73446 1 

Table 5 A comparison of the preference order of the alternatives for different methods for 
Example 1 

Method Preference order 

Xu [16] A3 > A1 > A2 

Yue [17] A1 > A3 > A2 

Zeng and Su [15] A3 > A2 > A1 

Chen et al. [12] A3 > A2 > A1 

Liu [14] U = −4 A3 > A1 > A2 

U = 0 A3 > A1 > A2 

U = 4 A1 > A3 > A2 

The proposed method A3 > A2 > A1
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(1) A1: a chemical company, 
(2) A2: a food company, 
(3) A3: a computer company, 
(4) A4: a car company, 
(5) A5: a furniture company, 
(6) A6: a pharmaceutical company. 

Considering the following attributes: 

(1) U1: benefits in the short term, 
(2) U2: benefits in the midterm, 
(3) U3: benefits in the long term, 
(4) U4: risk of the investment, 
(5) U5: the difficulty to invest, 
(6) U6: other factors. 

Three experts D1, D2, and D3 evaluated the alternatives with DM’s weights of 0.3, 
0.3, and 0.4 respectively (Table 6).

• The group assessment matrix (Table 7). 

Table 6 The individual decision matrix for Example 2 

DM Alternatives Attributes 

U1 U2 U3 U4 U5 U6 

D1 A1 (0.5, 0.4) (0.5, 0.3) (0.2, 0.6) (0.4, 0.4) (0.5, 0.4) (0.3, 0.5) 

A2 (0.7, 0.3) (0.7, 0.3) (0.6, 0.2) (0.6, 0.2) (0.7, 0.2) (0.4, 0.5) 

A3 (0.5, 0.4) (0.6, 0.4) (0.6, 0.2) (0.5, 0.3) (0.6, 0.3) (0.4, 0.4) 

A4 (0.7, 0.2) (0.7, 0.2) (0.4, 0.2) (0.5, 0.2) (0.4, 0.4) (0.6, 0.3) 

A5 (0.4, 0.3) (0.5, 0.2) (0.4, 0.5) (0.4, 0.6) (0.3, 0.4) (0.7, 0.2) 

A6 (0.6, 0.2) (0.4, 0.3) (0.7, 0.3) (0.6, 0.3) (0.5, 0.4) (0.6, 0.2) 

D2 A1 (0.5, 0.5) (0.8, 0.2) (0.6, 0.2) (0.7, 0.2) (0.6, 0.3) (0.5, 0.4) 

A2 (0.4, 0.5) (0.6, 0.2) (0.7, 0.3) (0.3, 0.4) (0.7, 0.1) (0.8, 0.2) 

A3 (0.5, 0.2) (0.7, 0.2) (0.8, 0.1) (0.7, 0.1) (0.3, 0.4) (0.6, 0.3) 

A4 (0.6, 0.2) (0.3, 0.4) (0.5, 0.5) (0.6, 0.2) (0.4, 0.5) (0.5, 0.2) 

A5 (0.7, 0.1) (0.5, 0.1) (0.3, 0.2) (0.4, 0.3) (0.7, 0.2) (0.4, 0.3) 

A6 (0.7, 0.3) (0.8, 0.2) (0.6, 0.3) (0.6, 0.2) (0.5, 0.3) (0.7, 0.2) 

D3 A1 (0.5, 0.3) (0.7, 0.2) (0.5, 0.3) (0.5, 0.4) (0.7, 0.3) (0.4, 0.3) 

A2 (0.6, 0.3) (0.6, 0.2) (0.6, 0.2) (0.8, 0.1) (0.5, 0.4) (0.6, 0.2) 

A3 (0.7, 0.3) (0.4, 0.4) (0.7, 0.3) (0.4, 0.2) (0.6, 0.3) (0.4, 0.4) 

A4 (0.4, 0.4) (0.6, 0.2) (0.4, 0.2) (0.7, 0.2) (0.6, 0.2) (0.5, 0.3) 

A5 (0.7, 0.2) (0.7, 0.3) (0.6, 0.1) (0.7, 0.3) (0.5, 0.3) (0.3, 0.4) 

A6 (0.5, 0.2) (0.5, 0.3) (0.8, 0.2) (0.6, 0.1) (0.6, 0.2) (0.6, 0.2)
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Table 7 The aggregated assessment matrix for Example 2 

Alternatives Attributes 

U1 U2 U3 U4 U5 U6 

A1 (0.5, 
0.381) 

(0.69, 
0.226) 

(0.462, 
0.327) 

(0.547, 
0.325) 

(0.619, 
0.327) 

(0.405, 
0.381) 

A2 (0.586, 
0.35) 

(0.633, 
0.226) 

(0.633, 
0.226) 

(0.641, 
0.187) 

(0.632, 
0.214) 

(0.633, 
0.263) 

A3 (0.592, 
0.29) 

(0.568, 
0.325) 

(0.71, 
0.191) 

(0.539, 
0.183) 

(0.527, 
0.327) 

(0.469, 
0.367) 

A4 (0.568, 
0.264) 

(0.566, 
0.246) 

(0.432, 
0.263) 

(0.619, 
0.2) 

(0.49, 
0.324) 

(0.532, 
0.266) 

A5 (0.631, 
0.183) 

(0.592, 
0.191) 

(0.466, 
0.2) 

(0.545, 
0.369) 

(0.525, 
0.29) 

(0.482, 
0.298) 

A6 (0.599, 
0.226) 

(0.599, 
0.266) 

(0.722, 
0.255) 

(0.6, 
0.171) 

(0.543, 
0.278) 

(0.633, 
0.2)

• Entropy exponential values, separation measures, closeness coefficient for each 
alternative, and rank of alternatives (Table 8). 

Table 9 presents a comparison of alternative orders for different methods, where 
the proposed method gave the same results as Xu [16], Yue [17], and Cheng [12] 
methods (i.e. A2 > A6 > A3 > A4 > A5 > A1), and for most cases of Zeng and Su’s 
method the best alternative is A2 which is matching with the proposed method’s one. 

4 Conclusion 

The results from the presented examples show the validity of the new method to 
solve MCDM problems simply. The IF-entropy measure has been used in many 
types of research to calculate the criteria weights while solving MCDM. In this 
paper, we proofed by two examples that combining the TOPSIS approach with the 
new proposed intuitionistic fuzzy entropy in exponential form could solve MCDM 
problems. This new method is performed without the need to know or calculate 
attribute weights. In the future, we will study extending this new method to determine 
DM’s weights objectively under an intuitionistic fuzzy environment.



Assessing Integrated TOPSIS Model with Exponential … 55

Ta
bl
e 
8 

T
he
 p
re
fe
re
nc
e 
or
de
r 
of
 th

e 
al
te
rn
at
iv
es
 f
or
 E
xa
m
pl
e 
2 

A
lte

rn
at
iv
es

A
ttr
ib
ut
es

d
− i 
(
A
− ,

 A
i )

d
+ i 
( A

+ ,
 A

i )
C
lo
se
ne
ss
 c
oe
ffi
ci
en
t

R
an
k 

U
1

U
2

U
3

U
4

U
5

U
6 

A
1

2.
33
4

1.
62
3

2.
33
0

2.
08
4

1.
89
5

2.
64
1

2.
93
34

5.
33
09

0.
64
51

6 

A
2

2.
01
8

1.
75
1

1.
75
1

1.
70
4

1.
74
4

1.
78
5

1.
95
70

4.
39
73

0.
69
20

1 

A
3

1.
91
4

2.
02
5

1.
55
9

1.
93
7

2.
14
3

2.
39
8

2.
51
71

4.
92
81

0.
66
19

3 

A
4

1.
94
3

1.
92
9

2.
29
5

1.
76
4

2.
24
3

2.
03
6

2.
57
55

5.
00
55

0.
66
03

5 

A
5

1.
72
6

1.
81
7

2.
12
6

2.
17
0

2.
08
7

2.
21
9

2.
54
94

4.
97
89

0.
66
14

4 

A
6

1.
83
1

1.
87
0

1.
57
6

1.
78
6

2.
02
6

1.
73
1

1.
99
62

4.
43
02

0.
68
94

2



56 O. Ayasrah and F. Mohd Turan

Table 9 A comparison of alternatives preference order of Example 2 for different methods 

Method Parameter Preference order 

Xu [16] A2 > A6 > A3 > A4 > A5 > A1 

Yue [17] A2 > A6 > A3 > A4 > A5 > A1 

Zeng and Su [15] Use the Max operator A2 > A6 > A3 > A5 > A4 > A1 

Use the Min operator A5 > A6 > A1 > A2 > A4 > A3 

Use the IFWHD operator A2 > A6 > A3 > A5 > A4 > A1 

Use the IFWED operator A2 > A6 > A3 > A5 > A4 > A1 

Use the IFOWHD operator A6 > A2 > A5 > A4 > A3 > A1 

Use the IFOWED operator A2 > A6 > A5 > A4 > A3 > A1 

Use the IFOWGD operator A2 > A6 > A5 > A4 > A3 > A1 

Cheng [12] A2 > A6 > A3 > A4 > A5 > A1 

The proposed method A2 > A6 > A3 > A4 > A5 > A1 
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Performance of Assessment Model 
for Injection Moulding Parameters 

Nur Qurratul Ain Adanan, Faiz Mohd Turan , Kartina Johan, 
Anis Izzati Md Yusoff, and Yuen Weng Yee 

Abstract In order to manufacture a better quality of plastic product, the best injec-
tion moulding parameters have to be identified. Therefore, this research studies the 
performance of assessment model for injection moulding parameters using Taguchi 
and ANOVA method. The objective of this research is to identify the best injection 
moulding parameters in producing plastic pallets in term of compressive strength 
when subjected to a constant load. Melting temperature, charging speed and holding 
pressure and polypropylene material were chosen as the parameters to study their 
effect on compressive strength. According to the results obtained, the melting temper-
ature of 230 °C, charging speed of 93 rpm and holding pressure of 25 MPa were found 
to be the best combination of injection moulding parameters to fabricate the better 
performance of plastic pallet which give the maximum ultimate load with 6376.7 kg. 
Based on the statistical ANOVA analysis results, the most significant parameter 
affecting the compressive strength of plastic pallet is melting temperature, which is 
indicated by the percentage contribution of P = 63.67%, followed by holding pres-
sure with 21.79%. Charging speed is the least significant parameter with 2.96%. To 
conclude that, Taguchi and ANOVA method show that melting temperature is the 
most significant parameter in order to get the best compressive strength. 

Keywords Injection moulding · Compressive strength · Taguchi · ANOVA 

1 Introduction 

Nowadays, injection moulding is one of the most common process to manufactured 
various plastic products from the smallest bottles to entire body of cars. Injection 
moulding is a simple manufacturing process where the material is fed into the barrel, 
and injected into the mold and the parts will be produced [1]. Besides that, the product 
design in plastic injection molding had become more complicated and the quality
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requirements also become more stringent. The quality of the products is depending 
on material properties, mold design, part design and selection of molding parameters 
[2, 3]. However, the part design and mold design are done at initial stage of product 
development, it cannot be change easily [4]. So, the proper selection of injection 
parameters is the only method to decrease defects and increase quality [5]. Even 
in this high-tech era, proper selection of injection molding parameters is depending 
on the experience technician and trial and error process [6]. In order to solve this 
problem, optimization of injection molding parameters is a must. 

This study was focused to optimize the injection molding parameters of plastic 
pallet in term of compressive strength which is reflected by the compressive deflec-
tion when subjected to a constant load. Polypropylene will be used in this study. 
Therefore, design of experiment in Taguchi method will be used to optimize the 
injection molding parameters of plastic pallet in term of compressive strength. Lastly, 
ANOVA is used to analyses the results and identify the most influence factor among 
the injection molding parameters. 

2 Methodology 

In this study, the injection moulding process parameters which influence product 
mechanical properties are based on the research of literature review. Polypropylene is 
choosing as a raw material are used to produce plastic pallet with the help of JU2400, 
Haitian injection molding machine. Polypropylene plastic pallet is processed by using 
different set of process parameters like melting temperature, holding pressure and 
changing speed. Each parameter has three levels which are low, medium and high. 
After the parameters was chosen, an appropriate orthogonal array will be selected to 
conduct the experiments. The flow chart of this study is shown in Fig. 1. 

In Fig. 2, L9 orthogonal array is chosen which have 3 injection moulding parame-
ters with 3 level of factors. Next, using the Minitab software, it will generate the exper-
iment condition and run the injection moulding. After the plastic pallet is produced, 
the quality test of compressive strength on the pallet will be conducted. The compres-
sive strength results obtained is used to calculate the S/N ratio to identify the best 
combination of the injection moulding parameters. Furthermore, a statistical anal-
ysis of variance (ANOVA) is performed to analyses and identify which injection 
moulding parameters have the most significant effect on compressive strength of the 
pallet when subjected to a constant load by calculating the F-value and percentage 
of contribution. With the S/N and ANOVA analyses, the optimal combination of the 
process parameters can be predicted.
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Fig. 1 Research flow chart 

Fig. 2 Orthogonal array selection 

2.1 Selection of Injection Moulding Parameters 

There are 3 injection molding parameters namely melting temperature, holding pres-
sure and charging speed are used to investigate the effect on the performance of a 
plastic pallet in term of compressive strength when subjected to a constant load. The 
parameters in this study have three level, the melting temperature is select in the
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Table 1 The selected parameters in 3 level 

Symbol Process parameters Level 1 Level 2 Level 3 

A Melting temperature (°C) 210 220 230 

B Charging speed (rpm) 88 93 98 

C Holding pressure (MPa) 25 35 45 

range at 210–230 °C. The range of Charging speed is choosing at 88–98 rpm and 
holding pressure is select in the range at 25–45 MPa. The selected injection molding 
process parameters along with their levels are shown in Table 1. 

3 Results and Discussions 

In this study, the experimental results obtained are analyzed using statistical analysis. 
The analysis will conclude the optimum parameter that will be implemented in the 
compressive strength testing process to achieve the project’s objective which is to 
identify the best combination of injection molding parameters that give the best 
performance of a plastic pallet in term of compressive strength when subjected to a 
constant load. Therefore, the optimum parameters obtained from the Taguchi method 
will be analyzed using Minitab software. As the final step, the data collected from 
the experiments will be analyzed and discussed. 

All the process parameter was set accordingly based on the Taguchi experimental 
design. Each specimen came together with specimen for tensile test and specimen 
for flexural testing. The tests were carried out according to ASTM D638 using a Type 
1 tensile bar on a tensile test machine with a 5 kN load  cell and  flexural  assessed in  
accordance with ASTM D790. 

3.1 Signal to Noise (S/N) Ratio 

This study is focuses on the effect of three process parameters of the mechanical 
performance of the polypropylene plastic pallet. All the results obtained from the 
testing determine the compressive strength when subjected to a constant load and 
analyzed and discussed statistically based on the Taguchi method. This study uses the 
S/N ratio to convert the experimental results as single response instead of using the 
average value to analyzed the compressive strength. The S/N ratio is the statistical 
quantity representing the power of a response signal divided by the power of the 
variation in the signal due to noise. Using the S/N ratio data (in dB) in Table 2, the  
average performance or main effects for each factor are computed. As show in Table 
2, since S/N ratios have not changed significantly, no abnormal were introduced in 
the calculations or measurements. According to the ultimate load test data shown in
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Table 2 Summary of results of tests and S/N ratio values 

Experimental 
number 

Process parameter Ultimate load 
test (×103 kg) 

S/N ratio (dB) 

Melting 
temperature 
(°C) 

Charging 
speed (rpm) 

Holding 
pressure 
(MPa) 

1 230 98 45 5.1602 74.2533 

2 230 93 35 6.3767 76.0919 

3 230 88 25 6.0911 75.6939 

4 220 98 35 4.4078 72.8844 

5 220 93 25 4.9000 73.8039 

6 220 88 45 4.4549 72.9768 

7 210 98 25 5.6267 75.0051 

8 210 93 45 4.7161 73.4717 

9 210 88 35 4.8104 73.6436 

Table 2, it seems that higher melting temperature might have increase the ultimate 
load in some of the experiment runs. 

By using the Minitab19 software, the main effect graph in Fig. 3 shows the changes 
in compressive strength due to variations of injection moulding parameters and the 
sets of process parameters can be estimated further. There are three types of S/N ratio 
used to predict the optimal sets namely the smaller the better, the nominal the best, 
and the larger is better. In this framework, the larger is better quality characteristic is 
chosen to improve the mechanical properties of the part produced through the optimal

Fig. 3 Main effects plot of S/N ratios for compressive strength
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levels of processing parameters. The best combination injection moulding parameters 
in order to get better compressive strength of product when subjected to a constant 
load is based on the graph of main effects plot for S/N ratios in Fig. 3. From Fig.  3, the  
main effects plot for S/N ratios show that the higher melting temperature, the higher 
the S/N ratio while the lower the holding pressure, the higher the S/N ratios. From 
the result, the higher melting temperature with lower holding pressure are the most 
significant parameters and it will give best result of compressive strength. The best 
combination of the injection moulding parameters is 230 °C melting temperature, 
93 rpm charging speed and 25 MPa holding pressure as shown in Fig. 3.

3.2 Analysis of Variance (ANOVA) 

From the F-distribution statistic table, the F(0.05,2,8) = 4.46 for a level of significant 
factor equals to 0.05 (or 95% confidence level). Melting temperature (A) [F-statistic 
= 5.50 > 4.46] is thus identified as significant factor. The ANOVA result of the 
experiment shows the melting temperature have a greatest influence on compressive 
strength when subjected to a constant load. For charging speed (B) [F-statistic = 0.26 
< 4.46] and holding pressure (C) [F-statistic = 1.88 < 4.46] show that both factors are 
not significant to the compressive strength. From this, it indicates the significant and 
insignificant factors to compressive strength. Referring to Table 3, there are 2 out of 3 
processing parameters selected in the experiment show P values greater than 5%. As 
a level of confidence of 95% is used in this study, melting temperature and holding 
pressure are significantly affect the quality characteristics while charging speed is 
least significantly affected. In Table3, the most significant factor for the compressive 
strength of the plastic pallet is melting temperature, which is about 63.67%. Holding 
pressure is the second most influential factor, which is about 21.79% and lastly the 
charging speed contribute the least to the compressive strength with 2.96%. 

Table 3 ANOVA summary for the compressive strength 

Source DOE SS V F P(%) 

Melting temperature 2 2,555,408 1,277,704 5.50 63.67 

Charging speed 2 118,679 59,340 0.26 2.96 

Holding pressure 2 874,645 437,322 1.88 21.79 

Error 2 465,022 232,511 

Total 8 4,013,754 100
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4 Conclusion 

In conclusion, the injection moulding parameters which influence product mechan-
ical properties is identified which are melting temperature, charging speed and 
holding pressure. In this framework, the optimization of injection moulding param-
eters has been successfully developed through the design of experiments by Taguchi 
method. The melting temperature of 230 °C, charging speed of 93 rpm and holding 
pressure of 25 MPa are found to be the best combination of injection moulding param-
eters to fabricate the better performance of plastic pallet which give the maximum 
ultimate load with 6376.7 kg. Based on the statistical ANOVA analysis results, 
the most significant parameter affecting the compressive strength of plastic pallet 
is melting temperature, which is indicated by the percentage contribution of P = 
63.67%, followed by holding pressure with 21.79%. Charging speed is the least 
significant parameter with 2.96%. To conclude that, Taguchi and ANOVA method 
show that melting temperature is the most significant parameter in order to get the 
best compressive strength. 
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Optimising Casting Film Parameters 
for LPDE Material Assessment 

Nur Qurratul Ain Adanan, Faiz Mohd Turan , Kartina Johan, 
Anis Izzati Md Yusoff, and Wong Hui Xin 

Abstract The growing demand for disposable gloves, especially from the health-
care industry amidst the ongoing Covid-19 pandemic and rising awareness about 
Healthcare-Associated Infections (HAIs). One of the ways to produce disposable 
gloves is using cast LDPE film machine. The quality of the products depends on 
material resin used, machine casting film design, part design and the selection of 
process parameters. However, the part design and casting film design are done at the 
initial stage of product development, it cannot be change easily. To manufacture a 
better quality of cast LDPE gloves, the best LDPE casting film parameters have to 
be identified. This research aims to identify the best LDPE casting film parameters 
in producing disposable gloves in terms of strong sealed but edges failed defect rate 
in production line. The three LDPE casting film parameters such as tensile strength, 
melt flow index (MFI) and load weight of resin were chosen to study their effect 
on the defect rate. In this research, the Taguchi method is used to optimize the best 
process parameters. On the other hand, an orthogonal array (OA), signal-to-noise 
(S/N) ratio, and ANOVA were employed to investigate the strong sealed but edges 
failed defect rate. According to the results obtained, the tensile strength of 34 MPa, 
melt flow index of 3 g/10 min and load weight of 2 kg were found to be the best 
combination of LDPE casting film parameters to fabricate the better performance of 
LDPE disposable gloves which give the lowest strong sealed but edges failed defect 
rate with 2%. Based on the statistical ANOVA analysis results, the most significant 
parameter affecting the strong sealed but edges failed defect rate of LDPE disposable 
gloves is tensile strength, which is indicated by the percentage contribution of P = 
55.56%, followed by melt flow index with 38.89%. The load weight of LDPE resin 
is the least significant parameter with 5.55%. To conclude, Taguchi and ANOVA 
method show that tensile strength is the most significant parameter to get the least 
strong sealed but edges failed defect rate.
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Keywords Low-density polyethylene · Orthogonal array ·Melt flow index · Load 
weight 

1 Introduction 

Polymer mechanical characteristics, particularly as a function of temperature and 
strain rate, are critical for the use of these polymers in design. The response of low-
density polyethylene (LDPE) was examined in this research over a wide range of 
strain rates and temperatures. The mechanical reaction is considered to be tempera-
ture and strain rate dependent, with stress increasing with rising strain rate or reducing 
with temperature. 

The key substance of the CPE gloves is all LDPE, LLDPE and some MLLDPE, 
much the same but different manufacture. CPE gloves are fitted with a casting film. 
The casting film device can output as thin as 18 microns, and the thickness and consis-
tency can be very stable, even better than the blowing machine, and the machines are 
therefore much larger than the blowing film machines. Since different film projects 
trigger a very different kind of results. CPE gloves are much better than PE gloves, 
but they’re more costly than PE gloves, and they cannot be that thinner. 

Quality requirements of Low-Density Polyethylene (LDPE) glove products have 
become more stringent. The relationship of tensile strength, melt flow index and 
load weight of casting LDPE is the crucial on in this project. According to Lyondell-
Basell, melt flow index and its tensile strength are tightly co-related to each other 
as mentioned in titled research paper named A Guide Polyolefin Film Extrusion [1]. 
The paper concluded that when the melt flow index (MFI) higher, the tensile strength 
of its LDPE resin will be reduced. 

Nevertheless, both the design of the component and the design of the cast are 
mostly carried out at the initial stage of product creation, which cannot be modified 
quickly and directly. Therefore, the correct selection of process parameters is the best 
way to minimize errors and boost efficiency [2, 3]. Taguchi’s approach is one of the 
versatile methods for developing the right quality framework. Taguchi concepts are 
committed to a simple, effective and comprehensive approach to optimization, cost 
and quality. In comparison, the research conceptual model allows the study of more 
than ten parameters without a considerable amount of testing, making it possible to 
implement much of the technical challenges [4]. The Taguchi approach is generally 
used worldwide for product design and process optimization. The lower number of 
experiments required by this approach resulted in a substantial reduction in costs and 
time [5]. 

This study was focused to investigate the optimum cast LDPE glove parameters in 
disposable film glove processing machine. Taguchi and ANOVA method will be used 
to optimize identified LDPE casting process parameters. In addition, this research 
will determine the significant process parameters of cast LDPE glove’ resin material 
between Lotte and Muntajat.
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2 Methodology 

In this study, the cast LDPE film process parameters which influence product mechan-
ical properties are based on the review of the literature. Low-density polypropylene 
is choosing as a raw material are used to produce LDPE disposable gloves with the 
help of XND-65/100/80x2350, cast LDPE film machine. Low-density polyethylene 
disposable gloves are processed by using different set of process parameters that is 
tensile strength, melt flow index and load weight. Each parameter has three levels 
which are low, medium and high. In Fig. 1, after the parameters was selected, L9 
orthogonal array is chosen to conduct the experiments will be selected based on the 
condition that have 3 cast LDPE film process parameters with 3 level of factors. 
Next, Minitab software will be used to generate the experiment condition and run

Fig. 1 Research flowchart
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the LDPE cast film. After the LDPE disposable glove is produced, the quality test 
of strong seal but edges thin and failed defect on the gloves will be conducted. The 
defect rate results obtained is used to calculate the S/N ratio to identify the best 
combination of the cast LDPE film parameters. Furthermore, a statistical analysis 
of variance (ANOVA) is performed to analyses and identify which cast LDPE film 
process parameters have the most significant effect on strong seal but edges thin and 
failed of the LDPE disposable gloves by calculating the F-value and percentage of 
contribution. With the S/N and ANOVA analyses, the optimal combination of the 
process parameters and best LDPE resin can be predicted.

3 Results 

In this study, the experimental results obtained are analyzed using statistical analysis. 
The analysis will conclude the optimum parameter that will be implemented in 
collecting strong seal but edges thin and failed defect rate to achieve the project’s 
objective which is to identify the best combination of cast LDPE film parameters 
that give the best performance of LDPE disposable gloves in term of lowest defect 
rate. Therefore, the optimum parameters obtained from the Taguchi method will 
be analyzed using Minitab software. As the final step, the data collected from the 
experiments will be analyzed and discussed. 

3.1 Selection of Cast LDPE Film Parameters 

There are 3 cast LDPE film parameters namely melting temperature, holding pres-
sure and charging speed are used to investigate the effect on the performance of a 
plastic pallet in term of compressive strength when subjected to a constant load. 
The parameters in this study have three level, the tensile strength is select in the 
range at 20–34 MPa. The range of melt flow index is choosing at 1–3 g/10 min and 
load weight is select in the range at 1–3 kg. The selected cast LDPE film process 
parameters along with their levels are shown in Table 1. 

Table 1 The selected parameters in 3 level 

Predictor symbol Process parameters Level 1 Level 2 Level 3 

A Tensile strength (MPa) 20 25 34 

B Melt flow index (g/10 min) 1 2 3 

C Load weight (kg) 1 2 3
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3.2 Signal to Noise (S/N) Ratio 

This study is focuses on the effect of three process parameters of the mechan-
ical performance of the low-density polyethylene disposable gloves. All the results 
obtained from the testing determine the strong seal but edges thin and failed, and 
analyzed and discussed statistically based on the Taguchi method. This study uses 
the S/N ratio to convert the experimental results as single response instead of using 
the average value to analyzed the defect rate. The S/N ratio is the statistical quantity 
representing the power of a response signal divided by the power of the variation 
in the signal due to noise. Using the S/N ratio data (in dB) in Table 2, the average 
performance or main effects for each factor are computed. As show in Table 2, since 
S/N ratios have not changed significantly, no abnormal were introduced in the calcu-
lations or measurements. According to the ultimate load test data shown in Table 
2, it seems that higher tensile strength might have less defect rate in some of the 
experiment runs, melt flow index increase, the ultimate load decrease. According to 
the S/N ratio response as shown in Table 2, the highest difference value from each 
factor can be chosen as the best combination of parameters. The rank shows which 
factor affects the strong sealed but edges thin and failed the most starting with tensile 
strength in the first rank followed by melt flow index and the least affecting factor 
that is the load weight. 

By using the Minitab19 software, the main effect graph in Fig. 2 shows the changes 
in strong sealed but edges failed due to variations of LDPE casting parameters and the 
sets of process parameters can be estimated further. In this framework, the smaller is 
better to get better quality characteristic is selected to get less defects of LDPE gloves 
produced through the optimal levels of processing parameters. The best combination 
LDPE casting parameters in order to get smaller defect rate is based on the graph 
of main effects plot for S/N ratios in Fig. 2. From Fig.  2, the main effects plot

Table 2 Summary of results of tests and S/N ratio values 

Experiment 
number 

Process parameter Defect rate 
(%) 

S/N ratio (dB) 

Tensile 
strength 
(MPa) 

Melt flow 
index 
(g/10 min) 

Load weight 
(kg) 

1 20 1 1 8 −18.0618 

2 20 2 2 7 −16.9020 

3 20 3 3 6 −15.5630 

4 25 1 2 7 −16.9020 

5 25 2 3 6 −15.5630 

6 25 3 1 5 −13.9794 

7 34 1 3 5 −13.9794 

8 34 2 1 4 −12.0412 

9 34 3 2 2 −6.0206



72 N. Q. A. Adanan et al.

Fig. 2 Main effects plot of S/N ratios for strong seal but edges thin and failed defect rate 

for S/N ratios show that the higher tensile strength, the higher the melt flow index 
while the medium or moderate the load weight, the higher the S/N ratios. From the 
result, the higher tensile strength with higher melt flow index are the most significant 
parameters and it will give lowest strong sealed but edges failed defect rate. The best 
combination of the LDPE casting parameters are 34 MPa tensile strength, 3 g/10 min 
melt flow index and 2 kg load weight in Fig. 2.

3.3 Analysis of Variance (ANOVA) 

This study is to determine whether any of the differences between the means are 
statistically significant, compare the p-value to your significance level to assess the 
null hypothesis. From Table 3 shows p-value is 0.000, which is less than the signif-
icance level of 0.05. Reject the null hypothesis and conclude that one of the LDPE 
casting resins have different means and it is statistically significant. 

Use the interval plot to display the mean and confidence interval for each group. 
The interval plots show the following: Each dot represents a sample mean. Each

Table 3 Outcome for analysis of variance (ANOVA) 

Source DF Adj SS Adj MS F-value p-value 

Factor 1 96.10 96.10 61.37 0.000 

Error 38 59.50 1.57 

Total 39 155.60
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interval is a 95% confidence interval for the mean of a group. From Fig. 3, LDPE  
Lotte has the lower defect rate and LDPE Muntajat has the lower defect rate. It cannot 
be determined from Fig. 3 whether any differences are practically significant. To 
determine practically significance, assess the confidence intervals for the differences 
of means.

From Table 4, LDPE Lotte and LDPE Muntajat has a confidence interval for its 
mean strong sealed but edges failed defect rate. The multiple comparison results for 
these data show that defect rate of Lotte is significantly lower than Muntajat. That 
LDPE Lotte is better than LDPE Muntajat does not show that LDPE Lotte is good 
enough for the requirement of quality of LDPE gloves. The confidence interval for 
the group mean is better for judging whether LDPE Lotte is less defect and good 
enough. 

Fig.3 Interval plot of defect rate LDPE Lotte and LDPE Muntajat 

Table 4 Means of LDPE Lotte and LDPE Muntajat in Minitab 

Factor N Mean StDev 95% Cl 

Defect rate of Lotte 20 3.550 1.234 (2.984, 4.116) 

Defect rate of Muntajat 20 6.650 1.268 (6.084, 7.216) 

LDPE Muntajat–LDPE Lotte (2.984, 7.216)
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4 Conclusion 

This paper reports the attempt to find best combination of process parameters and 
analysis to select LDPE Lotte or LDPE Muntajat resin for good quality gloves. In 
addition, strong seal but edges thin and failed defect rate is also integrated in the 
proposed method. Once the least defect rate condition is met, the best combination 
of process parameters is selected and thus best resin is chosen. In this framework, the 
optimization of LDPE casting parameters has been successfully developed through 
the design of experiments by Taguchi method. The tensile strength of 34 MPa, melt 
flow index of 3 g/10 min and load weight of 2 kg are found to be the best combination 
of LDPE casting parameters to fabricate the better performance of LDPE gloves 
which give the minimum defect rate with 2%. Based on results, the most significant 
parameter affecting the strong sealed but edges failed defect is tensile strength, which 
is indicated by the percentage contribution of P = 55.56%, followed by melt flow 
index with 38.89%. Load weight is the least significant parameter with 5.55%. 

To conclude that, Taguchi and ANOVA method show that tensile strength is 
the most significant parameter in order to get the lower defect rate. LDPE Lotte 
is more suitable selection to produce LDPE disposable gloves than LDPE Muntajat. 
The research can be extended to use combining between Taguchi method with 
another method such as Neural Network, Response Surface Methodology (RSM) 
and Regression model through Tensile strength and Charpy impact test to get the 
better results. 
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The Effect of Printing Orientation 
on the Mechanical Properties of FDM 3D 
Printed Parts 

Mohd Aidil Nashruffi bin Mohd Khairul Nizam, 
Khairul Izwan bin Ismail , and Tze Chuen Yap 

Abstract Addictive manufacturing (AM) or 3D printing has a huge potential in 
building products especially in a fabrication process. Fused deposition modelling is 
one of AM technologies that rapidly growing due to its ability to fabricate complex 
geometric parts with lower cost. However, this technique requires further improve-
ment and further investigation due to the shortcomings such as poor surface finish and 
low mechanical strength. This work is to determine the best printing orientation to 
print a model for different mechanical properties, namely the tensile strength, impact 
strength, and hardness. ABS specimens are printed out according to the ASTM D638, 
ASTM D785, and ASTM D256 standard for each mechanical property. Experiments 
were conducted to investigate the mechanical properties. Samples printed in YZ (on 
edge) direction showed better tensile and impact behaviors than samples printed in 
XY and ZX directions. However, XY-axis (flat) is the best orientation if maximum 
hardness is the requirement. 

Keywords Additive manufacturing · Fused deposition modeling · Fused filament 
fabrication · Tensile strength · Impact strength · Hardness 

1 Introduction 

Additive Manufacturing (AM), also known as Layered Manufacturing or 3D Printing 
is a group of technologies that can produce a product with a physical prototype 
without any additional tooling and basically just rely on the Computer Aided Design 
(CAD) model. This is an invaluable characteristic because there is a need of quick 
manufacturing of the physical product of a designed part [1]. In recent years, the use 
of the 3D printing technology has been rapidly increasing and this phenomenon is
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Fig. 1 Schematic of 
extrusion-based system [3] 

foreseen. There are several technologies of 3D printing which are stereolithography, 
powder bed fusion/selective laser sintering, direct printing, binder printing, laminated 
object manufacturing and last but not least fused deposition modelling (FDM) or 
fused filament fabrication (FFF), each of the technologies has its own advantages 
and disadvantages [2]. 

Fused deposition modeling (FDM) or Fused filament fabrication (FFF) is one of 
the most popular technologies due to the relative low cost of the FDM printers. FDM 
is a process of layered deposition of plasticized build and support material supplied in 
form of a solid wire by an extrusion head as shown in Fig. 1. The common materials 
for FDM products are Acrylonitrile Butadiene Styrene (ABS), Polylactide (PLA), 
Polyethylene terephthalate (PET) etc. 

During the last decades, additive manufacturing technology has been tested 
and used in various fields and industries such as automotive industry, aeronau-
tical/aviation industry, medical applications and many more. The advantages that can 
be obtained from this technology are the flexibility of the manufacturing, and ability 
of mass customization. However, existing techniques have some weaknesses such as 
weak material combination, lower accuracy, limited choice of materials for certain 
techniques, and limited choice of bio-compatible materials (for medical application). 
Some of these shortcomings such as lower mechanical properties and accuracy can 
be avoided by knowing the proper selection of techniques and materials which affect 
the mechanical properties and dimensional accuracies of the printed object [4–9]. 

There are many investigations that investigated how printing parameters affects 
mechanical properties. In order to determine the impacts of build orientation on 
mechanical reliability on ABS 3D printed products, 47 tests were conducted based 
on ASTM D638 [6]. The experiment used Weibull analysis to analyze the fracture 
strength of the printed specimen in different orientation XY, XZ and C + 45 axis 
with a hole and without a hole. The orientation of the specimens printed is shown
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in Fig. 2. Scanning electron microscope was also used to scan the fracture surface 
of the specimen individually. They found that, sample printed at XZ-axis orientation 
has the highest fracture strength for both specimens with hole and without hole while 
C + 45 has the lowest fracture strength. Similar investigations were conducted by 
Tanoto et al. [7]. They reported strength, dimensional accuracy and printing speed 
of 3D printed ABS at three different printing orientations. The printing orientations 
were XY (flat), YX (on-edge) and ZX-axis (upright), as shown in Fig. 3. The tensile 
specimens were printed based on the ASTM D638 standard tensile test. YX-axis 
(on-edge) has the highest tensile strength which was 7.77 MPa compared to the 
other two which were 6.8 MPa for XY-axis and 3.31 MPa for ZX-axis. The fastest 
printing speed is ZX- axis followed by XY and YX-axis. For the dimensional accu-
racy, thickness, length, and width have been measured for all the test specimens. 
The closest specimen printed according to the standard is ZX-axis which the differ-
ence was 0.2 mm followed by XY-axis and lastly YX-axis. Tensile behavior for 
PLA sample printed at three printing orientations, 0°, 45°, 90° on horizontal plane 
was also investigated [8] and 45° was found to be the weakness in term of tensile 
behavior among all three printing orientations. Although most of the previous inves-
tigations were experimental based, theoretical model was successfully developed 
to understand and predict the ultimate tensile strength of FDM 3D printed PLA 
parts [10]. 

Impact properties of 3D printed ABS samples at four different printing orientation 
were investigated by Roberson et al. [11]. The four orientations are provided in Fig. 4 
and the tests were conducted according to ASTM standard D256. Scanning electron 
microscopy (SEM) was used to perform and explore the fracture surfaces of the

Fig. 2 Specimens printing 
orientation [6] 

XY-Axis                                YX-axis                                 ZX-axis 

Fig. 3 Printing orientation from research [7]
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Fig. 4 Printing orientation for research [11] 

specimens. Impact resistance and impact strength data were collected and analysed 
from the experimental. From the observation and results, Type 2 printing orientation 
has the best impact resistance compared to the rest while Type 4 is the worst. The 
result same goes for impact strength where Type 2 is the best and Type 4 is the lowest 
among all.

In other research work, Chacón et al. [12] investigate the effect of build orienta-
tion, layer thickness and feed rate on the mechanical behavior of 3D printed PLA 
samples. Result shows flat and on-edge orientation have highest strength and stiff-
ness while upright orientation shows the lowest mechanical performance. Based on 
their observations, there are two main failure modes, which are (i) inter-layer failure 
and (ii) trans-layer failure, which also relates to layer-to-layer bonding and direction 
of filament deposition. 

Previous works reported that printing orientations has effect on mechanical prop-
erties. However, most of the previous works focused on the effect of printing orienta-
tions on only one mechanical property. Furthermore, different machines and different 
materials were used in separated work, and this caused direct comparison of results 
from different works is challenging. Therefore, the objective of this study is to inves-
tigate the effects of printing orientation on tensile strength, hardness, and impact 
strength of FDM printed samples from a same machine and same material. Current 
work is aimed to determine the best printing orientation (XY, YZ, ZX-axis) for three 
different mechanical properties.
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2 Methodology 

2.1 Printer and Filament 

The 3D printer model used was 3D Printer Ultimaker 2+ and the filament chosen for 
this experimental was Acrylonitrile Butadiene Styrene (ABS) filament of diameter 
2.85 mm. 

2.2 Sample Preparations 

3D printed samples for tensile, hardness, and impact were prepared according to 
the standard ASTM D638, ASTM D256 and ASTM D785, as shown in Fig. 5. The  
cross-sectional area of hardness sample is 40 × 40 mm2 with height of 6.4 mm. The 
Creo CAD was used to create the models according to the dimension required before 
the file was being transferred to a slicing software, Ultimaker Cura. Ultimaker Cura 
was used in slicing the model file that has been designed into layers and generating 
the g-code. Printing parameters for all samples were remain constant such as layer 
height of 0.15 mm, the nozzle size of 0.4 mm in size and infill of 100%. Besides, 
build plate adhesion was activated to enable easy removal of printed parts. Heated 
bed was set at 90 °C and nozzle temperature was 260 °C. The parameter investigated 
in this work was printing orientation. Three different printing orientations XY-(flat), 
YZ-(on edge) and ZX-axis (upright) were studied and printing orientations for tensile 
samples are illustrated in Fig. 6. No post-processing was applied on printed samples 
before mechanical test. 

(a) (b) (c) 

Fig. 5 FDM 3D printed samples for a tensile, b impact, c hardness
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(a) (b) (c) 

Fig. 6 Printing orientations of tensile samples a XY-axis b YZ-axis c ZX-axis 

3 Experimental Testing 

3D printed samples were tested by using three different tests, tensile strength, impact 
strength and hardness test. 

3.1 Tensile Strength Experiment 

Universal Testing Machine Quasar 25 was used to perform tensile test for total 18 
samples at three different printing orientation (6 tests are done for each orientation). 
The machine’s software GraphWork 5 was used to collect data. The data of each 
testing was then tabulated and averaged. 

3.2 Impact Strength Experiment 

For impact strength, Impact Tester CH/IMP-300TL was used. The specimen was 
placed on the designated area and the impact hammer was controlled by a remote. 
A total of 18 different tests was conducted with 6 tests per orientation. The results 
were obtained from the computer connected to machine, and the average value for 
each orientation was used for discussion. 

3.3 Hardness Experiment 

The hardness tests were conducted on a Sinowon hardness tester. A Rockwell test 
procedure was used to measure the hardness of the 3D printed samples. Time for the 
indentation depth is fixed for 5 s for all the experiments. The results were obtained 
digitally from the screen of the machine and 18 tests were carried out for the experi-
ment. Six tests per orientation were conducted and the hardness values were averaged 
and plotted in a graph for the comparison and shown in the discussion section.
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4 Results and Discussion 

4.1 Tensile Strength 

Tensile results, including yield strength, ultimate tensile strength (UTS) and breaking 
point at three different printing orientations are shown in Fig. 7. Sample printed at YZ-
axis shows the best ultimate tensile strength with the average reading of 15.45 MPa 
and followed by printed at XY-axis with 11.79 MPa and lastly printed at ZX-axis with 
10.29 MPa. However, XY-axis is slightly higher in yield strength and followed by 
YZ-axis and lastly ZX-axis. Thus, specimen printed at YZ-axis is the best printing 
orientation for tensile strength followed by XY-axis and ZX-axis. ZX-axis is the 
weakest because ABS layer patterns produced under this orientation were perpen-
dicular to the direction of tensile force, hence, bonds between layers can be separated 
easily than the other two orientations. Similar results for were reported for ULTEM® 

9085 material [9], ABS [13], and PLA-Sugarcane bagasse fibre composite [14]. 
Liu et al. reported that ‘vertical’ printed sample has lower tensile strength than the 
‘parallel’ printed sample, and it was caused by poor bonding between line and line 
[14]. YZ-axis has the highest tensile strength, and this is because it has more layers 
than XY-axis even they are parallel to the tensile force (Fig. 8), as suggested by Tanoto 
et al. [7]. Current work confirms that printing orientation has significant effect to the 
tensile force of the specimen. If the specimen has more layers during printing, and 
the orientation is parallel to the tensile force, it can hold much better. This finding 
can be used to optimize tensile behavior of model which required tension force. 

Fig. 7 Tensile strength for orientations XY-, YZ- and ZX-axis
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XY-axis YZ-Axis 

Fig. 8 Comparison tension force of XY-axis and YZ-axis [7] 

4.2 Impact Strength 

As shown in Fig. 9, YZ-axis has the highest average impact toughness which is 
1.55 J/cm2 followed by XY-axis at 1.07 J/cm2 and ZX-axis which is the lowest at 
0.27 J/cm2. ZX-axis is the lowest because ZX-orientation produced layer patterns 
that were perpendicular to the impact force, therefore, this caused the bonds between 
layers were easily separated than the other XY and YZ orientations. YZ-axis has the 
highest impact toughness because it had more layers than XY- axis that were parallel 
to the impact force. Sample printed at YZ- axis has more layers due to the specimen 
height during printing under this printing orientation. Additional layers acted as 
additional resistance to impact force. The best printing orientation for impact strength 
is also the best printing orientation for tensile strength, as reported in previous section, 
and similar to previous works [13]. Figure 10 shows the printing point and the height 
of the specimen that makes the specimen stronger in terms of break energy. Higher 
height means more layer during printing because layer thickness for all specimens 
is fixed. Therefore, that is why YZ-axis shows a higher result compared to XY-axis. 
The more layers used during the printing, the stronger it is to break while the printing 
orientation must be parallel to the impact force. Hence, YZ-axis shows the best result

Fig. 9 Impact toughness against orientation of XY, YZ and ZX-axis
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Fig. 10 Printing orientations and height of the specimen during printing 

and is consistent with previous study [11]. Hence, they orientation of printing plays a 
big part because different orientation will give different layers of the specimen. The 
specimen dimension is 125 mm × 12.7 mm × 10 mm. Different orientation will give 
different printing height with the same dimension for each specimen. Increasing in 
height means increasing of layers during printing.

4.3 Hardness 

Figure 11 shows that XY-axis has the highest hardness which is 87.73 HRB followed 
by YZ-axis which is 73.5 HRB and lastly is ZX axis which is the lowest at 65.9 HRB. 
The printing orientation for hardness sample is shown in Fig. 12. XY-axis orientation 
is the strongest because it has the strongest foundation during printing due to larger 
cross-sectional area of 40 × 40 mm2 compared to the rest. Outer layer from another 
end to another end during layer printing is much closer and make it stronger in term

Fig. 11 Hardness against orientation of XY, YZ and ZX-axis
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Fig. 12 Printing orientation of XY, ZX and YZ axis 

of hardness compared to the rest which has small printing cross-sectional area and 
result to a weaker foundation of the model.

ZX-axis orientation is the weakest as it was printed vertically which is weaker in 
foundation and has many layers to be printed in a small area and result to a weaker 
bond between the print layers compared to XY-axis orientation. Therefore, bigger 
cross-sectional area in printing orientation produces a greater hardness for the model. 
This result is in different pattern compared to the tensile and impact strength as it 
depends on how big the cross-sectional area of the printed object is. 

5 Conclusion 

Current works have successfully identified the best printing orientation for ABS to 
optimize tensile strength, impact strength, and hardness. The best printing orientation 
for tensile strength and impact strength is YZ-axis which achieved 15.45 MPa, and 
1.55 J/cm2 respectively, while the best printing orientation for hardness is XY-axis 
at 87.73 HRB. The findings also suggests that the higher the tensile strength of the 
model, the stronger the impact strength of the model. With the results obtained, it 
proves that printing orientation affects the mechanical properties and qualities of 
the models. Hence, a best model in terms of mechanical property can be printed by 
using the optimised printing orientation if the purpose of model is known. Additional 
investigations such as more orientations and reinforcement can be tested to improve 
the strength of 3D printed samples.
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Aerodynamic Investigation 
on Geometrical Features of a Drone 

Z. H. Lim, K.-C. Wong, Linus Lau, K. C. Law, S. H. Tan, and C. S. Lim 

Abstract Among the classifications of unmanned aerial vehicle (UAV), vertical 
take-off and landing (VTOL) has high operational flexibility and controllability. 
However, it has limited endurance due to high energy demand and limited onboard 
energy. Improvement on geometrical design is able to improve its aerodynamic 
performance and enhance endurance. This study aims to numerically investigate the 
geometrical effect on aerodynamic performance of a drone designed by RF Station 
(RFS). The geometrical parameters are the edge radius of drone’s arm and the top 
surface curvature of a body cover added to the RFS drone. The numerical results of 
these modified designs are validated with wind tunnel experimental results, showing 
good agreement. The aerodynamic performances are compared with the original 
drone of RFS and another commercial drone, called DJI Phantom 4. The results 
showed that the introduction of edge radius at the arm of drone reduces drag coeffi-
cient CD and lift coefficient CL by a maximum of 7% and 3.4%, respectively. Over 
the range investigated, the body cover with the highest surface radius improves by 
4.6% in CD and 39.7% in CL, as compared to the lowest one. The modified RFS 
drone incorporating both the edge radius and body cover is capable of achieving 
drag reduction and lift improvement of about 17.4% and 33.3%, respectively as 
compared to original RFS drone at flow velocity of 8 m/s. 

Keywords Aerodynamic performance · Drone · Arm · Body cover
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1 Introduction 

Unmanned aerial vehicle, which commonly known as drone, is a type of vehicle that 
can fly without pilot present onboard. It can be controlled remotely by control equip-
ment from the ground or by onboard electronics equipment with a reliable wireless 
connection. A systematic review by Watts et al. [1] discussed UAV classifications 
for civil usage depending on their characteristics such as size, capabilities and flight 
endurance. Among these classifications, VTOL is able to operate in a compact and 
cluttered space, hover at fixed position and does not requires long runway take-
off and hence increases its operational flexibility [2]. They can be equipped with 
sensors and camera for various purposes, such as rescue mission, environmental 
protection, photography and delivery. However, it has limited endurance due to high 
energy demand and limited storage capacity. Researchers were looking into ways 
in enhancing power management through battery optimisation, implementing solar 
panel, reducing airframe drag and optimising propellers [3, 4] to improve endurance 
and efficiency. 

Several studies [5–7] had been conducted using CFD to analyse the aerodynamic 
behaviour of UAV. However, there is a lack of studies for the aerodynamic perfor-
mance of VTOL and its design optimisation. Felismina et al. [5] performed a CFD 
analysis on an agricultural seeder UAV to obtain a suitable flight plan that prolong 
the endurance by varying the pitch angles. Lowest drag was observed when cruising 
at 0° pitch angle when cruising and at 30° pitch angle during take-off. However, 
there was no validation mechanism mentioned. Israr and Dahalan [6] performed an 
aerodynamic performance analysis of UTM Elang-1 UAV by using CFD simulation 
and DATCOM analytical method. Both showed good agreement on lift coefficient, 
especially at low angle of attack with simulation having a higher drag coefficient esti-
mation. Petterson [7] performed a computational study into the effect of turbulence 
model on the flow field characteristics of an unmanned combat aerial vehicle (UCAV) 
and compared with experiment. All turbulence models showed over-prediction of 
drag at low angle of attack. Complex vortical structures are not able to resolve 
successfully at higher angle of attack. 

Kontogiannis and Ekaterinaris [8] designed a light UAV reconnaissance plane and 
performed optimisation on wing planform, twist and application of winglets using 
CFD to improve endurance and reduce power requirements. The implementation 
of fairings provided a beneficial impact on performance by eliminating vortex and 
diminishing pressure gradient caused by flow separation. Flight tests showed good 
agreement with CFD simulation in terms of longitudinal stability. Similar study 
was conducted by Boschetti et al. [9] to evaluate the aerodynamic performance 
and optimised the Unmanned Aircraft for Ecological Conservation (ANCE) through 
theoretical analysis and wind tunnel experiment. Modifications were performed on 
landing gear and twist of the wing tip. Both theoretical method and experimental 
results showed reduction in drag coefficient and increase in efficiency. Bagul et al. 
[10] performed CFD analysis on MQ-1 predator unmanned combat aerial vehicle to 
study the effects of external geometrical modifications on aerodynamic performance
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at various flight conditions. Addition of features including antennas and projectiles 
increased drag and reduce lift. However, drag can be reduced by up to 96% locally 
and 0.5% globally by modify the location of the placement and take advantages 
of the wake region produced. These indicates that the aerodynamic performance 
can be affected drastically through external geometrical modification, especially 
for small UAV where the effects are significant. Modifications to fuselage design, 
aerofoil shape, wing aspect ratio and application of wingtip device are also effec-
tive in reducing drag generated by the wing [4]. However, these modifications are 
only suitable for fixed-wing UAV or UCAV. There are also flow control techniques 
without major external modifications such as riblet coating, vortex generator and 
dielectric barrier discharge plasma actuator [11]. Although these techniques show 
the effectiveness in flow control, extra cost and weight are not desire on a civilian 
VTOL. 

Russell et al. [12] conducted a wind tunnel test on 5 commercially available 
multicopter UAV to analyse their performance with three configurations, including 
full vehicle, bare airframe and isolated rotor. The curved surface at the top of the larger 
DAx8 generated higher lift than DJI Phantom 3 but produced significantly larger drag. 
The lift generated able to reduce energy demand for the propeller to generate thrust. 
It is also found that the effect of rotor-airframe and rotor-rotor interactions can be 
estimated through full vehicle, bare airframe and isolated rotor results. High level of 
vibration was observed during the full vehicle and isolated rotor testings. Corrections 
were applied and uncertainties due to hysteresis, repeatability were included in the 
results. Kim and Chung [13] performed CFD simulation and wind tunnel experiment 
on the TR-E2S1 tilt-rotor UAV to investigate its aerodynamic characteristics. 12% 
scale model was used during wind tunnel experiment. Hence only the trends for 
aerodynamic characteristics and stability were focused on as the qualitative data was 
assumed to be small and not accurate. Identical trends were shown in both CFD 
and wind tunnel results. It is shown that CFD simulation is an excellent alternative 
for analysing and providing accurate trends on the aerodynamic characteristics and 
stabilities. 

The present study aims to improve the aerodynamics performance of the RFS 
drone by looking into the design of its arm and body. The original RFS drone is 
a quadcopter drone developed by RF Station Sdn. Bhd. with a mission of goods 
delivery as illustrated in Fig. 1a. Comparison of the aerodynamic performances 
will be conducted between the original RFS drone, the RFS drone with body cover 
(Fig. 1b), and a commercial drone called DJI Phantom 4 (Fig. 1c). 

Based on the bare airframe of RFS drone shown in Fig. 1a, all four arms’ edge 
radius R (Fig. 2) along the blue edges are varied for investigation as rounded edges are 
expected to reduce the drag. For the body of the drone, an additional cover is added to 
the drone (Fig. 1c) and the internal radius of the cover is varied for investigation. The 
cover with curvature over the body is expected to produce positive lift effectively [12] 
and smoothen the flow over the drone. Figure 3a shows the body cover and Fig. 3b 
shows the axisymmetric cross section of the body cover. The curvature is defined 
by a radius r which the centre is along the axisymmetric axis. These designs with 
different edge radius or with added cover are called modified RFS drone hereafter.
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arm Body cover 

(a) (b)  (c) 

Fig. 1 CAD models of a RFS drone, b RFS drone with cover and c DJI drone 

Fig. 2 Edge radius R on the arm along the blue edges 

r 

R3 

R6 

56.65 

(a) 

13.28 

38.35 

27.47 

(b) 

Fig. 3 a Body cover and b axisymmetric section of the body cover with thickness 3 mm 

2 Methodology 

In the study, numerical simulations were carried out on the 3 models presented in 
Fig. 1a and b. For RFS Drone shown in Fig. 1a, simulations are conducted for different 
edge radius, R = 0, 0.7, 1.4, 2.1, 2.8 mm. For RFS drone with body cover shown in 
Fig. 1b, simulations are conducted for different surface curvature of the body cover, 
r = 133, 143, 153, 163, 173 mm and the edge radius of arms is fixed at R = 2.8 mm. 
All simulations were conducted under same conditions for comparison. Wind tunnel 
experiments were conducted to validate the results of the numerical model of the 
DJI drone and RFS drone. Original Prusa i3 MK3S+ fused deposition modelling 
(FDM) 3D printer was used to produce the models for wind tunnel experiment using 
Polylactic acid (PLA) material.
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2.1 Numerical Methods 

3DEXPERIENCE Fluid Dynamics Engineer (FMK) were used for the simulations. 
As shown in Fig. 4, the dimensions of the computational domain conform to the 
dimensions of the wind tunnel setup, which is 1 m × 1 m  × 1.5 m. The center of the 
drone is located at 0.5 m away from velocity inlet and 1 m away from pressure outlet. 
All the models are positioned with an 8° pitch angle towards the flow to represent 
the cruising motion at 8 m/s [14]. 

Mesh convergence study was conducted to ensure the mesh refinement does not 
affect the simulation result. It was found that a difference of 0.136% and 0.1% in 
drag and lift value, respectively, between 2.26 million and 2.82 million elements. It 
indicated a good convergence, hence mesh settings for 2.26 million elements was 
selected. Similar method was used for other models. Hex dominant mesh was created, 
with finer mesh created near the drone model to capture the flow separation. 

Realizable k-ε turbulence model was used as it shows good prediction in drag 
and lift value in various cases [15, 16]. AMG-CG linear solver was selected for 
pressure equation while ILU-FGMRES linear solver was selected for momentum and 
turbulence equation. The boundary conditions applied to the computational domain 
are shown in Fig. 4. Velocity inlet is set to the inlet with velocity of 8 m/s to represent 
the cruising speed of the drone. Pressure outlet is set at the outlet. Slip wall condition 
is assigned to the walls to ignore the viscous effect of the fluid at the walls. The surface 
of the drone model is treated as non-slip wall. Air with density of 1.225 kg/m3 and 
viscosity of 1.85× 10–5 Pa s is applied. Frontal area of the drone body was determined 
from digital image by masking out the pixels for the drone using Adobe Photoshop 
and open-source raster graphics editor GIMP as proposed by [17]. A predetermined 
reference area (AR) was placed beside the drone to correlate this area with number 
of images pixels (n pR) to determine area units per pixel ( pA). 

Fig. 4 Computational domain dimensions and boundary conditions
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pA = AR 

n pR  
(1) 

Frontal area of the drone AD projected along the velocity vector was determined 
by multiplying the number of image pixels of drone (n pd ) with the area units per 
pixel obtained previously. The value of frontal area was used to obtain drag and lift 
coefficient. 

AD = n pd · pA (2) 

The objective of the study is to reduce drag coefficient (CD) and increasing lift 
coefficient (CL). Drag and lift coefficient are obtained through Eqs. 3 and 4. 

CD = 2D 

ρu2 AD 
(3) 

CL = 2L 

ρu2 AD 
(4) 

where D is drag force, L is lift force, ρ is air density, u is flow velocity. 

2.2 Experimental Procedures 

The 3D printed models of RFS drone, modified RFS drone and DJI phantom 4 were 
tested in an open loop wind tunnel at Universiti Putra Malaysia. The wind tunnel has 
a test section of 1 × 1 × 2.5 m and equipped with a 10-blade fan with a maximum 
speed of 50 m/s. During the tests, the atmospheric conditions were measured. A 
pitot tube connected to a digital manometer was placed at upstream to measure the 
flow velocity. The velocity was set to 3, 5 and 8 m/s to obtain the drag and lift 
force of the models at these conditions using six-component balance at an 8° pitch 
angle at all conditions. Data acquisition, reduction and control system (DARCS) 
was used to gather information from the six-component balance. The capacity of the 
six-component balance in x- and y-direction is 500 N while 1000 N in z-direction. 
The largest projected frontal area among the experimental models was 0.0216 m2, 
which corresponds to 2.16% of the wind tunnel test section area. Blockage effect can 
be neglected as the blockage ratio is less than 5% [18]. Figure 5 shows the modified 
RFS drone with a model mounting is mounted on the sting. The directions of the 
flow and forces measured by the six-component balance is shown as well.
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Fig. 5 Modified RFS drone with body cover mounted on sting in wind tunnel 

3 Results and Discussion 

As shown in Fig. 6a, the simulation results of the drag coefficient CD and lift coef-
ficient CL for different edge radius R are presented. The results show that higher 
edge radius results in lower CD. The case of with R = 2.8 gives a 7% of reduction 
in CD as compared to the case of R = 0 (the original RFS drone). However, the drag 
difference between R = 2.1 and R = 2.8 is not significant, with only 0.1% difference 
in CD. The  value of  CL increases to the peak at edge radius of R = 1.4 but reduces 
slightly for higher edge radius R = 2.1 and R = 2.8. The maximum improvement in 
CL is 3.35% for R = 1.4 as compared to the case without radius. This is obvious that 
adding radius at the edges on the arms enhance aerodynamic performance. 

Fig. 6 Lift and drag coefficients for modified RFS drone with a different arm edge radius, R without 
body cover, and b body cover of different surface radius r with fixed R = 2.8 mm
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Considering the overall aerodynamic performance of lift and drag coefficient in 
Fig. 6a, the performance for edge radii R = 1.4, R = 2.1 and R = 2.8 are comparable. 
Detailed analysis on the flow patterns over the drone reveals that when the edges are 
blunt without radius, certain area on the arm is form to cause flow separation. This 
explains why lower drag generated when edges are made rounded. 

Subsequently for the simulations of RFS drone with body cover, the edge radius 
is fixed with one of the values, i.e. R = 2.8, and the results obtained are presented in 
Fig. 6b. From the results of modified RFS drone with body cover shown in Fig. 6b, 
it can be seen that the increase in radius of body cover r is detrimental to the aero-
dynamic performance with obvious increase in CD and decrease in CL. Comparing 
the cases of lowest and highest cover radius i.e., r = 133 mm and r = 173 mm, the 
difference is CD and CL are 4.6% and 39.7%, respectively. The flow over the drone’s 
body are illustrated in Fig. 7a and b. 

The flow over the RFS drones with minimum and maximum value of r (i.e. r = 
133, 173 mm) at the centre plane are shown in Fig. 7a and b, respectively, for analysis. 
The velocities contour show that the former has a larger velocity difference between 
the top surface and the base of the cover and hence giving larger pressure difference, 
which results in higher lift as compared to the latter. Observation at the wake region 
reveals that, eddies are formed at the wake region for r = 173 mm whereas for r = 
133 mm, eddies are not formed. The wake region with eddies increase the pressure 
and therefore results in higher pressure drag. 

Numerical results for 3 different models for 3 different velocities are presented in 
Fig. 8. The 3 models of drones are the original RFS model, Modified RFS model with 
body cover of R = 2.8 mm, and DJI model. Figure 8a shows that the drag increases 
as the flow velocity increases. The results also show that the Modified RFS drone 
is effective in drag reduction as compared to the original RFS model. In Fig. 8b, 
the modified RFS drone also demonstrated higher lift as compared to original RFS 
model. This shows that implementing edge radius on the arm and addition of body 
cover enhances the aerodynamic performances. As for the performance of the DJI 
model, it presents slightly higher drag, but far higher lift as compared to the other two 
models. Further analysis was carried out to understand how the physical geometries 
affect the aerodynamic performances, and the velocity profiles with streamlines are 
presented for the 3 models in Fig. 9. 

Observation on the streamlines and velocities in Fig. 9 show that, there exist high 
velocity difference between the upper surface and base of the drone for the DJI Model 
but the least for the original RFS drone. This would also mean the DJI model generates

(a) (b)Wake region Wake region 

Fig. 7 Streamlines around body cover with a r = 133 mm and b r = 173 mm at centre plane
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Fig. 8 Numerical results of a drag and b lift for original RFS model, modified RFS model (with 
cover and R = 2.8 mm) and DJI model at different flow velocity 

Fig. 9 Streamlines around a original RFS drone b modified RFS drone c DJI Phantom 4 

highest pressure difference between the upper surface and the base and therefore the 
highest lift. Likewise, as shown in Fig. 9a, the original RFS drone generate the lowest 
difference in terms of the velocities and pressure between the upper surface and the 
base of the body, and hence the lowest lift. On the other hand, the modified RFS 
drone in Fig. 9b shows continuous flow without flow separation and the flow from 
the upper surface and the base of body meets at the wake smoother. This leads to 
lowest drag among the 3 models as the pressure difference between the wake and 
the upstream is low. Whereas, for the DJI model in Fig. 9c, it is evident that the flow 
separation is most severe and contributed to large pressure drag. These observations 
imply that, the body cover added to the RFS drone prevents flow separation by having 
the flow through the upper surface remain attached to the surface.

For the validation of the numerical models, experiments have been conducted for 
each type of model for 3 different flow velocities. The results of drag obtained numer-
ically and experimentally are presented in Fig. 10. Figure 10 shows a good agreement 
between the numerical and experimental results for the drag, with maximum discrep-
ancies for original RFS drone, modified RFS drone with cover body and DJI drone 
at 5.53%, 8.11% and 18.6%, respectively.
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Fig. 10 Comparison of drag at different flow velocity 

4 Conclusion 

The numerical model is validated with the experimental results where both results 
are in good agreement. In order to study aerodynamic performance enhancement 
of RFS drone based on drag and lift, numerical investigation through geometrical 
studies were conducted. Two parameters namely edge radius of drone’s arms and 
body cover curvature were studied. The study concluded that,

• The introduction of arm edge radius on RFS drone reduces drag and enhances 
lift by reducing flow separation, and this align with most flow phenomena that 
enhancement in lift and drag can be achieved if flow separation is not occurring.

• Body cover with the larger curvature or smaller radius results in lower drag and 
higher lift as it alters the flow to give higher pressure difference over the body and 
smoother flow without flow separation.

• The modified RFS drone is capable of achieving drag reduction and lift improve-
ment of about 17.4% and 33.3%, respectively as compared to original RFS drone 
at flow velocity of 8 m/s. 
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References 

1. Watts AC, Ambrosia VG, Hinkley EA (2012) Unmanned aircraft systems in remote sensing 
and scientific research: classification and considerations of use. Remote Sens 4(6):1671–1692 

2. Czyba R, Lemanowicz M, Gorol Z, Kudala T (2018) Construction prototyping, flight dynamics 
modeling, and aerodynamic analysis of hybrid VTOL unmanned aircraft. J Adv Transp 
2018:13–16



Aerodynamic Investigation on Geometrical Features of a Drone 97

3. Amoiralis EI, Tsili MA, Spathopoulos V, Hatziefremidis A (2014) Energy efficiency optimiza-
tion in UAVs: a review. Mater Sci Forum 792:281–286 

4. Jin W, Lee YG (2015) Drag reduction design for a long-endurance electric powered UAV. Int 
J Aeronaut Space Sci 16(2):311–324 

5. Felismina R, Silva M, Mateus A, Malça C (2017) Study on the aerodynamic behavior of a UAV 
with an applied seeder for agricultural practices. AIP Conf Proc 1836 

6. Israr HA, Dahalan MN (2008) Estimation of lift and drag characteristics of UTM Elang-1 UAV. 
In: 2nd regional conference on vehicle engineering and technology, Oct 2008, pp 0–6 

7. Petterson K (2006) CFD analysis of the low-speed aerodynamic characteristics of a UCAV. In: 
Collection of technical papers—44th AIAA aerospace sciences meeting and exhibit, vol 20, 
pp 15258–15270 

8. Kontogiannis SG, Ekaterinaris JA (2013) Design, performance evaluation and optimization of 
a UAV. Aerosp Sci Technol 29(1):339–350 

9. Boschetti PJ, Cárdenas EM, Amerio A (2005) Aerodynamic optimization of an UAV design. In: 
Collection of technical papers—AIAA 5th ATIO and the AIAA 16th lighter-than-air systems 
technology conference and balloon systems conference, vol 2, pp 916–932 

10. Bagul P, Rana ZA, Jenkins KW, Könözsy L (2020) Computational engineering analysis of 
external geometrical modifications on MQ-1 unmanned combat aerial vehicle. Chin J Aeronaut 
33(4):1154–1165 

11. Panagiotou P, Yakinthos K (2019) Aerodynamic efficiency and performance enhancement of 
fixed-wing UAVs. Aerosp Sci Technol 99:105575 

12. Russell C, Jung J, Willink G, Glasner B (2016) Wind tunnel and hover performance test results 
for multicopter UAS vehicles. Annu Forum Proc AHS Int 4:3448–3467 

13. Kim C, Chung J (2006) Aerodynamic analysis of tilt-rotor Unmanned Aerial Vehicle with 
computational fluid dynamics. J Mech Sci Technol 20(4):561–568 

14. Theys B, De Schutter J (2020) Forward flight tests of a quadcopter unmanned aerial vehicle 
with various spherical body diameters. Int J Micro Air Veh 12 

15. Sadikin A et al (2018) A comparative study of turbulence models on aerodynamics character-
istics of a NACA0012 airfoil. Int J Integr Eng 10(1):134–137 

16. Zhang C, Bounds CP, Foster L, Uddin M (2019) Turbulence modeling effects on the CFD 
predictions of flow over a detailed full-scale sedan vehicle. Fluids 4(3):1–28 

17. Ainegren M, Jonsson P (2018) Drag area, frontal area and drag coefficient in cross-country 
skiing techniques. Proceedings 2(6):313 

18. Choi CK, Kwon DK (1998) Wind tunnel blockage effects on aerodynamic behavior of bluff 
body. Wind Struct Int J 1(4):351–364



Design and Development of a Flexible 
Test Rig for Biomedical Engineering PIV 
Experiment 

Mohamad Fairul Hubakri, Mohd Amirul Syafiq Zamri, 
Mohd Noor Akmal Hamzah, Rabiatul Adawiyah Roslan, 
Wan Naimah Wan Ab Naim, and Mohd Jamil Mohamed Mokhtarudin 

Abstract Particle image velocimetry (PIV) is applied in biomedical engineering to 
visualize fluid flow in artificial blood vessel. However, this requires a test rig to place 
the artificial blood vessel, which is usually built for specific application and lack 
flexibility. Thus, this study aims to design and develop a flexible test rig that suits a 
wide range of applications. Firstly, three designs have been proposed and the suitable 
design has been chosen for further development. Then, the strength of the inlet and 
outlet of the chosen test rig design are evaluated using finite element analysis (FEA). 
From the analysis, Design 3 has been chosen for further development. For this design, 
the artificial blood vessel of any size and position could be fitted into the test rig by 
using the adjusted wing nut and hose pipe clamp. In addition, the calculated factor 
of safety from the FEA implies that the wing nut and clamp can withstand the fluid 
pressure applied during the PIV experiment. This test rig is suitable to be used for any 
diameter and numbers of inlet and outlet of the artificial blood vessels for biomedical 
engineering experiments. 

Keywords Particle image velocimetry · Test rig · Artificial blood vessel 

1 Introduction 

Particle image velocimetry (PIV) is a method to allow for qualitative flow visualiza-
tion and quantitative analysis of the flow velocity distribution and other fluid related 
properties, which is suitable to be used in education and research [1–4]. With PIV, 
the fluid under investigation is first seeded with sufficiently small tracer particles 
that are assumed to follow the flow dynamics of that fluid [2, 3, 5, 6]. Then, the
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fluid is illuminated with a thin sheet of laser to visualize the particle [1, 3]. The 
motion of the particles is then calculated to determine the velocity field of the fluid 
being studied using a built-in software [1, 3]. Typically, a PIV equipment consists of 
cameras, a laser that normally has been converged to become a line of light beam, 
the seeding particles mixed with the fluid under investigation, and a specialized test 
rig for the investigation of the fluid flow [3]. PIV is usually used to study the flow in 
aerodynamics such as in the wind tunnel [7] and liquid in a complex structure such 
as in the biomedical application [8–11]. 

In the biomedical engineering application, PIV is widely used to visualize flow 
in the artificial blood vessels and organs, both in the normal and disease conditions 
[8, 9, 12]. Apart from the education purposes, the aim of blood flow visualization is 
to predict and plan for the treatment outcome, for example in planning the suitable 
treatment for congenital heart disease [12] and to test the functionality of the heart 
valve [13]. The human blood vessel and organ has complex anatomical structures 
where each individual present with different size and shape. Hence, the currently used 
test rigs are built based on its specific application and lack of flexibility. It is only 
suitable to be used once with the limited size and position of the phantom. Phantom 
here refers to the transparent material that mimics the blood vessels or organs. 

Thus, this study aims to design and develop a flexible that suits a wide range of 
phantom size and position. This test rig is hopefully can be used multiple times with 
different types of phantoms, thus avoiding the need to design a new test rig. This 
new proposed product could be used by undergraduate and postgraduate university 
students, both local and international. 

2 Methodology 

This section will briefly describe the designing and fabrication process for the PIV test 
rig used for blood vessel application. This section is organized as follows: firstly, the 
various designs of the PIV test rig, followed by the equipment and material selection, 
then the calculation of the factor of safety (FOS) using the finite element analysis 
(FEA), and lastly the fabrication process. 

2.1 PIV Test Rig Design 

Initially, three test rig designs have been proposed (Fig. 1). After evaluating the 
advantages and disadvantages of each design and the estimation cost, Design 3 has 
been selected. The detailed comparisons between the designs are further discuss in 
the “Results and Discussion” section. 

Final design of the test rig (Design 3) is then drawn using SolidWorks software. 
Each component of the design is created separately before assembly (Fig. 2). Test
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Fig. 1 Three proposed test rig designs; a Design 1; b Design 2; and c Design 3 

Fig. 2 Technical drawing of Design 3 in exploded view
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Table 1 Material with functional specification 

No. Material Function 

1 Acrylic sheet To ensure optical access for both camera and laser 

2 Hose pipe clip To tighten the PVC pipe so that it would stay in place and not sliding 
down its position 

3 Mild steel flat bar To hold the acrylic sheet 

4 Long thread bolt To adjust the movement of the valve 

5 Wing nut To adjust the movement of the long thread bolt 

6 Screw To tighten the carriage 

7 Stainless steel To fabricate hose pipe clamp and carriage 

rig is designed using a simple rectangular shape. Complex design of the test rig will 
not give any advantage as it will only act as a place to hold the phantom.

2.2 Material Selection 

Table 1 shows the material used with its functional specification. 

2.3 FOS Analysis Using Finite Element 

The load-carrying capacity of a system beyond what the system supports is known 
as the FOS. The FOS can be calculated by taking the ratio of the absolute strength 
of a structure (yield stress) to the actual applied load on the design (allowable stress) 
as shown in Eq. 1. 

FO  S  = Y ield  stress  

Allowable stress  
(1) 

FOS is required to determine the overload the system might have to endure and to 
avoid any occurrence of design damages. Based on the test rig design, the possible 
part that a damage can occur during the experiment is hose pipe clamp. Thus, this part 
will be further analyzed for FOS using FEA. FOS analysis will be evaluated under 
three conditions, i.e. at the upper, lower and all regions inside the clamp (Fig. 3). The 
FEA simulation will be run using the COMSOL Multiphysics. 

Geometry and Meshing. After creating the geometry of the hose pipe clamp as in 
the design section, the geometry it will be meshed using finer mesh. The number of 
mesh produced is approximately 1,000,000.
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Fig. 3 FOS analysis at a upper; b lower and c all regions inside the hose clamp 

Simulation Setting. In this work, the load will be applied under three conditions, 
i.e. the upper, the lower and all regions inside the clamp (Fig. 3). The load applied is 
similar to the maximum blood pressure, which is 15,998.7 Pa. 

2.4 PIV Test Rig Fabrication 

The test rig design is divided into four main components, which are the frame, 
hose pipe clamp, carriage, and the wall. Below is the fabrication process for each 
component. 

Frame. The material used for the frame is a mild steel flat bar. It is used because 
it has high impact, high tensile strength, good ductility, and good weldability. The 
fabrication of the frame consists of cutting, grinding and welding using Metal Inert 
Gas (MIG) welding Machine. Firstly, all of the dimensions of the mild steel flat bar 
are measured following the test rig design. Then, the mild steel is cut based on the 
dimension using the cutting and grinding machine. All of the mild steel is later joined 
together to form the frame by using the MIG welding machine. 

Hose pipe clamp. The material used for hose pipe clamps is stainless steel or galva-
nized iron. It is used because it has a high tensile strength, is easy to fabricate and 
has a low-maintenance and long lasting. The hose pipe clamp is joined with a long 
thread using the Tungsten Inert Gas (TIG) welding machine. TIG welding is a suitable 
process in joining the materials because they are made of stainless steel. 

Carriage. The material used for carriage is stainless steel which consists of stainless-
steel hollow, shaft and stainless-steel bolt nut. The joining process for the carriage 
also uses the TIG welding machine. 

Wall. The material used for the wall is acrylic sheet since the wall must be transparent 
and thin to allow for the laser to pass through. The acrylic is assembled to the frame 
bar using screws.
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3 Results and Discussion 

Human blood vessels such as aorta and coronary arteries, and the organs are complex 
anatomically, where their size and shape are varied among different persons. Thus, 
the test rig designed in this work aims to suit a wide range of phantom size and 
position of blood vessels or organs that allow for the test rig to be used multiple 
times. In this work, three test rig designs have been proposed (Fig. 1). 

For Design 1, a cylindrical shape has been proposed. The size and position of the 
inlet and outlet can be adjusted. However, this design needs an additional part, which 
is the base to prevent the test rig from rolling over. Besides, the cylindrical shape is 
also difficult to fabricate. 

Meanwhile, Design 2 uses octagonal shape. Even though this design can enclose 
space more efficiently compared to the other designs, this design is quite difficult to 
be fabricated due to its octagonal shape. This is because there will be more acrylic 
sheets to be cut before assembling it into octagonal form. Besides that, this design 
is also not balanced because the surface area of the base is small. This design also 
has fixed inlet and outlet size and position that does not meet with our aim. 

On the other hand, Design 3 has a rectangular shape. This design has a higher 
stability because the base is flat and it also has adjustable size and position for the 
inlet and outlet. Because of its advantages compared to the other designs, Design 3 
has been chosen. Table 2 shows the detailed advantages and disadvantages for each 
design and Table 3 shows the screening process for each design. 

Figure 4 shows the final product of the test rig based on Design 3. The position of 
the phantom can be adjusted as the wing nut could be moved left, right, up, or down. 
Besides, the hose pipe clamp allows for any size of phantom to be fitted. This product 
also has higher stability because the base is flat, thus it is easier to move the carriage 
without causing much disturbances to the system. However, further modification on

Table 2 Advantages and disadvantages of Designs 1, 2 and 3 

Design Advantages Disadvantages 

1 • Adjustable size of inlet and outlet 
• Adjustable position of inlet and outlet 

• Low stability and requires base for 
support 

• Difficult to fabricate (cylindrical form) 
• Inlet and outlet only can be adjusted in 
one direction (up and down), cannot be 
moved forward and backward 

2 • Encloses space more efficiently • Low stability because the base surface 
area is small 

• Difficult to fabricate (octagonal shape) 
• Fixed size and position of inlet and outlet 

3 • Adjustable size of inlet and outlet 
• Adjustable position of inlet and outlet 
• Higher stability (rectangular base) 
• Easy to fabricate 

• Inlet and outlet only can be adjusted in 
one direction (up and down), cannot be 
moved forward and backward
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Table 3 Design screening No. Design 1 Design 2 Design 3 

Easy to manufacture − − + 

Strength − − 0 

Adjustability + − + 

Durability + + + 

Safety + 0 + 

Multifunction + − + 

Sum “+” 4 1 5 

Sum “−” 2 4 0 

Sum “0” 0 1 1 

Net score 2 −3 5 

Rank 2 3 1 

Continue No No Yes 

Fig. 4 Final product of the test rig 

this product should be made in the future as at the moment the length of the carriage 
is fixed and cannot be adjusted. Since this is an initial work that aims to design and 
fabricate the flexible test rig, further experiment using PIV equipment is not included 
in this work.

Meanwhile, the FEA results are as shown in Fig. 5. These results are later used 
to calculate the FOS using Eq. (1) and results are tabulated in Table 4. Since all the 
FOS values are more than one, this implies that only a small force is imposed on 
the host clamp by the maximum blood pressure as compared to the maximum yield
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Fig. 5 Von Mises stress distribution when 15,998.7 Pa is applied at; a lower; b upper and c all 
regions inside the hose pipe clamp 

Table 4 FOS values at the 
lower, upper and all region 
inside the hose pipe clamp 

No. Applied load location FOS values 

1 Lower region of the hose pipe clamp 256.25 

2 Upper region of the hose pipe clamp 410.00 

3 All region inside the hose pipe clamp 410.00 

stress value the clamp can withstand. Hence, the probability that the hose pipe clamp 
will break is very small. 

4 Conclusions 

This study aims to design and develop a flexible test rig that suits a wide range of 
phantom size and position of blood vessel and organ. To achieve this, three test rig 
designs have been proposed. Based on the evaluation of advantages and disadvantages 
of each design, Design 3 has been chosen because it has a higher stability, is easy to 
fabricate, and the inlet and outlet have flexible size and position. The final product 
based on Design 3 has been developed where its position and size of the inlet and 
outlet could be adjusted using the wing nut and hose pipe clamp. In addition, the 
FEA analysis has been done and shows that only the hose clamp can withstand the 
maximum blood pressure applied during a PIV experiment. Further improvement is 
needed to enable the length of the test rig to be adjusted. 
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Possible Health Risk of Cellulose-Based 
Materials 

Haziqatulhanis Ibrahim, Norazlianie Sazali, Wan Norharyati Wan Salleh, 
and Rishen Nair Krishnan 

Abstract Cellulose-based products are currently receiving tremendous attention 
from researchers all over the world. It can be used in wide variety of applications 
including water treatment industry. However, there are scarce publications that touch 
on the possible risk that evolved from the usage of cellulose-based materials. This 
mini review aims to cover the respiratory risk possibility of nanocellulose by summa-
rizing the findings by various researchers of their in vivo test. It was concluded that 
cautions need to be taken when handling the materials to prevent the exposure to 
higher risk. 

Keywords Cellulose · Green technology · Risk evaluation · Adsorbent 

1 Introduction 

Over the last decades, development of green products for replacement of current 
conventional adsorbent has garnered tremendous attention from global researchers. 
Biosorbent is an eco-friendly type of adsorbent, usually made up from waste using 
safe chemicals and manufactured for sorption application. Bio-based materials were 
reported to dominate the market for sustainable materials due to its comparable 
performance at a lower manufacturing cost. Natural polymer that can be found abun-
dantly in the world, cellulose, is currently in the list of sustainable materials of high 
interest by the academician and people from the industries. The term ‘nanotech-
nology’ was first employed by Eric Dexler Kim, which defines as the study of mate-
rials having dimensions between 1 and 100 nm [1, 2]. Unique properties of nano-sized 
cellulose (NC) have made them the emerging potential candidate for biosorbent and
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in other wide range of applications. To name a few, NC are largely studied for appli-
cations in water treatment application to remove various types of pollutants, whilst it 
is also employed in medical sector as drug delivery carrier and for wound dressings. 
However, the utilization of NC as adsorbent has raised few concerns on its possible 
risk [3]. Owing to its nanoscale size, it might be able to permeate through the skin 
and cell membranes [4]. Thus, it is very important to critically evaluate the toxicity 
of NC as well as the health hazards that may occur. 

Two types of cellulose-based biosorbent that being evaluated in this chapter are 
nanocrystal cellulose (NCC) and nanofibre cellulose (NCF). Generally, toxicology 
studies for NC are very challenging due to the complexity of the mechanism. There 
are many toxicological inducers that could affect the toxicity of the NC such as the 
material size, shapes, surface reactivity and many more. Differences in techniques 
applied for synthesising the NC could also alter its psychochemical properties and 
produce adverse effect to the health. Concerns about the health implications of the 
synthesised NC for biosorption application has been raised as the long-term effects 
of the exposure are still unknown. There is also a raised concern on the possibility 
of substance inhalation during material handling. To date, the literature discussing 
on NC toxicity is still scarce. Nevertheless, the number of in vitro and in vivo study 
of NC materials keep increasing over the years due to increasing interest among 
researchers and the government [5]. In order to assess the risk possesses by the 
nanomaterial, which in this case is NC, variety of risk analysis tools and assessment 
technique has been proposed [6–9]. Nonetheless, according to Grieger et al. [10], 
the advantages and drawbacks of the framework and assessment method cannot be 
outline as there are only a few that utilized the approaches while the rest reported 
only the initial screening. 

2 Risk Assessment 

Risk can be defined as possible harm that may pose to the users. In other word, it 
can be defined as product of hazard and exposure as explained by Shatkin and Kim 
[11]. All chemicals and utilization of any substance should have a thorough safety 
assessment to be done first in order to classify whether it is safe for usage or the 
other way round. Generally, the parent of NC, bulk cellulose is deemed as not toxic 
and safe to use but safety of NC as biosorbents is still a challenge due to complex 
system and uncertainties. Even though it has the same chemical structure as the 
parent derivatives, NC possess different physicochemical properties. Varying size, 
shape, surface reactivity and charge are some of the factors that contributes to the 
different toxicity of NC. It was resulted from different treatments done to the bulk 
cellulose. 

NCC has higher crystallinity compared to NCF due to removal of amorphous 
region in one of the many steps in producing NCC. Dimension of NCC usually in 
the range of 50–500 nm in length and 3–5 nm width while NCF was reported to 
have length of 500–2000 nm with width of 4–20 nm [12]. Other than that, other
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Fig. 1 Frameworks to assess nanomaterials risk 

factors that could influence the toxicity are from biochemical mechanism such as 
necrosis, necroptosis, oxidative stress, DNA damage and many more [13]. Despite 
of material size affecting its toxicity, it is also dependant on the type of NC-based 
biosorbent studied. Large specific surface of NC provides higher affinity in absorbing 
biomolecules and thus producing toxicity via biochemical reaction. Other than that, 
NC biosorbent are usually tailored for its application for environmental remediation. 
If the target pollutant is negatively charged, the biosorbent used would be cationic for 
them to bind with each other. A researcher stated that the charges of NC significantly 
affect the cellular uptake, meaning that NC could possibly attached on living cell 
membranes and accumulates [10]. Figure 1 shows the summary of the nanomaterials 
risk assessment framework. 

3 Toxicity of Nanocellulose 

Increasing study in utilization of NC in various applications makes the evaluation of 
toxicology effect became vital for public health regulators. Cellulose is grouped in 
Generally Regarded As Safe (GRAS) substance by the Food and Drug Administration 
(FDA), but it is extremely important to declare whether NC based materials are 
regarded as safe too. Limited literature published on the toxicological effect of NC 
does not help to close the knowledge gaps and instead, raises public concern due
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to some contradicted findings between researchers. Some classified the NC as non-
toxic while some found out that NCC possess more health risk compared to NCF 
[14, 15]. Exposures to NC can occur in many ways, primarily from inhalation. Thus, 
more studies were directed towards pulmonary toxicity, which is the medical term for 
foreign materials that entered the respiratory system and have adverse health impact. 
The word ‘in vivo’ refers to a study that is conducted in a living organism, whether 
animal model or by human clinical trials. Rats and rabbit are two of common animals 
that were tested for in vivo studies in the laboratory. To conduct these studies, certain 
regulations must be followed and permission need to be obtained before commencing 
the animal testing. The effect of NC varies according to parameters tested and time 
of exposure. It can be as early as 1 h or even progressing for months to thoroughly 
assess the risk when continuously exposed to the substance. Toxicity assessment was 
divided according to human organ systems. 

There are three division in the respiratory system which are nasal-pharyngeal-
laryngeal, tracheobronchial and alveolar division where the exchange of gas occurs. 
Yanamala et al. [16] did pharyngeal aspiration test on a female mice C57BL/6 exposed 
to NCC. Two types of NCC were used which were freeze-dried product and 10 wt% 
suspension of NCC. The NCC was manufactured in Forest Products Laboratory via 
typical 64 wt% sulfuric acid hydrolysis method. Pharyngeal test is done by placing 
the NC under the animal’s tongue at its base and extending the tongue so that the 
aspiration of substance would happen due to the rat reflexes. 

Outcome from the tests indicates that the respiratory system damaged the tissue 
and gave inflammatory effect, with oxidative stress depends on the dosage of NCC. 
It should be noted that different effect was demonstrated when different types of NC 
and different mean of delivery was employed. For instance, a group of researchers 
explored the same parameter that was conducted to several rats but using NCF instead 
of NCC [17]. Also, the method of delivery was by exposure to aerosol. Inflammatory 
response was detected after 1 day of exposure, proving the effect of NC exposure to 
the respiratory system. Table 1 addressed some of respiratory system studies done by 
past researchers. Generally, all foreign particles that goes into the lung are considered 
as potential hazard, unless it is proven otherwise. 

4 Conclusion 

It is hard to conclude on one conclusion since there are many variables that need 
to be taken into account. Even with only single dosage, the animal needs longer 
time for recovery and these could worsen if it were exposed continuously in a long 
time. For studies that were conducted less than one month, it is hard to observe the 
histopathological changes that occur in the lungs. However, from the tests done by 
researchers, it was proved that NC does affect the respiratory system and therefore, 
precaution are needed when handling the materials.
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Table 1 In-vivo test done by various researchers 

NC type Animal 
strain 

Maximum 
Dose 
(mg/kg) 

Dose 
frequency 

Experimental details References 

NCF Mouse 
(C57BL/6) 

0.9 Single • Spotted lung 
recovery in 4 weeks 

• Increasing 
neutrophil amount 
in bronchoalveolar 
lavage fluid (BALF) 

• Carboxymethylated 
NCF gave lower 
inflammation 
reaction compared 
to NCF 

[18] 

NCF Mouse 
(BALB/c) 

4 Single • Lung recovery in 
2 weeks 

• Increasing cytokines 

[19] 

NCF Mouse 
(C57BL/6) 

2 Single • Lung recovery was 
observed within 
4 weeks 

• NCF  were  
administered in 4 
different forms 

• Agglomeration was 
observed 

[20] 

TEMPO-NCF Single • Dosage of either 10, 
40, 80 or 200 µg per  
mouse 

• Higher dose produce 
higher cellulosic 
accumulation in 
bronchi and alveoli 

[21] 

NCC Mouse 
(C57BL/6) 

10 Single • Rcovery in 1 day 
• NCC  were  
administered in 2 
forms 

• Inflammatory cells 
and damaged tissue 
were observed 

• NCC suspension 
gave higher 
oxidative stress 
compared to 
powdery NCC 

[16]

(continued)
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Table 1 (continued)

NC type Animal
strain

Maximum
Dose
(mg/kg)

Dose
frequency

Experimental details References

NCC Mouse 
(C57BL/6) 

2 Twice per 
week 

• Test was done for 3 
consecutive weeks 

• Recovery took 
3 months 

• Chronic 
inflammation was 
observed 

[22] 
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Effect of Masked Abrasive Waterjet 
Texturing on Surface Roughness Using 
Taguchi Method 

Hafiz Husin, Norman Zaidi, M. A. Gebremariam, and Azmir Azhari 

Abstract High pressure waterjet technology has received a wider acceptance for 
various applications involving machining, cleaning, surface treatment and material 
cutting. Surface texturing is a popular method to improve the wear resistance of a 
surface. The present study applied a masked abrasive waterjet texturing process to 
produce a circular crater on a surface of stainless steel 304. The effect of machining 
parameters namely traverse rate, water pressure, standoff distance and number of 
passes on the roughness of the crater surface was analysed. Taguchi method of 
experimental design was employed by utilizing the L9 orthogonal array. The result 
shows that the water pressure is the most significant parameter in determining the 
roughness of the crater surface. Also, based on at the optimum parameters has shown 
an improvement of surface roughness as compared the initial optimal setting. The 
optimum parameters to deliver an improved Ra are u at 100 mm/s, p at 100 MPa, s 
at 5 mm and n at 1. This shows that the Taguchi method can be conveniently used 
to analyse the surface roughness during the AWJ texturing process of stainless steel 
304. 

Keywords Masked abrasive waterjet texturing · Surface roughness · Circular 
crater · Taguchi method
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1 Introduction 

The abrasive waterjet (AWJ) machining process has been used widely in many indus-
trial applications. This technology is versatile to the material workpiece and flexible 
to machining since it has minimal chatter, no heat effect, and imposes minimal stress 
on the workpiece [1]. Compared with other processes, AWJ machining can machine 
almost any material since there is no heat damage, minimal force, and environmen-
tally friendly [2]. The fundamental of the AWJ machining mechanism is by jetting 
a high pressure of water stream combined with abrasive particle force through a 
nozzle thus removing the surface material [3]. This high-velocity mixture with high 
kinetic energy jetted from the nozzle impinges the target material, causing the surface 
material to be eroded. Surface texturing is a technique widely used in industries 
to improve the surface wear resistance and its friction characteristics [4]. Surface 
texturing can be defined as purposely producing specific forms and shapes on mate-
rial surfaces [5]. The surface texturing produces certain design features on surface 
structure for specific desirable purposes and functions [6]. This purpose includes 
producing specific surface geometry which affect its tactile friction as well as the 
look and feel for the sensation to the touch [7]. 

It is a challenge for AWJ machining process to generate small textures on the 
surface normally because the crater or channel width has a larger dimension than 
its waterjet stream diameter approximately greater than 0.5 mm [8]. Micro nozzle 
is recently available as tiny as 130 µm, nevertheless, reducing the size of nozzle 
remarkably may cause its blockage and inconsistency in abrasive flow [9]. A potential 
method to generate a smaller crater size during AWJ surface texturing is using a 
mask placed on the workpiece surface. Hence, the present study examines the effect 
of parameters during masked AWJ surface texturing in generating circular craters on 
the surface of stainless steel. 

2 Main Experiment 

2.1 Material 

The material used in the present study is a commercially available tainless Steel 
SS304 having dimension of 25 mm (length) × 25 mm (width) × 4 mm (height). 

2.2 Equipment 

A commercial waterjet cutting machine was used for the entire experiment. It uses 
a pneumatic-driven water pump with water pressure capacity of up to 200 MPa. 
A computer numerically controlled (CNC) system manages the movement of the
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nozzle in 3-dimensional directions. A ruby orifice having a diameter of 0.127 mm 
and a tungsten carbide focusing tube with diameters and lengths of 0.76 mm and 
76.2 mm, respectively, were used for all experiments. 

2.3 Experimental Design 

The experiment was conducted using Taguchi method. Overall, four machining 
parameters were selected namely traverse rate (u), water pressure (p), standoff 
distance (s) and number of passes (n). Additionally, the type of material is also 
selected as another control factor in the Taguchi’s design of experiments. With a 
total of five control factors, consequently, a L9 orthogonal array with 9 rows which 
corresponds to the number of experiments was chosen. Table 1 shows the experi-
mental layout using the L9 orthogonal array and their measured surface roughness 
(Ra) values. 

In all experiments, orifice diameter and impact angle were kept constant at 
0.127 mm and 90°, respectively. During the experiment, a mask made of stainless 
steel 304 having a similar dimension and thickness of 2 mm was clamped together 
with the workpiece. The mask consists of many through holes with a diameter of 
1 mm. The jet hits the workpiece by passing through the hole on the mask thus 
creating a crater over the surface as illustrated in Fig. 1a. The machining parameters 
were set to the intended levels based on the L9 orthogonal array for each experimental 
run. Once all the parameters were set to their respective levels, then the workpiece 
were textured according to the row. Each row represents different experimental run 
as shown in Fig. 1b. The surface roughness measurement was determined by using 
a 3D measurement laser microscope (Olympus Lext OLS5000). The average rough-
ness profile of three craters was assessed using the average arithmetic roughness 
parameters (Ra). 

Table 1 Experimental design using L9 orthogonal array 

Experiment No. u (mm/s) p (MPa) s (mm) n Ra (µm) 

1 50 50 5 1 5.346 

2 50 75 10 2 6.677 

3 50 100 15 3 5.631 

4 100 50 10 3 5.186 

5 100 75 15 1 4.336 

6 100 100 5 2 3.809 

7 150 50 15 2 6.208 

8 150 75 5 3 4.701 

9 150 100 10 1 3.022
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(a) 

Waterjet 

Nozzle 
Mask 

Workpiece 

Crater 

Hole 

(b) 

Fig. 1 a illustration of masked abrasive waterjet texturing process, b textured surface (arrow 
indicates the nozzle traverse movement) 

3 Result and Discussion 

3.1 Effect of Process Factors on Surface Roughness 

An example of 3D surface structure of the crater is shown in Fig. 2a. Its rough-
ness profile is shown in Fig. 2b. The values of Ra for the L9 orthogonal array were 
determined to be between 3.022 and 6.677 µm as shown in Table 1. 

The effect of parameters was analysed based on Taguchi’s signal to noise (S/N) 
ratio. Based on the information of sample variances, it defines the relationship 
between the magnitude of the control factor effects and the magnitude of the experi-
mental error [1]. The results of S/N ratio for each parameter in determining the crater 
surface roughness are shown in Table 2. It is ranked according to the criteria of having 
a smaller Ra is better (i.e., smaller the better). It can be observed that the pressure 
has the most significant effect on the surface roughness of the crater surface. It is 
then followed by the traverse speed and the number of passes. The standoff distance 
has the least significant effect on the surface roughness. 

Figure 3 shows the main effect plot for S/N ratios. The mean S/N ratio shows 
the relative effects of various parameters on Ra during the AWJ surface texturing 
process, where a higher value of the mean S/N ratio is considered as a better quality 
characteristic [1]. According to Fig. 3, the optimum parameters for resulting in a 
smoother surface of the crater are given by the combination of traverse speed at 
100 mm/s, pressure at 100 MPa, standoff distance at 5 mm and the number of passes at 
1. A confirmation test was later conducted at the optimum combination of parameters. 
This test is used to verify the improvement of Ra against the initial parameter setting 
at middle levels for all parameters (i.e., u at 100 mm/s, p at 75 MPa, s at 10 mm 
and n at 2). It was found that the Ra at the optimum parameters has improved to
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(a) 

(b)

-178 µm 

90 µm 

2566 µm 

2572 µm 

0 

Fig. 2 a 3D structure of crater surface for experimental run no. 1, b roughness profile of crater 
surface for experimental run no. 1 

Table 2 Response table surface roughness 

Level Traverse speed Water pressure Standoff distance Multi passes 

1 −15.35 −14.91 −13.21 −12.30 

2 −12.88 −14.23 −13.46 −14.66 

3 −12.97 −12.08 −14.54 −14.25 

Delta 2.47 2.83 1.33 2.35 

Rank 2 1 4 3

3.12 µm from the initial optimal setting with Ra of 3.5698 µm. 3D structure of the 
crater surface at optimum parameters is shown in Fig. 4a. Its roughness profile is 
shown in Fig. 4b. Although, the Ra at the optimum parameters is slightly higher 
than experiment number 9 with Ra of 3.022 µm, the difference is almost negligible. 
Therefore, this shows that Taguchi’s S/N ratios can be conveniently used to optimize 
the surface roughness during the AWJ texturing process of stainless steel 304. 
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Fig. 3 Main effects plot for S/N ratios 

3.2 Modeling 

In the present study, the predictive model based on linear regression analysis for Ra 

as a function of traverse speed, pressure, standoff distance, and the number of passes 
was developed using Minitab software tools. The predictive model is shown in Eq. 1. 

Ra(µm ) = 6.66 − 0.01241u − 0.0285p + 0.0773s + 0.469n (1) 

The residual plot was used to check the significance of the predicted model. The 
capability of the model was determined by the value of R2, which was found about 
0.71. This value is closer to 1 thus indicating that the model is capable to sufficiently 
predict the surface roughness of the crater within the limit of the present study [10]. 
The residual plot for the study is shown in Fig. 5. The plot shows that the residual 
falls nearly straight line thus suggesting the significance of the model produced. 

4 Conclusion 

The optimization of the parameters in producing a smoother circular crater during 
AWJ texturing process of stainless steel 304 was successfully conducted using 
the Taguchi method. The optimum parameters to deliver an improved Ra are u at 
100 mm/s, p at 100 MPa, s at 5 mm and n at 1. The optimum parameters have 
shown an improvement of surface roughness as compared the initial optimal setting.
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(a)

-101 µm 

88 µm 

2565 µm 

2572 µm 

0 

(b) 

88 µm

-101 µm 

Fig. 4 a 3D structure of crater surface for optimize parameter, b roughness profile of crater surface 
for optimize parameter

This shows that the Taguchi method can be conveniently used to analyse the surface 
roughness during the AWJ texturing process of stainless steel 304. 
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Fig. 5 Normal probability plot of the residual for surface roughness 
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Heat Conduction Modelling of Battery 
Thermal Management System 
for Electric Vehicle 

W. I. H. W. Mohamad, F. R. M. Romlay, M. A. H. Rasid, I. Ishak, 
and A. Ghazali 

Abstract A battery thermal management system is crucial for electric-vehicle (EV) 
and hybrid-vehicle (HV) battery packs to operate effectively in all climates. Battery 
packs are critical components of electric vehicles. The system is designed for higher 
life cycles utilization. However, temperature affects the performance and life span 
of the batteries. Keep the temperatures distribution low within the operating temper-
ature range among all modules and battery cells is the main factor to increase the 
life of the battery system. This paper studied the effects of having the ventilation 
system by positioning the air inlets and outlets with and without heat sink as greater 
heat dissipates among battery packs. The heat dissipation and temperature distri-
bution determine the battery life span. A computational fluid dynamics model was 
created for the purpose to analyze the temperature distribution and airflow profile. The 
battery pack was designed to keep the compartment smaller but with better cooling 
efficiency. The results show that the locations and shapes of inlets and outlets have a 
significant impact on battery heat dissipation. A strategy was proposed to minimize 
the temperature variation of the battery cells compartment. The temperature changes 
between the highest and lowest ones for the evaluated event are reduced from 26.04 
to 23.67 °C and the heat dissipation rate is improved by 9.10%. 
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1 Introduction on Electric Vehicle 

People have paid great attention to global warming, which is recognized mainly 
because of greenhouse gas emissions from fossil fuel combustion. Electric vehicles 
(EVs) are the mainstream of future transport vehicles to help ease global warming 
and the depletion of crude oil. A battery pack as the main power source of EV 
is required to meet high energy and power density, long life cycle, long lifetime, 
and so on. Lithium-ion batteries are one of the common energy storage systems for 
electric vehicles. Generally, the battery pack has several battery modules or cells in 
series and/or in parallel to achieve the required voltage and capacity. In the case of 
long-distance travel, the vehicle would be equipped with a larger battery pack and 
therefore a large amount of heat. Single-cell overheating and failure can occur and 
degrade the performance of the entire pack; therefore, a favorable ventilation system 
design can quickly remove the enormous heat generated by high power demand (hard 
acceleration, climbing, etc.) and maintain the performance of the battery pack. The 
common ventilation systems are air-cooling, liquid-cooling, phase change cooling, 
or any combination. Air cooling system has the advantages of simple structure, 
lightweight, low cost, easy maintenance and repair, and no liquid leakage problems. 
It is suitable for electric vehicles. Temperature affects the battery’s performance 
and lifespan. Well distributed temperatures within the operating temperature range 
amongst all modules and battery cells are one of the key factors to prolong battery 
life. 

High temperatures degrade the life of the Li-ion batteries, while cold tempera-
tures reduce the power and energy performance of the EVs, thus limiting the driving 
range and performance of the EVs[1]. Li-ion batteries using olivine-type lithium-
iron-phosphate (LiFePO4) cathode have attracted a great deal of attention as a power 
source for EVs and HVs due to their low material cost and non-toxicity. Their weak-
ness, however, is the temperature that affects their performance, safety, and life. Both 
[2] and [3] reported that, although the capacity increases as the operating temperature 
are raised, the degree of capacity fade also increases. Both reported poor performance 
at low operating temperatures. 

The battery design optimization is used to maintain the batteries operating at 
a desirable temperature range, thus preventing them from exceeding the high-
temperature limit that can damage the batteries or reduce their life. Moreover, the 
uneven temperature distribution in the battery pack leads to unbalanced battery cells 
and reduced performance. Several battery optimizations, use mainly air cooling [3], 
liquid cooling [4] or phase-change materials (PCMs) [5]. 

2 Electric Vehicle Technology Review 

Battery Electric Vehicles (BEVs) have an internal energy source an electric motor 
powered by electrical batteries located in the vehicle. The powertrain gives BEV
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the possibility to utilize with zero emissions at the place of use. Many of the engi-
neered solutions embraced for the construction of BEVs also make use of the “energy 
recovery” technologies that allow the electric motor to be used both as a source of 
propulsion and as a generator when braking or when the vehicle moves freely under 
gravitational action. The advantages of using BEV in traffic are the high torque of 
the electric motor that is distributed to the wheels and the simpler air resistance (and 
deceleration) compared to the internal combustion engine (ICE) vehicles. BEVs also 
do not emit noise while using an electric motor and do not generate environmental 
pollution [6]. The aspects make BEVs the ideal vehicles to be used in cities and urban 
areas. 

On the other hand, the actual terminal voltage of the battery Eemf detracts from the 
electromotive balance force (electrode potential) due to the electrochemical polar-
ization of the battery. This method yields Qp heat, which is a loss of energy during 
the polarization of the battery charge and discharge. Qp = I2Rp, where Rp is the 
polarization resistance that is associated with the polarization process. Finally, the 
Joule heat Qj is generated due to the internal ohm resistance of the battery the heat 
generated during the charging/discharge process is Qj = I2Ri, where Ri is the internal 
ohm resistance of the Li-ion cell. 

Xu et. al. conducted a CFD and observational heat transfer performance study of 
the symmetrical fractal silicon thin-film network under-stimulation [7]. The results 
showed that the heat transfer rate at pulsation frequency (2–10 and 30–40 Hz) 
increased by 25–40 percent and was significantly greater than that at (10–20 Hz) 
when the Re number remained constant. By raising the Re number, the enhance-
ment factors dropped significantly from 40 to 5% for the above frequency range, as 
opposed to steady-state cases. Doubling the frequency of Re caused a drop in the 
wall temperature and an increase in the number of Nu. There was no big variation in 
the pressure drop between steady and pulsed flow cases [7]. 

Yu et. al. have studied numerically the effect of agitator plates inserted within 
the HS channels to enhance the heat transfer by antagonism [8]. Periodic motion in 
the radial direction generated by the agitator plate increased the thermal efficiency. 
Maximum heat transfer results and insights were approximately 61% by agitation. 
They tracked a sharp enhancement in heat transfer on the base surface as the size 
of the tip gap between the agitator plate and the channel was reduced. On the other 
hand, there was no effect of the size of the tip gap observed on the heat transfer on 
the side walls. Higher thermal conductivity rate from the channel wall was measured 
when the amplitude or frequency of the agitator plate risen. It can be seen that there 
was very limited research in this area of research the cooling mechanism used to 
remove heat from heat sinks is one way of categorizing heat sinks. It can be divided 
into two categories [9]. Passive heat sinks are used either in natural convection imple-
mentations or in applications where heat dissipation does not rely on a demarcated 
airflow supply. Typical height at heat inlet: 10 mm to large. Standard load limit 5– 
50 W. Semi-Active Heat Sinks leverage existing fans in the system. Typical height 
at heat inlet: -10 mm. Load limit 15–25 W. Active Heat Sinks use designated fans 
for their use, such as ventilator heat sinks in either impingement or vertical streams. 
This type of heat sink usually involves mechanically moving components, and its
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reliability depends heavily on the reliability of the moving parts [10]. The heat sink 
is the most critical part of the proposed. It must have a large size to have a small 
thermal resistance value and a volume and weight that can be tolerated for EV appli-
cations. The heat sink absorbs the power pumped from battery cold surfaces and the 
heat generated by itself. Heat sink performance affects the system’s highest possible 
temperature range and excellent thermal stability [2]. The heat sink selected should 
be capable of dissipating the power generated by the Lead-acid cell (Qc = 6 W).  

CFD can provide insight into flow patterns that are difficult, expensive, or impos-
sible to study using methodological approaches. Experiments can provide a quanti-
tative description of flow phenomena using observations for one quantity at a time, 
at a limited set of characteristics and times. If a full-scale model is not obtainable 
or is not practical, scale models or dummy models may be used. Experiments may 
have a limited range of problems and operating conditions. Simulations can predict 
flow profiles by applying computer-aided CFD software for all desired parameters, 
with a function of space and time, and virtually any problem and realistic operating 
conditions. For confirmation, the results may need to be validated. To maintain the 
reliability of the mesh size, the length of the fluid may need to be affirmed. We used 
CFD post-processing software, SOLIDWORK, in this study. The mesh size of 5 mm 
is chosen for the whole pack. 

3 Methodology of Electrical Vehicle Battery Pack 
Simulation 

3.1 Heat Transfer Analysis 

An analysis on battery thermal management was conducted through computational 
fluid dynamic (CFD) flow simulation to obtain the heat flow, making the study 
of the thermal analysis overall. The heat sink performance considered the mate-
rial thermal conductivity, compartment geometry, fin-type, heat transfer coefficient, 
airflow rate, and ducting components arrangement. A conceptual approach can be 
made to evaluate the surface performance of the heat sink (Fig. 1). 

Alternatively, thermal performance may be measured experimentally by the 
temperature sensing approach. This chapter will discuss the mentioned methods 
for the determination of the thermal effect to the battery compartment of the elec-
tric vehicle system. Aluminum alloys are the most common and effective heat sink 
materials which are in this study specifically choose aluminum alloys 6061 grade 
(Table 1). 

The fin shape of a heat sink can significantly impact its ability to distribute thermal 
energy into the environment. The quantity and size of the fin determine the efficiency 
of the heat transfer components as a medium to release the heat faster. For a better 
concept design, the fins are not in any cover but attach to a flat solid aluminum plate. 
This is a way to increase the opening surface area to the air.
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Fig. 1 Flat straight fin heat sink 

Table 1 Heat properties Properties Description 

Thermal load (heat power) 6.0 W 

Power 576 W 

Convection coefficient 28 W/(m2 K) 

Temperature 303 K 

Material Aluminum Grade 6061 

3.2 Computational Fluid Dynamic (CFD) Analysis 

To obtain the airflow simulation on the battery pack thermal management, a simu-
lation is performed by using SOLIDWORK flow simulation 2020. The input data 
and mesh generate should be recognized for the software to perform simulation. In 
SOLIDWORKS flow simulation a wizard study is created, and the properties for the 
material involved is being set as shown in Table 2. 

The heat sink was selected as the component which the material is aluminum 6061 
while the battery pack casing was made up of alloy substance. The heat generation 
mode of CFD was selected which aligns with the airflow investigation study and the

Table 2 CFD basis 
assumption 

Properties Description 

Model type Linear elastic isotropic 

Default failure criterion Maximum Von Mises stress 

Specific heat 900 J/(kg K) 

Mass density 2700 kg/m3
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Table 3 CFD properties and 
setup 

Parameter Description 

Mode Heat generation rate 

Coordinate system Global coordinate system 

Heat generation rate 6.0 W 

Flow parameters Inlet flow vector direction: 
normal to face 

Thermodynamic parameters Environment pressure: 
101,325.00 Pa 

Turbulence parameters Turbulence intensity and 
length 
Intensity: 0.10% 
Length: 0.003 m 

fluid condition was set up as an air parameter. In CFD analysis, two types of goals 
were set which were the global goal and surface goals, both goals were selected in 
an average type of goal to be calculated. Global goal mainly focused on the fluid 
temperature, overall compartment temperature, and wall temperature. Detailed of 
the setup are tabulated in Table 3 while the mesh properties are specified in Table 4.

Before the CFD simulation being run, all opening sections of the geometry must 
be closed as a defined boundary condition. The feature was constructed by inserting 
a lid feature and the size of the computational domain need to be greater than the 
battery pack compartment 

Table 4 CFD mesh properties and setup
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4 Battery Pack with Heat Sink 

Figure 2 shows the installation of PID fan controller assembly with heat sink being 
placed on top of the battery component, this section shows how the arrangement 
of the battery thermal management is set up. Mainly two cases were focused and 
highlighted. The first one has simulated the inlet air intake without the heat sink 
meanwhile for the second case study was the heatsink that was placed on top of the 
battery compartment. 

The idea is to maintain a constant temperature by controlling the speed of a 
fan by changing its supply voltage. It uses a PID (Proportional-Integral-Derivative) 
control algorithm to calculate the adequate power % to apply to the fan, through a 
PWM controlled MOSFET. The goal design builds a system to maintain the right 
temperature at the battery pack. It can be used in any forced ventilation application 
though. 

Figure 3 shows the geometrical configuration of a plate-fin sink with a horizontal 
inlet cooling flow. Both the base size and the width are 50 mm. The total heat 
dissipation of 6 W is uniformly applied over the base plate of the heat sink with a 
base thickness of 20 mm. The thermal conductivity of the heat sink is 200 W/m K. 
The ambient air temperature is 25 °C. The conductivity of the air is 0.0267 W/m K 
and the air density is 1.177 kg/m. The task is to determine the maximum temperature 
on the heat sink to operate at the optimum range. This material Aluminium alloys 
6061 with thermal conductivity values of 201 W/m K is operated with a thermal load 
(heat power) of 6 W which we get by using the online micro calculator in determining 
the thermal load. 

Fig. 2 Components arrangement of the EV battery pack
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Name Type Min Max 
Thermal1 TEMP: Temperature 6.785e+01Celsius 

Node: 1657 
8.328e+01Celsius 
Node: 2602 

Fig. 3 Heat sink thermal temperature distribution 

5 Flow Trajectories 

Figure 4 shows the streamline arrow of the first case study whereas the fan blower 
only without heatsink is being placed up at the inlet of air intake. As can be seen in 
the figure the streamline is in a cool state, but the air streamlines are not uniformly 
from the air inlet through the fan and exit through the outer lid. The streamline of 
the airflow at 6.0 W is illustrated below. 

Figure 5 shows the streamline arrow of the second case study whereas the fan 
blower and heatsink were being placed on top of the battery compartment. As can 
be seen in the figure, the streamline is in a cool state where the heat is dissipating 
uniformly from the air inlet through the fan and exits through the outer lid. The 
streamline of the airflow at 6.0 W. 

From the parametric analysis on the power rate, the fan speed, and the location of 
the heatsink on the thermal performance, it is found that the temperature distribution 
among the battery cells is not even within the battery module for the first case study. 
It was found that even the authors change the three key parameters in a large range, 
the temperatures on the rear battery cells are still larger than those on the front battery 
cells. 

However, the temperature uniformity distribution for the second case study which 
shows a greater airflow distribution and the heat dissipation flow has a great impact 
on the capacity and battery cycle life. Extensive studies have shown that a high
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Fig. 4 First case of the CFD simulation without heat sink 

Fig. 5 Second case of the CFD simulation with heat sink
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temperature will accelerate the degradation of the capacity and shorten the life cycle 
(Fig. 6).

The temperature uniformity of a single battery cell is affected by its intrinsic 
properties, such as electrode and electrolyte materials, thermal conductivity, battery 
dimensions, and extrinsic factors like convection heat transfer coefficient and media. 
The temperature uniformity of a battery module is affected by the passage spacing 
size, cooling air, manifold configuration, and others. 

Based on Fig.  7, due to the heat taken away by the cooling air, the cooling air 
temperature plays an important role in the temperature on the battery cell. The figure 
shows the specific heat and thermal conductivity of the heatsink that is being placed 
in the battery pack. 

Fig. 6 Second case CFD simulation focused on heat sink 
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Fig. 7 a Specific heat of heat sink, b thermal conductivity heat sink
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Fig. 8 Temperature versus RPM graph 

During the study on the 1 case it shows, due to the pressure drop in the manifold, 
it is challenging to eliminate the pressure difference when the inlet is being placed 
as the fan blower for the battery pack. This causes the flow area of each passage to 
be another factor that largely affects the distribution of the passage heat flow. Thus, 
the heatsink fan blower is placed on top of the battery because it shows a greater 
uniform of airflow streamlines, causing the temperature to drop greater. 

Figure 8 shows the temperature of the surrounding in the battery pack, when the 
temperature sensor detects an increase of heat, the fan speed or Rpm will increase 
radiantly with temperature. The Figure shows the increases in the temperature that 
triggers the fan speed. 

The thermal efficiency of the optimized battery pack based on the maximum and 
minimum temperature is gain from the heat sink dissipation. The heat-sink can reduce 
2.37 °C or 9.10% more dissipation performed around the battery compartment. 

6 Conclusions 

This study presents a heat sink and PID fan as a type of air-cooling ventilation system 
for an electric scooter battery pack that differs from the typical ventilation system 
by relocating cooling air inlets and outlets, modifying inlet forms, and combining 
with a PID fan system to the battery pack. According to simulation results, the 
design of battery ventilation can effectively reduce the maximum temperature and the 
maximum temperature difference in the pack, the temperature difference between the 
highest and lowest ones for the evaluated event is reduced from 26.04 to 23.67 °C and 
the heat dissipation rate is improved with 9.10%. The uniformity of the temperature 
distribution has an improvement of 9.10%. which eventually extends the service 
cycles of the battery cells and enhances the reliability of the battery pack. As to 
the conceptual design stage, with the help of the CFD simulation technology, one 
can quickly predict the result of the ventilation system design which shortens the 
development process to achieve the purpose of cost-saving.
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Development of Mg-Graphene 
Composites and Effect on Microstructure 
and Mechanical Properties—A Review 

J. Alias, N. F. A. Bakar, M. A. F. Romzi, M. I. M. Ramli, and N. A. Alang 

Abstract The role of GNPs in magnesium matrix composites and their influence 
on the development of microstructure and mechanical properties are reviewed thor-
oughly. Magnesium (Mg) is a well-known light metal that is used in a variety of 
engineering applications, particularly as biodegradable implant materials and auto-
motive engine parts. However, the potential of Mg in a wide range of applications is 
limited by its low strength and high activity in most environments. More research is 
needed to improve its strength and ductility, either through the development of alloys 
or composite materials. Because of their low density and superior specific properties, 
Mg metal matrix composites (Mg-MMCs) are appealing materials. Two-dimensional 
GNPs with distinct electrical, mechanical, and thermal conductivity properties are 
being considered as intriguing reinforcement. The use of GNPs as reinforcement 
in Mg-MMCs effectively serves as a strengthening potential for the development 
of new lightweight, high-strength, and high-performance Mg matrix nanocompos-
ites. This paper discusses the effect of GNPs on the mechanical characteristics and 
microstructure of magnesium as a guide to the development of more promising Mg 
material. 
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1 Introduction 

Magnesium, with a solid-state density of 1.74 g/cm3, has piqued the interest of the 
aerospace and automotive industries as the lightest conventional structural metal state 
[1–4]. It facilitates weight reduction in the transportation industry, which improves 
fuel efficiency [5, 6]. When compared to other metals, magnesium is weak, ductile, 
and corrosion resistant. Many alloys and composite materials have been developed 
to help alleviate the problem [7–11]. 

Composite materials have the ability to integrate reinforcing phase qualities with 
matrix phase properties, resulting in composite materials that surpass their monolithic 
counterparts in terms of characteristics [12–14]. Their properties can be tailored to the 
end user by carefully choosing the reinforcement phase, matrix phase, and produc-
tion technique. Magnesium-matrix composites (MMCs) can be made by dispersing 
reinforcing particles in the metal magnesium using either solid- or liquid-phase 
processes. 

Carbon nanotubes (CNTs) have received a lot of attention in recent years as 
a reinforcement to boost the strength of magnesium and its alloys. However, the 
limitation of CNTs are its negative impact on ductility, and the application using 
CNTs as an industrial reinforcement for composites leads to poor dispersion in the 
matrix caused by agglomeration due to van der Waals forces between carbon atoms 
[7, 15–17]. Graphene has also been employed in various applications, such as metal-
graphene composites, electronics material and polymer reinforcement. In the realm 
of thermal interface materials, graphene (a thermally conductive nanomaterial) was 
exploited as an outstanding filler (TIMs). The strong graphene bonding (a single 
atomic layer of sp2 hybridised carbon) to the metal matrix particles increased the 
heat conductivity of the resultant composite by up to 2300%. Nonetheless, there have 
been few research on the application of graphene for metal reinforcement [18–23]. 
As a result of its unique features, graphene is gaining extensive interest for usage as 
a reinforcing material. 

The effect of graphene on the microstructure and mechanical properties of magne-
sium is reviewed in this article. The potential of graphene as a magnesium reinforce-
ment material can be significant in the exploration of magnesium’s wide range of 
applications. 

2 Microstructure Development of Graphene-Mg 
Composites 

GNPs have received a great deal of attention in recent years as a two-dimensional 
material. GNPs and their derivatives have been demonstrated in several studies to have 
the potential to be utilised as reinforcement to improve the performance of metals and 
composites. Various study reports have identified better mechanical, microstructural 
and interface properties of GNPs/Mg composites [19, 24–27], GNPs/Al [28–31]
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and GNPs/Ti [32–36]. However, an excessive number of carbon layers may degrade 
graphene’s good characteristics [37]. 

Reference [38] investigated the microstructure of AZ80 magnesium alloy with 
incorporation of GNPs produced by rheo casting and hot extrusion process. The 
microstructure characterization was performed by field emission scanning electron 
microscopy (FESEM). The FESEM micrograph of GNPs is shown in Fig. 1. The  
GNPs is characterized by 4–12 μm in internal length, and thickness of 2–18 nm. 
The microstructure having significant carbon accumulation (Fig. 2), and the element 
map indicated the carbon element that can be found in the matrix of both composites. 
They concluded that the accumulation of carbon increases with the increase in GNPs. 
The Van der Waals interaction between carbon layers and the huge GNP surface area 
was implicated for the accumulation of carbon [37]. 

According to Parizi et al. [38], GNPs were also found to be embedded within the 
Mg matrix and segregated at the eutectic particle distribution (Fig. 3). GNPs may 
be present in α-Mg grains as a result of α-Mg grains nucleating on GNP surfaces 
and engulfing GNPs within the solidification front. As depicted in Fig. 4, the grain 
structure of as-cast AZ80 alloy composed a typical semi-coarse dendrites structure. 
Addition of GNPs revealed a transition of much coarser and globular dendritic struc-
ture. The change in grain morphology is attributed to the increase molten slurry 
friction caused by the presence of GNPs during the stirring process. 

Earlier, by using a semi powder metallurgy method followed by hot extrusion, 
Rashad [39] produced a magnesium-10 wt% titanium alloy with the addition of 
0.18 wt% GNPs. The surface of pure magnesium is smooth and free of macrostruc-
tural defects, indicating good bonding between magnesium particles and reinforce-
ment. The grain boundaries are visible from the micrograph and also presence of 
small pores. However, the presence of Ti-GNPs nanoparticles in the Mg matrix is

Fig. 1 FESEM micrograph 
of as received GNPs [38]
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Fig. 2 FESEM images and element maps of AZ80 with 0.1 GNPs composite [38] 

Fig. 3 FESEM images indicated the distribution of GNPs a within the α-Mg matrix grain, b in 
close vicinity to the eutectic phase [38] 

Fig. 4 Optical micrograph of as cast a AZ80 alloy, b AZ80 with addition of 0.1GNPs and c AZ80 
with addition of 0.6GNPs composites [38]
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Fig. 5 Micrographs of a pure Mg, Mg matrix composites with b 0.10 wt% GNPs and c 0.25 wt % 
GNPs [40] 

rather difficult to detect, due to the very low content of Ti-GNPs nanoparticles in the 
composite.

Rashad et al. [18] produced GNPs reinforced AZ91D composites by thixomolding 
process. They investigated the homogeneous distribution of GNPs reinforcement 
act as obstacles in the magnesium matrix with high dislocation density, and thus, 
increases the strength of composites. 

Xiang et al. [40] investigated the addition of 0.25 wt% GNP to Mg using disinte-
grated melt deposition technique, and revealed the correlation of microstructure with 
inhomogeneous deformation pattern. The micrographs of the Mg and composites are 
shown in Fig.  5a–c. Uniform grain refinement of Mg matrix occurred followed by 
induced twin lamellae in the composites. 

A study was conducted by [41] to study the microstructure, mechanical, tribolog-
ical properties of GNPs assimilated AZ31 magnesium through friction stir processing 
(FSP). The composites exhibit a grain refined microstructure with presence of 
GNPs. The base modal has a typical bimodal microstructure with fine grains about 
∼10.2 μm. 

Chen et al. [42] studied the addition of GNPs to Mg composites reduces defects of 
thixomolded products. The composites have grain refinement, reduction in porosity, 
and improvement in fluidity. However, it is also observed that, with addition of GNPs 
more than 0.6 wt%, can resulted to poor grain refinement (Fig. 6). 

Kavimani et al. [5] revealed a uniform dispersion of carbonaceous particles in the 
Mg matrix located at the vicinity of micro-crack, which formed as a consequence of 
weaker bonding between the matrix and its reinforcement particles. The increase in 
r-GO addition emphasizes the enormous distribution of porosity, which jeopardized 
the mechanical strength of magnesium matrix. 

Turan et al. [43] investigated the effects of GNPs contents (0.1, 0.25 and 0.5 wt%) 
on pure magnesium. Figure 7 shows a segregation of the GNPs along the grain bound-
aries. This occurrence was because of the properties of graphene with high surface 
area and Van der Waals bonding between the carbon atoms. Sun et al. [20] confirmed 
that GNPs can act as effective nucleation substrates for Mg heterogeneous nucle-
ation. The heterogeneous nucleation requires less energy and, the GNPs preferably 
nucleate at the Mg grains by heterogeneous nucleation and causing grain refinement.
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Fig. 6 SEM image of AZ91D with 0.6 wt% GNPs [42] 

Fig. 7 SEM micrographs of samples: a Pure Mg, b Mg with 0.1 wt% GNP, c Mg-0.25 wt% GNP, 
and d Mg-0.5 wt% GNP [43]
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3 Effect of Graphene on the Mechanical Properties of Mg 

Parizi et al. [44] produced AZ80 magnesium alloy by two stages process including 
semi-solid powder metallurgy and rheocasting method. Existence of GNPs was 
found segregated at the eutectic phase by solidification front, which is also at the 
vicinity of micro crack. They obtained an improvement in microhardness, tensile 
yield strength (TYS) and compressive yield strength (CYS) with increasing GNP 
content as observed in Fig. 8. The dispersion of GNPs decreases the slip distance of 
dislocations and suppress the dislocation activities. However, as cracks are located 
at the GNPs accumulation, it is also lead to decrease mechanical properties. The 
arrangement of GNPs also responsible for the performance of mechanical strength. 

Das and Harimkar [45] conducted an experiment to study the effect of GNPs 
reinforcement on the mechanical behaviour of magnesium matrix composites by 
using spark plasma sintering method. It was observed that the hardness was relatively 
increasing with increasing GNP content until 2-vol.% GNPs as tabulated in Table 1 
together with its compressive strength and as shown in Fig. 9. 

Rashad et al. [15] studied the synergetic effect on mechanical properties of pure 
magnesium of GNPs and multi-wall carbon nanotubes (MW-CNTs), with correlation 
to texture. The results, listed in Table 2, showed that the addition of GNPs improved 
elongation, ultimate tensile stress, and Vickers hardness when compared to pure

Fig. 8 Stress–strain graph for AZ80 alloy and its composites [38] 

Table 1 Hardness and 
compressive strength of Mg 
and Mg-GNP composites 

Materials GNP content 
(wt%) 

Hardness (HV) Compressive 
strength (MPa) 

Magnesium 0 46 220 

Mg-GNP 1 54 159 

Mg-GNP 2 63 201 

Mg-GNP 5 50 123
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Fig. 9 Tensile stress–strain curves for magnesium and its composites [46] 

Table 2 Mechanical properties of Mg and its composites with addition of GNP [15] 

Material (wt%) Vickers hardness 
(HV) 

0.2% YS (MPa) UTS (MPa) Failure strain (%) 

Mg 41 ± 3.5 5.98 186 ± 6 9.7 ± 3 
Mg-1Al-0.09GNP 48 ± 2.9 13.40 206 ± 4 10.5 ± 3.4 
Mg-1Al-0.18GNP 51 ± 3 12.18 223 ± 5 15.2 ± 2 
Mg-1Al-0.30GNP 55 ± 4 13.84 246 ± 3.5 16.9 ± 3 

magnesium. The mismatch in the coefficient of thermal expansion of magnesium-
GNPs leads to the strengthening of composites. The change in texture was also 
revealed with the presence of GNPs.

Grain refinement, load transfer, thermal mismatch, and Orowan loops are among 
the strengthening mechanism in composite material. According to Xiao et al. [47], 
shear stress generated at the AZ31B-GNPs interface can transmit load from the 
matrix to the reinforcement in GNPs-reinforced composites. It limited dislocation 
movement, leading in an increase in yield stress. 

Munir et al. [48] investigated the improvements in mechanical properties with 
addition of GNPs that caused by the strengthening efficiencies. A lower GNP content 
resulted in fewer defects in their graphitic structure and uniform dispersion within the 
Mg matrix, contributing to the grain refinement of the Mg composite. The strength-
ening factors including thermal mismatch and grain refinement in the Mg matrix with 
the reinforced GNPs are responsible to the improvement in mechanical strength.
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4 Conclusions 

This review expands on the potential of GNPs as a reinforcement in magne-
sium matrix composites. Their properties can be tailored to the end-user by care-
fully selecting the reinforcement phase, matrix phase, and processing technique. 
Overall, GNPs presence in magnesium, led to grain refinement and thus, increases 
strengthening and improve mechanical properties of magnesium-based composite. 
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Experimental Study of Lubricant Oil 
Film Behavior on Al6061 Under MQL 
Milling Process 
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Abstract Minumum Quantity Lubrication (MQL) technology has proven to give 
better surface roughness and tool life performance compared to conventional lubri-
cating method despite its very little usage of lubricant oil. Therefore, it is crucial to 
deeply understand the lubricating mechanism of MQL to explain this phenomenon. 
However, most experimental studies conducted in the past was focused to investigate 
the relationship between effects of machining parameter to the machining perfor-
mance. Here, the behavior of lubricant oil from MQL generator during the milling 
process was investigated in this study by using Laser-Induced Fluorescence method 
to measure the lubricant oil film thickness. Experiments were conducted during the 
milling process under different oil viscosity and cutting speed. The average surface 
roughness of workpiece was also measured to relate the lubricant oil behavior and the 
machining performance. Overall, lubricant oil film thickness fluctuation was found 
to dramatically change with decreasing oil viscosity. The oil film thickness was also 
found to increase with increasing cutting speed up until 24.514 m/min. Moreover, 
the lubricant oil was found to accumulate on the beginning of the milled area. The 
lubricant oil film thickness drastically dropped at the position of cutting tool. The 
average lubricant oil film thickness was found at approximately 2.0 mm for the lowest 
viscous oil and 0.02 mm for the largest viscous oil. The average surface roughness 
was found to decrease with increasing cutting speed, which has confirmed the results 
of lubricant oil film thickness that shows more lubricant supplied on the workpiece 
gives better surface finishing for the workpiece. 
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1 Introduction 

Machining process performance is significantly affected by metal workings fluid such 
as coolant or lubricant that is used to minimize the heat of high temperature appeared 
during the operation. The capability in lubricating the cutting zone, cooling down the 
cutting tool and simultaneously flushing away the chips during the cutting process 
have made the metal workings to be essentially needed for the machining industry 
[1]. Minimum Quantity Lubrication (MQL) technology is among the alternative 
approach in replacing the conventional flood coolant or wet machining lubricating 
method. MQL technology uses a mixture of air pressure and lubricant oil to produce 
an aerosol form of oil mist from MQL nozzle. During lubricating process, the oil mist 
could form an extremely thin film of lubricant oil on the cutting zone to reduce friction 
between tool-workpiece interface, even with very minimal amount at oil flow rate 
being used [2]. In addition, oil consumption can also be reduced and in turn lessen the 
excessive lubricant disposal. Thus, MQL is well-known as an environmental-friendly 
lubricating method [3]. Furthermore, natural biodegradable oil is also commonly 
being used as base oil for MQL technology. Hence, occupational health hazards 
among industrial workers can also be reduced [4]. 

As for the performance, MQL technology has proven to give better surface 
roughness and tool life performance compared to conventional lubricating method 
[5]. Moreover, degradation of built-up-edge on the workpiece contributed by lower 
cutting force has also been attained by applying MQL technology [6]. Hence, deple-
tion in cutting temperature throughout the machining process due to the low fric-
tion conditions appeared on the tool-workpiece interface has also been reported [7]. 
Finally, the overall manufacturing cost has been reported to reduce significantly due 
to the reduction of oil usage during the machining process [8]. 

Since the performance of MQL was better compared to conventional lubricating 
method despite its very little usage of lubricant oil, it is crucial to deeply understand 
the lubricating mechanism of MQL to explain this phenomenon. Specifically, it is 
important to clarify the ability of oil mist to penetrate the cutting zone which can 
give a smoother workpiece or longer tool life as the machining outcome. However, 
most of the experimental study of MQL application conducted in the past have 
been solely applied to investigate the relationship between effects of machining 
parameter to the machining performance. This issue might be due to the complexity of 
experimental setup when the machining process is on-going and the fact that natural 
flow of lubricant oil cannot be interrupted to maintain the outcome of machining 
process [9]. 

To cater this issue, the behavior of lubricant oil from MQL generator during the 
milling process is investigated in this study by using a non-intrusive method known 
as Laser-Induced Fluorescence method to measure the lubricant oil film thickness. 
Experiments are conducted during the milling process under different oil viscosity 
and cutting speed. Moreover, the average surface roughness of workpiece is also 
measured to relate the lubricant oil behavior and the machining performance.
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2 Experimental Method 

In this study, a 2001 MAKINO KE55 CNC Vertical Mill machine was employed to 
run the milling process. An MQL generator was equipped beside the milling machine 
to disperse lubricant oil precisely into the cutting area. A 10 mm-diameter uncoated 
carbide end mill was used as the cutting tool to mill an Al6061 with dimension of 
about 100 mm × 100 mm × 100 mm. Four different types of lubricant oil, i.e., mixed 
esters oil, sunflower oil, olive oil and calophyllum inophyllum oil were utilized as 
the working oil. The oil properties are listed in Table 1. Meanwhile, a summary 
of experimental conditions and parameters being applied throughout this study are 
given in Table 2. 

To measure the thickness profile of lubricant oil, a non-intrusive optical approach 
called as Laser-Induced Fluorescence (LIF) was conducted, which has been done in 
the previous study [10]. To apply this approach, a calibration procedure was carried 
out beforehand to obtain the relationship between fluorescence light intensity and oil 
film thickness. Theoretically, the lubricant oil film thickness increases with increasing 
of fluorescence light intensity. The results of calibration for all types of oil being 
used are summarized in Table 3. From the equations, the thickness profile on the 
workpiece can be calculated by substituting the obtained value of fluorescence light 
intensity. Moreover, the average surface roughness was measured by taking three 
average values from sampling length at the distance of 20, 60 and 80 mm on the 
milled workpiece. 

Table 1 Working oil characteristics 

Oil types Kinematic viscosity, ν 
[mm2/s] 

Dynamic viscosity, η 
[mPa·s] 

Density, ρ [g/cm3] 

Mixed esters 11.954 11.075 0.9265 

Sunflower 33.383 30.224 0.9054 

Olive 39.216 35.260 0.8991 

Calophyllum 
inophyllum 

67.871 63.223 0.9315 

Table 2 Experimental conditions and parameters 

Properties Value 

Feed per tooth, f z 0.0893 mm/tooth 

Axial depth of cut, ap 0.50 mm 

Cutting speed, Vc 14.514, 19.514, 24.514, 29.514 m/min 

Table feed, Vf 315 mm/min 

MQL flow rate 116.667 mL/h 

MQL nozzle distance 3 mm  

MQL lubricant oil Mixed esters, sunflower, olive, calophyllum inophyllum oil



154 N. E. H. Zamiruddin et al.

Table 3 Calibration linear 
equations 

Oil types Linear equations 

Mixed esters I = 2.4713δ + 4.7994 
Sunflower I = 0.3234δ + 2.166 
Olive I = 3.4190δ + 1.3071 
Calophyllum inophyllum I = 0.1922δ + 0.7667 

3 Results and Discussion 

3.1 Effects of Cutting Speed to Average Lubricant Oil Film 
Thickness Under Different Oil Viscosity 

Average lubricant oil film thickness was analyzed when cutter position located at 
45–55 mm during the milling process. At this point, a further analysis of lubricant 
oil behavior related to oil viscosity was clarified. Figure 1 presents the results of 
average lubricant oil film thickness, δ against distance from milling starting point, x. 

The oil flow rate of MQL were consistent at 116.667 mL/h throughout the inves-
tigation to disperse oil uniformly onto the milling zone. Overall, it was found that 
the lubricant oil film thickness fluctuation dramatically changed with decreasing oil 
viscosity. The oil film thickness was also found to increase with increasing cutting 
speed up until 24.514 m/min before reduced back to lower thickness upon cutting 
speed of 29.514 m/min. For all conditions, the lubricant oil was also found to accu-
mulate on the beginning of the milled area. This happened due to the position of 
nozzle during the milling process. 

For oil viscosity at 11.075 cSt i.e., the mixed esters oil, the thickest lubricant oil 
accumulated on the milled area was found at approximately 2.0 mm. This occurrence 
probably happened due to properties of low viscous oil that tends to produce greater 
amount of oil approached onto the workpiece as it is easier injected from the outlet of 
MQL nozzle [10, 11]. However, the lubricant oil film thickness drastically dropped at 
the position between 45 and 55 mm for all machining cutting speeds. The position of 
milling cutter located at 50 mm has obstructed the lubricant oil to properly penetrate 
the cutting zone. These findings were similarly reported by the past study which has 
claimed that the lubricant oil film thickness was found lower near to the edge of 
cutting tool [12]. 

For oil viscosity of 30.224 cSt i.e., the sunflower oil, the lubricant oil film 
decreased with increasing of cutting speed before the distance of 45 mm from 
machining starting point. The range of lubricant oil film thickness was measured 
from 0.50 mm to 1.50 mm, 0.40 mm to 1.45 mm, 0.45 mm to 1.40 mm and 0.30 
to 1.40 mm for cutting speeds of 14.514 m/min, 19.514 m/min, 24.514 m/min and 
29.514 m/min, respectively. However, a slightly thicker amount of oil was observed 
accumulated on the beginning of milling distance. The broad spraying effects of 
lubricant oil from the MQL nozzle was probably caused by the deeper penetration of
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Fig. 1 Average lubricant oil film thickness, δ against distance from milling starting point, x for oil 
viscosity of a 11.075 cSt, b 30.224 cSt, c 35.260 cSt and d 63.223 cSt



156 N. E. H. Zamiruddin et al.

sunflower oil that tends to supply more amount of lubricant oil onto the workpiece 
[13].

Furthermore, it was observed that the lubricant oil film thickness at oil viscosity of 
35.260 cSt i.e., the olive oil increased with increasing cutting speed by ranging from 
0.02 to 0.20 mm, 0.05 to 0.50 mm and 0.10 to 0.55 mm before depicting a spectacular 
decrease approximately at distance from 45 to 55 mm. However, approaching to 
cutting speed of 29.514 m/min, the lubricant oil film thickness was found to decrease 
compared to previous conditions. This implies that the lubricant oil tends to spatter 
away from entering milled surface due to vigorous movement and rotation of cutting 
tool. Hence, the accumulation of lubricant out from the milling zone has reduced the 
proper lubrication properties onto the workpiece. 

Other than that, at oil viscosity of 63.223 cSt, i.e., the calophyllum inophyllum 
oil, lower lubricant oil film thickness accumulated on the workpiece was measured 
for all condition of cutting speeds. This could be explained by the poor penetration 
properties of high viscous calophyllum inophyllum oil itself. Moreover, the bigger 
particle sizes as compared to lower viscous oil has made it harder to disperse out from 
the outlet of MQL nozzle [10]. For this reason, fewer oil droplets were produced 
and eventually reduced the lubricant oil film thickness. Nevertheless, there was a 
decreasing pattern of lubricant oil film thickness after the position of 55 mm from 
starting point for all conditions. This phenomenon is probably because lubricant oil 
tends to adhere onto the cutting tool instead of the workpiece. Consequently, lubricant 
mists did not fall onto the milling path. 

3.2 Average Surface Roughness of Workpiece After MQL 
Milling Process 

Figure 2 presents the results of average surface roughness, Ra and Rz against distance 
from milling starting point, x. Overall, the average surface roughness was found 
to decrease with increasing cutting speed. This finding has confirmed the results 
lubricant oil film thickness that was found to increase under the same conditions, 
indicating that more lubricant supplied on the workpiece gives better surface finishing 
for the workpiece. 

A detail observation suggests that the average surface roughness at 20 mm for oil 
viscosity 30.224 cSt increased from 3.892, 4.116 and 4.358 µm for cutting speeds 
of 14.514, 19.514 and 24.514 m/min. This occurrence might be happened due to 
insufficient lubricant oil being supplied at the milling path, which can be clarified by 
the results of Fig. 1 that shows the decreasing trends of lubricant oil film thickness. 
Again, this has confirmed that limited supply of lubricant oil leads to poor surface 
finishing of workpiece. 

Other than that, the average surface roughness of workpiece at oil viscosity of 
35.260 cSt, i.e., the olive oil was found to decrease with increasing cutting speed. 
Besides, the lowest average surface roughness value was recorded in olive oil. The
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Fig. 2 Average surface roughness of workpiece after MQL milling process for oil viscosity of a 
11.075 cSt, b 30.224 cSt, c 35.260 cSt and d 63.223 cSt
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smaller oil particles of olive oil give a greater capability effects to a deeply pene-
trate the cutting zone [14]. Thus, cutting friction can be lessen and hence provide a 
greater lubricating effect on the workpiece. Eventually, surface roughness value can 
be decreased.

Meanwhile, lower surface roughness was obtained throughout the milling process 
for oil viscosity of 63.223 cSt, i.e., the calophyllum inophyllum oil. The average 
surface roughness was found to decrease with increasing cutting speed. However, 
the average surface roughness at cutting speed of 29.514 m/min slightly increased. 
These results support the previous discussion, which explained that the lubricant oil 
spattering away from entering the cutting zone has reduced the lubricant oil film 
thickness. Concurrently, it minimized the lubrication properties and thus increased 
the average surface roughness value. 

4 Conclusion 

The behavior of lubricant oil from MQL technology during the milling process was 
investigated in this study by using a non-intrusive method known as Laser-Induced 
Fluorescence method to measure the lubricant oil film thickness. Experiments were 
conducted during the milling process under different oil viscosity and cutting speed. 
Moreover, the average surface roughness of workpiece was also measured to relate 
the lubricant oil behavior and the machining performance. Few conclusions were 
drawn as follows:

• The lubricant oil film thickness fluctuation dramatically changed with decreasing 
oil viscosity. The oil film thickness was also found to increase with increasing 
cutting speed up until 24.514 m/min. However, at cutting speed of 29.514 m/min, 
the lubricant oil film thickness was found to decrease.

• For all conditions, the lubricant oil was found to accumulate on the beginning of 
the milled area. The lubricant oil film thickness drastically dropped at the position 
between 45 and 55 mm from milling starting point as it was obstructed by the 
cutting tool located exactly at that location.

• The average lubricant oil film thickness was found at approximately 2.0 mm for the 
lowest viscous-mixed esters oil and 0.02 mm for the largest viscous-calophyllum 
inophyllum oil.

• Overall, the average surface roughness was found to decrease with increasing 
cutting speed. This finding has confirmed the results of lubricant oil film thick-
ness that was found to increase under the same conditions, indicating that 
more lubricant supplied on the workpiece gives better surface finishing for the 
workpiece. 
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Multi-objectives Optimization 
of Volumetric Shrinkage and Warpage 
for Disposable Mouth Mirrors Using 
Taguchi Method, ANOVA and Grey 
Relational Analysis (GRA) 

J. B. Saedon, M. Z. Azlan, M. S. Adenan, and M. Azuddin 

Abstract Volumetric shrinkage and warpage are the most two common defects in 
plastic injection moulding process that affects the overall quality characteristics of 
the plastics part. The use of the Taguchi optimization technique to assess and mini-
mized volumetric shrinkage and warpage concerns that impact processing parame-
ters during the production of disposable mouth mirrors made of Polypropylene (PP) 
plastic is described in this article. The process parameters that have been selected 
includes melting temperature, flow rate, cooling time and mold temperature during 
the injection moulding process simulation based on three levels and four factors in 
L9 orthogonal array. The Taguchi Method was used to further analyze the simu-
lated responses, followed by Grey Relational Analysis (GRA). The signal-to-noise 
(S/N) ratio graphs are examined to determine the influence of process parameters. 
Furthered, the Analysis of Variance (ANOVA) has been used to verify the accuracy 
of the optimization findings. Finally, an optimal combination of operating param-
eters has been proposed: melting temperature at 180 °C, flow rate at 243.6 cm3/s, 
cooling time at 12 s and mold temperature at 30 °C was suggest for best optimum 
combination. 

Keywords Parameter optimization · Taguchi method · ANOVA · Grey relational 
analysis (GRA) · Disposable mouth mirrors 

1 Introduction 

Plastic injection moulding is another key procedure for high quality goods, and it 
is divided into three stages: filling, packing, and cooling (together with additional
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mechanical actions such as mould opening, component ejection, mould closure, and 
molten material into the injection unit) [1]. Plastic injection moulding has several 
advantages as well, such as short cycle time, high quality component surfaces, excel-
lent mechanical characteristics, low cost, and light weight. Therefore, it is becoming 
increasingly important in today’s plastic injection industries [2]. However, like with 
any manufacturing process, defects might develop in the parts, causing them to be 
rejected during the quality control process. Weld lines, shrinkage, sink mark, and part 
deformation (warpage) are all regarded undesirable defects in conventional injection. 
Defects in goods can arise at any stage of the process. Today, several industry profes-
sionals and researchers have attempted to reduce these flaws by optimizing any of 
the process’s features such as controlling parameter, modifying mold or material 
selection [3]. To manage these defects, it is important to understand the impact on 
injection parameters on the quality of the plastic part [1]. 

There are numerous existing parameter optimization techniques that are already in 
use. Taguchi method is one of the most well-known approaches between researchers. 
The Taguchi techniques were developed by Taguchi and Konishi [2]. The Taguchi 
technique is a comprehensive quality strategy that uses an orthogonal array to run 
a small number of trials and incorporates resilience into a process at the design 
stage [4]. Taguchi is a technique that uses a series of tests to predict the signifi-
cant and insignificant factors, as well as the optimal level of the design variables. 
Taguchi is divided into three stages: system design, parameter design, and tolerance 
design. The goal of system design is to develop parts using scientific and engineering 
information [4]. 

According to current study, multi-objective optimization of process parameters 
has emerged as new trend in the injection moulding process [5]. Many academics have 
focused their energy and resources to optimizing process parameters. Researchers 
frequently depend on their experience and a trial-and-error technique to determine 
the best process parameter settings for the plastics part based on plastic injection 
moulding process by utilizing the Taguchi approach [6]. Li et al. [5] studies the multi-
objective optimization of the fiber reinforced composite using Taguchi, RSM and 
NSGA-II. Sreedhan et al. [7] integrated the Taguchi, ANOVA and Grey Relational 
Analysis (GRA) method to identify the effect of molding parameters on sink mark and 
weld line for ABS product. Kitayama et al. [8] examine the cooling performance, 
short cycle time and warpage reduction using conformal cooling channel and the 
multi-objective optimization using ANOVA and neural network. Oliaei et al. [9] 
investigates the influences of five significant process parameters in minimizing the 
warpage and shrinkage on polylactic acid (PLA) of biodegradable plastic spoon part. 
The study coupled the Taguchi approach with ANOVA and ANN by collecting the 
data from computer aided engineering (CAE) software tools Autodesk Moldflow™ 
Plastics. From the previous research, it can be concluded that parameter optimization 
and finite element analysis software works well in minimizing the product defects for 
plastic injection moulding process. In addition, the Design of Experiment (DOE) can 
also aid in determining the responses of change in factor values. This method works 
very well for injection molding product and process design in terms of selecting the
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optimal combination of levels of the elements that impact the process, and quality 
of the product. 

This article addresses the use of computer aided engineering (CAE) technology 
for the injection moulding of a disposable mouth mirror made of Polypropylene (PP) 
utilizing the Moldflow Plastic Insight Package. Design of experiment (DOE)—L9 
Orthogonal array was utilized to plan outline of the simulation. Four controlling 
parameters were chosen: melting temperature, flow rate, cooling time and mold 
temperature which each of the parameters having three levels. The Taguchi Method 
was used to further analyze the simulated responses, followed by Grey Relational 
Analysis (GRA). The signal-to-noise (S/N) ratio graphs are examined to determine 
the influence of process parameters. Furthered, the Analysis of Variance (ANOVA) 
has been used to verify the accuracy of the optimization findings using Minitab 19 
software. 

2 Experimental and Test Details 

This study’s aims to discover the optimum operating parameter that impacts the 
disposable mouth mirror on the plastic injection moulding process by utilizing the 
combined Taguchi technique, ANOVA and Grey Relational Analysis. Disposable 
mouth mirror is an essential dental tool that must be used by all dental practitioners 
for a variety of reasons, including allowing indirect vision of the inspected area of 
any part of the oral cavity, reflecting the light onto desired surfaces where direct light 
does not reach, retracting the lips, cheek and tongue and viewing tartar problems 
behind the last tooth [10]. In this study, a multi-cavities of disposable mouth mirror 
have been developed by using Moldflow™ Plastics Insight (MPI) software packages. 
Figure 1 display disposable mouth mirror settings together with feeding system. This 
chosen component weights 8 g, has a mirror diameter of 24 mm, a length of 160 mm, 
a density of 1.004 kg/m3 and a volume of 5.03 × 10−6 m3. This part has a 45° angle

Fig. 1 Disposable mouth 
mirror model analysis
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between the shank and the working area (mirror), it was developed with a 40 mm 
long gripping area on a handle and a 7 mm thick handle with overall length of the part 
160 mm. The 3D part of disposable mouth mirror undergoes the meshing process 
Moldflow™ Plastics Insight (MPI). This section has a 3D mesh of 127,286 triangle 
elements, 63,671 nodes, and 50 sprue, runner, and gate elements. The sprue diameter 
is 3 mm with a length of 60 mm, and the runners have a diameter of 3 mm. Based on 
the simulation, this part total volume including sprue, runner and gate are 11.95 cm3. 
Meanwhile, total volume for two parts (multi-cavity) of disposable mouth mirror is 
10.0233 cm3.

2.1 Parameter Optimization Method 

To identify the optimal operating parameter, designs of experiment (DOE) rely mostly 
on one of the Taguchi techniques. This method was utilized to enhance the designs 
of disposable mouth mirror. A set of orthogonal arrays then was integrated into 
the Moldflow™ packages on the disposable mouth mirror. Then, data generated 
from the simulation results has been analyzed in signal to noise ratio to determine 
the best operating parameter for the selected output. ANOVA was used to identify 
the most significant effect affects the products defect i.e., volumetric shrinkage and 
warpage. Grey relational analysis was integrated to identify the multi-objective opti-
mization of volumetric shrinkage and warpage on the disposable mouth mirror. To 
validate the findings obtained from the optimization technique, a confirmation test 
was performed. If there is no improvement in the proportion of defects on the product, 
the procedure will be repeated to discover the best operating parameter. Parameter 
optimization process has been done using Minitab 19 software. 

In this study, four injection moulding parameters will be investigated: melting 
temperature, flow rate, cooling time, and mold temperature, along with three levels, 
to decrease part shrinkage and warpage. Based on literature and the current best 
practice, the range of the selected parameter has been specified as in Table 1. The  
parameters used were determined using a simulated analysis procedure utilizing 
results generated by Autodesk Moldflow™ Plastics Insight. 

Table 1 Controlling Parameters and Their Levels 

Symbol Parameters Unit Level 1 Level 2 Level 3 

A Melting temperature °C 180 200 220 

B Flow rate cm3/s 162.4 203 243.6 

C Cooling time s 8 10 12 

D Mold temperature °C 30 50 70
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Table 2 Mechanical 
properties of polypropylene 

Parameter Value 

Melt temperature (°C) 191–263 

Injection mould temp. (°C) 27–66 

Tensile strength (MPa) 55.2 

Shrink rate (%) 0.1–0.3 

Density (kg/m3) 728.28 

Melt flow index (g/min) 0.2 

2.2 Material Selection 

The material selection and characteristics are specified by computing polypropylene 
with 20% glass fiber filler by weight into the software material selection data. This 
material settings on the Moldflow™ software is based on manufacturer Avient with 
serial number Trilliant™ HC HC5210-0020 RS Natural based on the manufacturer’s 
technical data sheet. Polypropylene (PP) was selected as the molten material for 
disposable mouth mirrors because of the low melt viscosity, the plastics flow very 
smoothly, especially in small spaces like the grip region on the handle. The shrinkage 
rate of polypropylene is around 0.1–0.3%, although the numbers vary depending on 
the number of variables and the governing factors. Table 2 illustrates the mechan-
ical characteristics of the polypropylene utilized in this investigation based on the 
scientific data sheet. 

3 Results and Discussion 

3.1 Signal to Noise (S/N) Ratio 

The Taguchi approach suggests a signal to noise (S/N) ratio to identify the quality 
characteristics to be considered for any engineering design challenge. The S/N ratio 
has three phases: the smaller the better, nominal is the best and the bigger the better 
[4]. In this study, the smaller the better-quality characteristics is chosen to minimize 
volumetric shrinkage and warpage by controlling each process parameter to the 
optimal level. The S/N ratios for the nine trials were computed and results are shown 
in Table 3. The computed results of S/N ratio for both volumetric shrinkage and 
warpage were ranges between 9.923 and 11.57% for volumetric shrinkage and 3.09– 
3.414 mm for warpage, respectively. It can be concluded that experiment number 8 
yields the highest value of volumetric shrinkage, meanwhile experiment number 4 
gave a highest value for warpage. 

Table 4 shows, the S/N ratio response table for volumetric shrinkage and warpage. 
The results show that the following are the best process parameter combinations for
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Table 3 S/N ratio for volumetric shrinkage and warpage as response parameter 

Orthogonal array Output 

Run 
No. 

A B C D Volumetric 
shrinkage (%) 

Volumetric 
Shrinkage, 
S/N ratio 

Warpage 
(mm) 

Warpage, 
S/N ratio 

1 180 162.4 8 30 9.923 −19.932 3.188 −10.070 

2 180 203 10 50 10.36 −20.307 3.173 −10.029 

3 180 243.6 12 70 10.45 −20.382 3.090 −9.7991 

4 200 162.4 10 70 10.73 −20.611 3.414 −10.665 

5 200 203 12 30 10.77 −20.644 3.180 −10.048 

6 200 243.6 8 50 11.15 −20.945 3.175 −10.034 

7 220 162.4 12 50 11.48 −21.198 3.374 −10.562 

8 220 203 8 70 11.57 −21.266 3.369 −10.550 

9 220 243.6 10 30 11.56 −21.259 3.170 −10.021 

Table 4 Response table of S/N ratio for volumetric shrinkage and warpage 

Level Factors Level Factors 

Volumetric shrinkage Warpage 

A B C D A B C D 

1 −20.21 −20.58 −20.72 −20.61 1 −9.97 −10.43 −10.22 −10.05 

2 −20.73 −20.74 −20.73 −20.82 2 −10.25 −10.21 −10.24 −10.21 

3 −21.24 −20.86 −20.74 −20.75 3 −10.38 −9.95 −10.14 −10.34 

Delta 1.03 0.28 0.03 0.21 Delta 0.412 0.481 0.102 0.291 

Rank 1 2 4 3 Rank 2 1 4 3 

volumetric shrinkage: A1 B1C1 D1 these variations correspond to a melting tempera-
ture of 180 °C, a flow rate of 162.4 cm3/s, a cooling time of 8 s, and a mold temper-
ature of 30 °C. Indicating the response value for volumetric shrinkage of disposable 
mouth mirror on multiple cavities at A1 (−20.21), B3 (−20.58), C3 (−20.72), D1 

(−20.61). Based on the table, the rank indicating the most influential parameters to 
the shrinkage contribution. It revealed that the order of significance of each parameter 
on volumetric shrinkage is A > B > D > C. Figure 2 shows, the main effects plot for 
volumetric shrinkage, it is clearly showing that melting temperature parameter gives 
the most influential parameter to the occurrence of volumetric shrinkage follows by 
flow rate, mold temperature and cooling time. Meanwhile Fig. 3 shows, the main 
effects plot for warpage. 

Meanwhile, the most optimal parameter combination for warpage is A1 B3C3 D1. 

These variations correspond to a melting temperature of 180 °C, a flow rate of 243.6 
cm3/s, a cooling time of 12 s, and a mould temperature of 30 °C, indicating the 
response value for warpage for disposable mouth mirror on multiple cavities at A1 
(−9.966), B3 (−9.952), C3 (−10.137), and D1 (−10.047). The importance of each
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Fig. 2 Main effects plot for S/N ratios of volumetric shrinkage 

design parameter for warpage is evaluated and found to be B > A > D > C. According 
to results, flow rate is the most significant element in reducing warpage. This might be 
because the flow rate of the disposable mouth mirror changes constantly throughout 
the filling stage. 

Fig. 3 Main effects plot for S/N ratios of warpage



168 J. B. Saedon et al.

3.2 Analysis of Variance (ANOVA) 

The goal of ANOVA is to identify the statistically significant parameters impacting 
quality characteristics in a specific experimental study [5]. Table 5 shows, the 
ANOVA table for volumetric shrinkage defect. It shows melting temperature param-
eter gave the highest percentage contribution of (90.26%), furthermore, the F value 
for melting temperature recorded is 10.3517 proved that this parameter gave the 
most significant im- pact on the part. Meanwhile, flow rate (6.44%), cooling time 
(0.02%) and mold temperature (3.28%). From the table, it shows that the most influ-
ence parameter meets the results from S/N response table. This results match those 
observed in earlier studies that found that melting temperature gave the highest 
contribution to volumetric shrinkage as found in [11]. 

Table 6 shows, the ANOVA statistical results for warpage. It is apparent from this 
table that each parameter gave a significant value of contribution for warpage on dis-
posable mouth mirror. The most significant parameter is flow rate with 45.56% and F 
value of 135.97613. Follows with melting temperature (34.75%), mold temperature 
(17.50%) and lastly cooling time (2.19%). However, the F value for each param-
eter results in higher than F > 4, meaning that all controlling parameters gave an 
impact on the occurrence of warpage. From this observation, it clearly shows, cooling 
time resulted in the lowest value of contribution for both volumetric shrinkage and 
warpage. The present findings seem to be consistent with other research which found

Table 5 ANOVA table for volumetric shrinkage 

Symbol Parameters/factors DOF SST SSm F ρ (%) 

A Melting temp 2 2.51829 1.25914 10.3517 90.26 

B Flow rate 2 0.17975 0.08987 0.73890 6.44 

C Cooling time 2 0.00057 0.00028 0.00234 0.02 

D Mold temp 2 0.09148 0.04574 0.37605 3.28 

All other/error 0 0.12163 

Total 8 2.79010 0.34876 100.00 

Table 6 ANOVA table for warpage 

Symbol Parameters/factors DOF SST SSm F ρ (%) 

A Melting temp 2 0.0372 0.01862 103.72390 34.75 

B Flow rate 2 0.0488 0.02442 135.97613 45.56 

C Cooling time 2 0.0023 0.00117 6.53791 2.19 

D Mold temp 2 0.0187 0.00938 52.24278 17.50 

All other/error 0 0.00017 

Total 8 0.1072 0.01340
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that melt and mold temperatures, packing pressure, and cooling time are all proved 
to be significant factors in presence of warpage for injection-molded part.

3.3 Grey Relational Analysis (GRA) 

The grey relation analysis is primarily a quantitative investigation of the hierarchical 
operation. It calculates the degree of vicinity based on similarities or differences 
between variables after normalized. The optimum set of values for the parameters 
will be determined in GRA analysis. 

Table 7 shows, the grey relation coefficient and grey relational grade for all 9 
experiments after normalization has been calculated for all experiments. The values 
of grey relational grade, which is the weighted sum of the grey relational coefficient, 
were rated for the whole run, from higher to lower values. The greater the value of 
grey relation- ship grade, the better the various performance characteristics. As a 
result, the multi- objective optimization issue has been reduced to a single-objective 
optimization problem. In Table 7 shows the greatest relationship grade values of 0.85 
in experiment number 1. It can thus be inferred from all nine trials that experiment 
number 1 offers the finest multi-response characteristics. 

Grey relational influence parameters were highlighted by bold type where the 
higher values were given for all three levels, as the most affected parameters as in 
Table 8. From the table, the results shows that the best combination is A1 B3C3 D1 

indicating melting temperature—180 °C, flow rate—243.6 cm3/s, cooling time—12 s 
and mold temperature—30 °C. 

The analysis of the variance (ANOVA) is used for the overall mean of the Gray 
Relational Grade to get the most significant process parameters. The ANOVA perfor-
mance criterion results with computed F value of each component are shown in 
Table 9. From the results, melting temperature shows the greatest contribution to the

Table 7 Grey relation coefficient and grey relational grade values 

Orthogonal array GRC GRG Order 

Run No. A B C D Shrinkage Warpage 

1 1 1 1 1 1 0.6975 0.85 1 

2 1 2 2 2 0.7347 0.7438 0.74 3 

3 1 3 3 3 0.6800 1 0.84 2 

4 2 1 2 3 0.5100 0 0.25 7 

5 2 2 3 1 0.4857 0.7222 0.60 4 

6 2 3 1 2 0.2550 0.7377 0.50 5 

7 3 1 3 2 0.0546 0.1234 0.09 8 

8 3 2 1 3 0 0.1389 0.07 9 

9 3 3 2 1 0.0060 0.7531 0.38 6
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Table 8 Influence parameters on grey relational grade 

Symbol Parameters/Factors Unit Level 1 Level 2 Level 3 

A Melting temperature °C 0.81 0.45 0.18 

B Flow rate cm3/s 0.39 0.47 0.57 

C Cooling time sec 0.47 0.45 0.51 

D Mold temperature °C 0.61 0.44 0.38 

Table 9 ANOVA table on volumetric shrinkage and warpage 

Symbol Parameter/factors DOF SST SSm F ρ (%) 

A Melting temp 2 0.5994 0.2997 35.10288 81.09 

B Flow rate 2 0.0488 0.0244 2.857892 6.60 

C Cooling time 2 0.0056 0.0028 0.327955 0.76 

D Mold temp 2 0.0854 0.0427 5.001312 11.55 

All other /Error 0 0.0085 

Total 8 0.7392 0.0924 100.00 

process control with 81.09% contribution in the existence of volumetric shrinkage 
and warpage on the disposable mouth mirror. Followed by mold temperature with 
11.55% and flow rate 6.60%. In contrast to earlier findings, however, no evidence 
of cooling time gave a significant impact on the product defects. This may be due 
to the parameters controlled on the simulation software does not meet the actual 
phenomenon of the cooling time. Meanwhile the F value for melting temperature 
recorded the higher value with 35.1028 and higher than F > 4 and follows with mold 
temperature which is 5.0013. This prove that melt temperature and mold tempera-
ture are two most significant parameter in product defects performance. This finding 
supports previous research into the correlation of product defect between melt and 
mold temperature.

3.4 Validation and Confirmation Test 

In this section, a validation and confirmation test has been run in the Moldflow simu-
lation software package based on the best combination of parameters that has been 
discovered in Grey relational analysis. Table 10 shows, the confirmation test using 
the optimal simulated parameters. The optimum process parameters combination for 
achieving minimum volumetric shrinkage and warpage are; melt temperature 180 °C, 
flow rate 243.6 cm3/s, cooling time 12 s, and mold temperature 30 °C. As presents 
in Table 10, the volumetric shrinkage has been minimized from 11.57% to 9.928% 
which showing 14.19% improvement, while warpage also shows an improvement
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Table 10 Confirmation test for volumetric shrinkage and warpage 

Initial simulation 
parameter 

Optimal parameter % Improvement 

Orthogonal Array Prediction by 
GRA 

Confirmation 
Experiment 

Setting level A3 B2C1 D3 A1 B3C3 D1 A1 B3C3 D1 

Shrinkage 11.57 9.928 14.19 

Warpage 3.369 1.265 62.45 

Grey relational 
grade 

0.07 0.99 

Improvement of the Grey Relational Grade = 0.92 

at 62.45% which the value has been decrease from 3.369 to 1.265 mm. This vali-
dates the efficiency of Taguchi DOE and Grey relational analysis in identifying the 
multi-objective optimization to find the best combination of parameter. 

4 Conclusion 

The CAD/CAE/DOE has been presented, to optimize parameters of the injection 
molding process with the multiple performance characteristics. Using Taguchi exper-
imental design, the volumetric shrinkage and warpage of an injection molding process 
have been independently optimized by four control variables particularly melting 
temperature, flow rate, cooling time and mold temperature for the purposes of a 
disposable mouth mirror analysis. The application of gray relational analyzes the 
volumetric shrinkage and warpage can turn multi-performance optimization into 
the optimization of one performance feature known as the gray relational grade. 
This technique can therefore considerably simplify the optimization of the complex 
multiple performance criteria. For this investigation, the best injection-molding 
process parameter; melting temperature, level 1: 180 °C, flow rate, level 3: 243.6 
cm3/s, cooling time, level 1: 12 s and mold temperature, level 1: 30 °C. 
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Quasi-static Axial Crushing of E-Glass 
Fiber Reinforced Epoxy Composite 
by Different Number of Plies 

K. Ganesh Kumar, Saijod T. W. Lau, Chockalingam Palanisamy, 
M. M. H. Megat Ahmad, and M. Y. Yuhazri 

Abstract The purpose of this study is to analyze the effect of the crushing mech-
anism on e-glass under various loading. To do so, cylindrical composites tubes are 
required to be fabricated as the specimen. To test the various variable that might affect 
the energy absorption of the specimen, the hand’s lay-up process had been selected. 
Glass fiber reinforced composites tubes were fabricated with a fiber content of 1 to 3 
layers. To evaluate the effect of the crushing mechanism of the fabricated composite 
tubes, a compression test was conducted. The effect of fabrication method and thick-
ness of specimen were studied. In addition, the response of crush load–displacement, 
peak load, total energy absorption, specific energy absorption, and crush force effi-
ciency were determined. Furthermore, the microstructure of all the specimens was 
analyzed using the digital microscope. As a result, it indicates that energy absorp-
tion capabilities are highly dominated by a higher reinforcement layers. H3 has the 
highest specific energy absorption which is 9.3 kJ/kg. 

Keywords Manufacturing process · Composite material ·Mechanical properties 

1 Introduction 

Nowadays, structural crashworthiness is a crucial requirement in the design of the 
automobiles field. The crash-worthy structure is designed to absorb energy impact 
in a controlled manner in the event of a crash [1–3]. For instance, the side beams
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on the engine for an automobile had been well designed to absorb impact energy in 
a controlled condition. Generally, metals are the preferred material used in crash-
worthy structural applications. But with the success story in the aerospace industry, 
it is proven that through plastic deformation the impact energy can be absorbed and 
polymer composites are the materials that stand out in this case [4–6]. 

Polymer composite materials had been accepted as it provides significant technical 
advantages over metals [7, 8]. However, there is a major challenge to use polymer 
composites as a controlled energy absorber. The reason that polymer composites 
behave better than metals is because of the characteristics of the polymer composites 
as it consists of plastic deformation which is helpful in energy absorption [9]. Besides 
that, several variables could affect the characteristics of the energy absorption of 
polymer composite materials that can be concluded to the main 4 part. The first is 
microstructural variables, followed by conditions of manufacture, the geometry of 
the tube, and conditions of testing [10]. Epoxy are one of the most regularly used 
polymer in structural applications. 

Fibers occupy a largest volume fraction of composites and able to withstand a 
huge external load. Glass fiber is one of the most common fibers in the composites 
industry. The main reason is because of its relatively low costs and lightweight. 
However, glass fibers are weak in compressive strength. This raises the concern 
of the study on how to improve the compressive strength of glass fiber. A previous 
study showed that glass fiber can be successfully replaced metal as a car bumper [11]. 
Hence it is proved that glass fiber is eligible to serve as a crashworthy application. 

Generally, manufacturing using composites involves the processing of two main 
ingredient materials to make a final product. The ingredients involve the matrix and 
fiber materials. There is various type of manufacturing process. The most common 
and simple one is the hand lay-up method. To cope with the problem mentioned 
above, the motivation of this study is to enhance the energy absorption capabilities 
of an e-glass fiber under various conditions. 

2 Materials and Methods 

2.1 Materials Preparation 

The materials that had been selected to fabricate cylindrical composite tubes are 
epoxy and E-glass fiber supplied by Chemi-Bond from Selangor, Malaysia. The resin 
used in this project was Auto-Fix 1345 B hardener and Auto-Fix 1710 A epoxy. The 
epoxy and hardener are mixed by the ratio of 1:1 by weight as recommended by the 
supplier. Electric stirring was used in the mixing to reduced bubble formation. For 
E-glass fiber, it was cut in 200 mm in width and the length of the perimeter for the 
50 mm inner diameter tube depending on the number of layers used. For the current 
study, composite with 1, 2, and 3 plies were investigated. The reason the plies or
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(a) (b) (c) 

Fig. 1 E-glass fiber a before pouring resin b after pouring resin c the finished prepreg 

stopped at 3 plies as, when it goes to 4 plies the fiber starts to undulating thus will 
result some gaps between the plies [12]. 

In the hand lay-up process, a 50 mm diameter steel mandrel was used. The mandrel 
was wrapped with PTFE plastic film and a release agent was applied. On the other 
hand, epoxy was applied to the E-glass fiber surface. The wetting of the glass fiber 
was rolled on the mandrel. At the same time, a steel roller was used to compress the 
fiber and it also helps to release bubbles form in between layers. After the fiber rolled 
on the mandrel, PTFE film again rolled on the mandrel against the fiber to produce 
a small compression force to hold the fiber in place. The composite was left to cure 
for 24 h at room temperature. After curing, the composite was separated from the 
mandrel and cut to 100 mm in length as testing specimens (Fig. 1). 

2.2 Experiment Procedure 

For the testing, quasi-static axial crushing was carried out. The test used Shimadzu 
AG-I Universal Testing Machine with a 100 kN load cell. It was carried out based on 
ASTM D7336M-16 standard with stroke length set to 50 mm. In the test, crushing of 
10 mm/min was used [13]. The specimen was placed under the moving platen during 
crushing. During crushing, the static photograph was taken utilizing a camera with 
48-megapixel resolution. The crushing pics were taken with every 2 mm moving 
platen to observed its deformation. From the test, the data history of force versus 
displacement was recorded automatically. For post-crushing, the crushed specimens 
were under a microscope to observe their crushing effect. 

3 Results and Discussion 

From the crushing history curve, it can be seen that the crushing peak load for all 
the specimens reaches their peak at about 5–6 mm after the moving platen as shown



176 K. Ganesh Kumar et al.

0 
2 
4 
6 
8 

10 
12 
14 
16 
18 
20 

0 10 20 30 40 50  

L
oa

d 
(k

N
) 

Displacement (mm) 

H1 H2 H3 

Fig. 2 Graph for Hand lay-up method with different layers of reinforcement; H1-1 layer, H2-2 
layers, and H3-3 layers 

in Fig. 2. Moreover, the crushing for the specimen was crushed progressively at the 
duration of 50 mm crushing length. However, from the test, the peak load was varied 
due to differences in the number of fiber plies used. As the plies number increases, 
the peak load increase. This is due to the more materials able to support a more 
compressive load. In a one-ply composite tube, the peak load of 1.6 kN was attained 
at a displacement of about 5 mm of moving platen. At that time, the structure began to 
have local buckling [14]. Subsequently, the top of the structure started to crack. The 
failure of the top part leads to progressive crushing in the test. This also happened 
to the test for structure with two plies. In the test, the two-ply structure reaches its 
peak load at 12.3 kN with a platen displacement of 5.3 mm. Moreover, the 3-ply 
cylindrical structure also behaves in the same manner. For the 3-ply structure, it 
achieved its peak load at 18.5 kN where the platen displacement at 6.9 mm. From the 
test, all the structures were having the same characteristic which is local buckling 
and cracks begin at the top part of the structures. Then, the structure’s wall started 
to bend outwards till the end of the test. The results of the tests are listed in Table 1. 

From the test, all specimen behaved in the same manner which crushed progres-
sively. From the post-crushing, all the specimen begins to crack by bending outwards. 
During this moment, the wall began to splay which simulate the tension stress at the 
wall which is usually denoted as mode I failure [15–17] as shown in Fig. 3. Apart 
from that, the structures also experience bending at the wall. At this point, mode II

Table 1 Data was recorded for specimens made of 3 different reinforcement layers 

Sample Peak load (kN) Mean load (kN) Total Energy absorption 
(J) 

Specific energy 
absorption (kJ/kg) 

1 1.6 0.4 20.7 1.6 

2 12.3 5.4 261.5 7.5 

3 18.5 7.7 389.1 9.3
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Fig. 3 a mode I failure and b mode II failure 

can be observed. Mode II is referred to as interlaminar shear between the walls [18, 
19]. From the failure mentioned, these have been contributed to energy absorption 
by the structures [20].

4 Conclusion 

From this work, it can be concluded that the higher the number of plies used in the 
structures, the better its performance. It was observed the number of plies does not 
influence the crushing characteristics. Moreover, it increases the crushing perfor-
mance of the tubes. Apart from that, specific energy absorption also does not affect 
the number of plies used. For the crushing characteristics, Mode I and Mode II are 
the main dominant in contributing the energy absorption for all the structures. 
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Optimising MIG Weld Bead Geometry 
of Hot Rolled Carbon Steel Using 
Response Surface Method 

Junita Mohd Said and Faiz Mohd Turan 

Abstract This paper presents the optimisation of weld bead geometry, through 
Metal Inert Gas butt-welding. Many failures occur in joints due to the bad quality of 
welding, influenced by a range of parameters across the welding process. With the 
rapid advancement of computer and automated technologies, new statistical methods 
for modelling and optimising have been developed. These have eliminated the need 
for performing experiments on the basis of conventional trial and error, for perfor-
mance and quality. Experimental methods were set by selecting process parameters, 
which include the welding current, arc voltage and welding speed and employing a 
central composite design of Response Surface Methodology method. These methods 
were adopted as the statistical design of experimental techniques to analyse the 
performance of the weld bead geometry, i.e. bead height, bead width and penetration, 
in order to expound the numerical expression between the welding process param-
eters and the output variable. The results obtained from developing these models 
indicate that the model predicts weld bead geometry adequately. The effectiveness 
of process parameters can be estimated by applying the developed mathematical 
models to a given bead geometry, indicating the change of parameters influences the 
bead height and width more significantly than penetration alone. 
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1 Introduction 

Welding is known as a fabrication process to joining parts. It is a complex process 
with successful outcomes dependent on a range of input parameters. However, it is 
very difficult to obtain relationship between welding quality and process parame-
ters due to the high nonlinearity [1]. Fatigue failures in engineering structures occur 
predominately at component connections especially welding, due to variable stresses 
in the material. It is become the largest parts of failure on metallic components and 
leads to a major threat to many structures [2–4]. The result from various discontinu-
ities influence by many factors, hence will affect the quality of welding joint, these 
characteristics include a lack of penetration at the weld root, undercutting at weld 
toes, and slag inclusion or gas pores. The rate of energy input will also affect the 
weldment characteristic, which reduces the welding quality and productivity, whilst 
increasing the cost of the welding joint [5–8]. 

Metal Inert Gas (MIG) is one of the arc welding process types and the most 
widely used in today’s world. It became an important, easiest and strongest welding 
techniques used in manufacturing industries, oil and gas industries, and in building 
construction [9–11]. During MIG welding process, the transient heat source is 
supplied between filler metal and parent metal in a localized fusion zone. This heating 
melts and solidifies the filler metal and parent metal. The process involves critical 
parameters or criteria, such as welding speed, current, voltage, nozzle-plate distance, 
torch angle and the electrode diameter [12]. 

Rapid development in the advancement of computer and technologies in the 
manufacturing-based optimisation procedure, i.e. Design of Experiments (DoE), 
optimisation technique has been significantly exploited to represent and optimise 
the manufacturing processes to enhance performance, quality and lower costs [13]. 
Numerous weldment characteristic methods have been studied, leading to research in 
theoretical developments, statistical analysis and numerous experiments by various 
researchers [14–17], with the aim of enhancing productivity, the optimisation of 
welding parameters must be considered in order to achieve optimal welding quality 
to predicting weld bead geometry, mechanical properties, and Heat Affected Zones 
(HAZ) and others [18, 19]. 

Conventionally, it is time consuming to define suitable weld input parameters 
when producing a new welded joint product, with required specifications, through 
trial and error. Fortunately, one of the best-known optimisation techniques of exper-
imental design is the Response Surface Methods (RSM) technique, which aids anal-
ysis of experiments with the least experimental effort [20, 21]. RSM is an accepted 
study method for the collection of mathematical and statistical techniques to facilitate 
the developing, improving and optimisation of this process. The response of interest 
is influenced by several variables and the objective is to optimise the variables [22]. 
At the same time, it is also possible to estimate linear, interaction and quadratic 
effects of the factors and to develop a prediction model for the response. With these 
vigorous methods, it is possible to not only cover prediction of the system responses, 
but also to assist in conducting the analysis of experiments in order to define the
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optimum quality process of parameter settings with minimised experimental effort 
[23]. 

Based on the above overview, the effects of welding parameters through experi-
mental investigations have been discussed in this article, focusing on a weld bead of 
3 mm thick hot rolled carbon steel plates JIS G3131. According to the relevant scope 
of work, the experiments were performed based on the Central Composite Design 
(CCD) matrix that led to the main objective of this study, i.e. to optimise the process 
parameters by maximising the aspect ratio of the weld bead under the premise of 
acceptable weld bead dimensions. Therefore, the limits of welding parameters will 
also be obtained. RSM was then used to develop mathematical models to predict 
the relationship between the processing parameters and the weld bead profile. Based 
on regression models, the optimal welding conditions can be identified, providing 
valuable guidance for production. 

2 Methodology 

The welding experimental procedure was designed based on RSM as the statistical 
DoE technique. The overall experimental methodology process flow of the research 
work is planned to be carried out as shown in Fig. 1. It was chosen as an effective 
way to model a quadratic relationship and would reveal good results for identifying 
the optimal welding conditions. RSM has widely been used to predict the weld-bead 
properties and to find the optimum responses of interest in many welding processes 
[24–26]. 

The ultimate objective of the RSM method is to establish the optimal operating 
conditions of experimental requirement. For the analysis, the relevant statistical-
based software was then used to create the design matrix and analyse the experimental 
data. 

2.1 Process Selection for RSM Procedure 

All the regression model building methods and tools are significant to ensure the 
adequacy of the model, and therefore it is appropriate in RSM [27]. In order to define 
limitations of the selected process input welding parameter, three-factor and three 
levels (33) independent variables of the welding process parameter were identified 
and evaluated in random design. A pilot experimental test setting, based on the 
welding standards recommended by the American Welding Society (AWS), and the 
manuals for MIG welding equipment were consulted. In MIG welding, the variable 
parameter affecting the weldment quality are welding current (C), welding speed 
(S) and welding voltage (V) and were run according to CCD. The values of the 
independent process variable and experimental design levels, with their limits and 
notations are given in Table 1.
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Fig. 1 The experimental 
process flow for the research 

Table 1 Independent process variables and experimental design levels 

Variable Code 

Unit Low Medium High 

−1 0 +1 

Welding current (C) Amps 100 110 120 

Welding speed (S) Cm min−1 20 25 30 

Arc voltage (V) Volts 17 18 19 

The experimental measured responses are defined as heat input and weld bead 
geometry, contained weld width, penetration, and weld height. Figure 2 illustrates the 
criterion of weld bead geometry which normally occurs during the welding process. 
The welding quality criteria was defined and set as a goal to establish the optimal 
setting of welding parameters. 

The aim of the experiment is to measure the possible reaction and then to generate 
a design matrix, as shown in Tables 2 and 3, respectively. The total generated design 
by software can also be defined by a matrix form as Eqs. 1 and 2.
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Fig. 2 Experimental weld 
bead geometry and 
illustration of measured 
responses 

Table 2 Goals of 
experimental measured 
responses 

Responses Unit Goal 

Heat input (HI) J/mm Minimum 

Weld penetration (WP) mm Minimum 

Weld width (WW) mm Minimum 

Weld height (WH) mm Minimum 

y = Xβ + ε (1) 
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where y is the monitored value of response function, depending upon the levels 
x1, x2, . . . ,  xk of some k quantitative factors of design variable, β is the regression 
coefficient vector and ε is the noise of error in term of monitoring the response. The 
quadratic response model consists of all the linear terms, square terms and linear 
interactions.
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Table 3 Design matrix with actual independent process variables 

Std Run Value 

C (Amp) S (cm/min) V (volts) 

1 16 100 20 17 

2 7 120 20 17 

3 12 100 30 17 

4 10 120 30 17 

5 1 100 20 19 

6 2 120 20 19 

7 3 100 30 19 

8 17 120 30 19 

9 6 100 25 18 

10 19 120 25 18 

11 18 110 20 18 

12 11 110 30 18 

13 9 110 25 17 

14 4 110 25 19 

15 5 110 25 18 

16 14 110 25 18 

17 15 110 25 18 

18 8 110 25 18 

19 13 110 25 18 

20 20 110 25 18 

2.2 Materials and Experimental Work 

The material used in this experiment was hot rolled carbon steel plates with the stan-
dard serial number of JIS G3131 SPH270C. The inert gas used was carbon dioxide 
(CO2) and the electrode wire ER70S-6 was selected based on the properties and 
characteristic of the base material, weld dimension and existing filler wire inventory. 
The material composition and filler metal are tabulated in Table 4. 

Welding assemblies were prepared by the MIG butt joint welding process of a 
3 mm thick sheet and was conducted on the two plates with dimensions of 200 × 
80 widths respectively. Basic geometry of the specimens was prepared according 
to the AWS D1.1 standard [28], as illustrated in Fig. 3. The experimental work 
was carried out using the MIG robot welding procedure and according to the total 
20 conditions of design matrix as tabulated in Table 3. These design matrixes were 
generated by statistical software in a random order. To minimise any systematic error 
in the experiment, the welded plates were cleaned in order to make sure all solidified 
molten drops were removed from the intended test surface. To obtain and record 
an average value of the measured responses of weld bead geometry, at least two
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Table 4 Nominal 
composition of carbon steel 
G3131 and filler wire Er70s-6 
(weight in %) 

Elements Nominal carbon steel G3131 ER70S-6 

C 0.13 0.06–0.15 

Si 0.05 0.80–1.15 

Mn 0.5 1.40–1.85 

P 0.035 0.025 max 

S 0.035 0.025 max 

Cu … 0.50 

Alt 0.010 … 

Fig. 3 The geometry of the 
tested specimen 

transverse sections of the specimen were cut from each respective welded specimen, 
according to AWS D1.1 standard [28]. 

The specimen was then grinded to remove the cold work, and cut and polished 
as per standard metallographic procedures to obtain better edge flatness by silicon 
carbide abrasive paper of grades 100, 240, 400, 800 and 1200 grit, on a rotating 
polishing wheel machine. The resulting weld bead geometry profile was attained 
through the measurement process described in Fig. 2, after cutting and polishing 
according to the welded specimen perpendicular to the direction of welding process. 

3 Preliminary Result 

The measures responses result of experiments from every test material are tabulated 
in Table 5. The RSM was used on the experimental data to obtain the impact of 
the regression models on the individual model, and to determine the mathematical 
models with best fits. The associated p-value of less than 0.05, (i.e., α is Equal to 
0.05 or 95% confident level) indicates that the model terms can be considered as 
statistically significant. The coefficients and their lack-of-fit through the step wise 
regression method were used, which Eliminated the irrelevant model term. The indi-
cated variance Value and the significance of each model terms respectively. The
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Table 5 The measures responses results of experiments 

STD Responses 

HI (J/mm) Weld bead geometry 

WP (mm) WW (mm) WH (mm) 

1 5100 3.320 8.820 1.960 

2 6120 3.220 9.210 1.750 

3 3400 2.930 7.040 1.470 

4 4080 3.500 7.810 1.680 

5 5700 3.230 8.820 1.960 

6 6840 3.730 9.120 1.040 

7 3800 2.930 7.560 2.010 

8 4560 4.250 8.480 1.220 

9 4320 3.280 8.100 1.740 

10 5184 4.150 7.570 1.770 

11 5940 4.200 9.260 1.910 

12 3960 3.420 8.590 2.560 

13 4488 3.550 7.500 1.850 

14 5016 4.470 8.600 0.820 

15 4752 3.460 8.560 1.510 

16 4752 3.330 8.230 1.950 

17 4752 3.200 8.230 1.660 

18 4752 2.750 8.810 2.200 

19 4752 3.810 8.050 1.780 

20 4752 3.670 7.920 1.750 

complete model was checked through the verification coefficient (R2) where its value 
was always in a range of 0–1. This value was defined as the indicator to calculate an 
optimal choice of the responses. The nearer its value is to 1, the more accurate the 
developed model is [29]. 

4 Conclusion 

The detailed methodology of the RSM optimisation technique for MIG butt welding 
of hot rolled carbon steel plates JIS G3131 SPH270C was studied and statistically 
will be analysed. The purpose of this was to evaluate a combination of optimal 
parameters with acceptance responses of penetration and weld bead of HAZ. This has 
important criteria for welded joints through reducing the weld metal consumption by 
providing deeper penetration and lower bead height and width, where the mechanical 
metallurgical characteristics of the weld joint is influenced by HAZ sizes. This is
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therefore expected to minimise HAZ width and depth, which is necessary to avoid 
drastic micro-structure changes between HAZ and the parent metal. 
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The Concepts and Determinants 
of Manufacturing Flexibility 

Mohd Ghazali bin Maarof, Gusman bin Nawanir, and Muhammad Fakhrul 

Abstract Manufacturing companies nowadays are facing intense global challenges 
to sustain in this competitive market. As the global market are becoming more glob-
alized and many new technologies being introduce, it has changed the demand pref-
erence for new products. The new market demand requires that the manufacturing 
firms to deliver customize products that can meet the individual customer’s needs. 
This has created high level of market uncertainty and add complexity to the manufac-
turing processes set-up in many manufacturing companies. Manufacturing flexibili-
ties provide a better way for manufacturers to overcome this uncertainty. This article 
will examine the contributing factors that can assist manufacturing firms to imple-
ment effective manufacturing flexibility in their manufacturing processes. Method 
used in conducting this review analysis is based on analysing the literature review 
done by the past researchers. This study reveals that the contributing factors can be 
simplified into three categories, namely advance manufacturing technology (AMT), 
organizational and environment. Findings from this study is expected to expand the 
knowledge on manufacturing flexibility requirements. In addition, this study can help 
industrial practitioners to implement manufacturing flexibility in a much better way. 

Keywords Manufacturing flexibility · Technology · Review analysis 

1 Introduction 

1.1 A Subsection Sample 

Manufacturing companies nowadays are facing intense global challenges character-
ized by fierce competition, shift towards customized products and unprecedented
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changes [26]. The shift towards customized products has brings a lot of uncertainty 
to the market, requiring some form of flexibility capabilities in today’s businesses 
environment [5, 33]. In the past, manufacturing activities were predominantly focus 
on the effort to reduce the operation cost and to improve quality as a way to sustain 
in the business [50, 51]. Mass production system was the common means to manu-
facture high volume of similar products with the assumptions that demand is always 
stable, predictable, less variety and long product life cycles [6]. However, as the 
market are becoming more globalized and many new technologies being introduced, 
it has changed the customers preference for new products. 

The current market requires that the manufacturing firms to deliver customize 
products that can meet the individual customer’s needs at a much lower price [9] and 
at a much faster rate [4, 55]. Such requirements post new challenges such as the need 
to ensure shorter product life-cycle, shorter delivery lead time, and increase product 
variety with a higher quality products [1, 7, 12]. Fulfilling those customer needs are 
crucial for the sustainability of firms in the market [11, 21, 23]. However, these new 
requirement has increased the complexity of the manufacturing processes set-up and 
create a high level of uncertainty [9, 37, 48, 53, 54]. 

Production system design should be able to cater for various demand by the 
customers with minimum operation costs, and flexibility [26]. The production design 
should respond appropriately to uncertainty posted by volatile market environment 
[30]. Therefore, the urge to tackle different uncertainties quickly and effectively 
has driven many manufacturing firms to adopt manufacturing flexibility in their 
manufacturing process [24, 38]. 

Gothwal and Raj [15] states that companies that adopted a flexible manufacturing 
system have the advantage to address issues pertaining to market changes better than 
those that use the mass production system. Through manufacturing flexibility capa-
bility, manufacturers can deal with the volatile customer demand, such as new and 
rapid technological development and frequent product changeover [27] and smaller 
lot sizes [12]. 

Unfortunately, very few research really deals with elements that influence the 
implementation of flexible manufacturing system in a firm [28]. Most works on 
manufacturing flexibility are still in disordered and unregulated despite consensus 
that believe manufacturing flexibility can benefit firms in coping with uncertainty 
[31]. Poor understanding on the concepts of manufacturing flexibility has influence 
the firm’s attainments to the real benefits of manufacturing flexibility [28, 44]. As 
a result, many manufacturing firms have lose the synergistic benefits of flexible 
manufacturing system in improving business performance [34, 43]. 

This paper aims to examine the contributing factors that can enhance effective 
implementation of manufacturing flexibility by answering two research questions: 

RQ1: What is manufacturing flexibility? 
RQ2: What are the critical determinants to implement manufacturing flexibility 
in the manufacturing industry.
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Findings from this study is expected to expand the knowledge on manufacturing 
flexibility requirements. Furthermore, this study can also help industrial practi-
tioners to implement manufacturing flexibility in a much better way. Result from 
this research can assist the government agencies involved in developing the manu-
facturing industry to devise or review current policies to improve manufacturing 
industry practices in Malaysia. 

2 Literature Review 

2.1 Definition of Manufacturing Flexibility 

Past researchers were not able to derive to a consensus on defining manufacturing 
flexibility [14, 35]. This is because every company has its own perspectives in defining 
manufacturing flexibility [29], making it hard for researchers to come up with the

Table 1 Manufacturing flexibility definition 

References Manufacturing flexibility 

[42] The ability of a manufacturing system to manage volume or product variation 
changes without affecting to the firm’s performance 

[17] The manufacturing system ability to keep up with the changes exerted by the 
environment conditions 

[46] Flexibility defines the ability of a firm to react to changes with minimum impacts 
to business performance 

[45] The system ability to quickly adapt to any changes happened with the product, 
process, workload, or machine failure 

[49] The firm’s capability to react to anticipate and unanticipated changes resulting 
from competitive pressures 

[32] The ability to consume the existing resources effectively in response to the impact 
exerted by the environmental factors 

[55] Ability to produce wide variation of products to satisfy the customers demand 
while maintaining high business performance 

[4] The ability of a manufacturing company to deal with the uncertain situation 
within or outside of the organization 

[10] Organization adaptability capabilities to deal with changing environmental 
condition 

[19] System ability to react to the environmental uncertainties (internal and external) 
effectively and efficiently to produce high quality customized product at a 
competitive price 

[52] The manufacturing system ability to withstand variations in part combination 
without affecting to the assembly line progress
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most appropriate definition for manufacturing flexibility [15]. Table 1 summarized 
the definition of manufacturing flexibility given by past researchers.

Based on the definition given by the authors’ above, manufacturing flexibility 
is defined as the firm’s ability to manage and adapt to changes in the internal and 
external environments effectively without incurring additional cost or interruptions 
to the operation. 

2.2 The Manufacturing Flexibility Concept 

In managing demand uncertainty, a flexible manufacturing system can help to find 
the right fit between supply and demand in the turbulent market [34]. The ability 
for firms to make such adjustment without affecting its average costs is crucial 
to maintain firm’s competitiveness in the dynamic market environment [18]. The 
concept of manufacturing flexibility was highly been discussed during the early 
1980s as the businesses were experiencing a major shift in the global market demand 
[28]. David Williamson has introduced the idea on flexibility in England during the 
1960s, in which he introduced a flexible computer controlled machine tools that can 
work automatically 24 h a day [8]. His work has been developed to a much broader 
applications known as the flexible manufacturing system. This flexible manufacturing 
system was later referred as manufacturing flexibility. 

Past studies has categorized manufacturing flexibility into three major groups: 
inbound, in-house and outbound [41]. Inbound flexibility includes the supplier flex-
ibility and sourcing flexibility dimensions to address the unstable nature of the raw 
materials or components sourcing due to change in demand. In-house flexibility 
refers to the organization’s capability to absorb changes in the internal production 
process in converting the inputs into complete products. Example of the in-house 
flexibility dimensions are the product, machine, labor, routing, processing times, 
volume, process, operation, material handling, and postponement [41]. Outbound 
flexibility refers to the logistic activities to transfer the completed products to the 
marketplace. The outbound logistics dimensions include transshipment flexibility, 
access flexibility, and delivery flexibility. 

However, different levels of uncertainties and variations will require different 
type of manufacturing flexibility adoption [16, 29] and it depends on a specific 
situation [20]. Thus, flexibility constitute making responses to various problems 
under a particular condition.
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2.3 Critical Determinants of Manufacturing Flexibility 

At the plant level, flexibility is a mixture of several supporting factors such as 
hardware, software, procedure, organizations, techniques, and manufacturing infras-
tructure [42]. In term of value chain factors, manufacturing flexibility implemen-
tation is affected by the infrastructure, human resource, technology, procurement, 
inbound and outbound logistics, operations, marketing and sales, and services [22]. 
Another researcher revealed eight different factors that affect manufacturing flexi-
bility achievement, namely, operational improvement practices (OIPs), technology, 
human resource practices, supplier flexibility, supplier integration, customer inte-
gration, product/process technology integration, and marketing and manufacturing 
integration [28]. 

Other approach taken by firms to enhance their manufacturing flexibility include 
applying flexible product design and postponement to develop product mix flexibility 
[36]. Cross-training can prepare firms with the ability to develop both product mix 
as well as volume flexibility capability [3]. The use of temporary or contract staffs 
were used by electronics manufacturers to build volume flexibility in their production 
process [40]. Furthermore, original equipment manufacturers (OEM) services can 
support firms to develop volume flexibility during peak demand [39]. 

Additive manufacturing (AM) has been used to build process flexibility in the 
new products development to speed up time to market [2]. The use of autonomous 
mobile robots (AMR) helps firms to increase their material handling responsive-
ness to changes in the discrete manufacturing system [13]. The use of Industry 4.0 
technologies can help manufacturers to develop the smart factory concept into their 
production lines [50, 51]. For instance, augmented reality (AR) can serve as a unified 
platform for aiding operators in the training procedures which is flexible enough to 
be adapted into various manufacturing sectors [25]. 

Table 2 summarized the discussion on the three categories that contribute to 
manufacturing flexibility implementation. 

Table 2 Summary of the 
manufacturing flexibility 
contributing factors 

References AMT Organizational Environmental 

[42] X X X 

[3] X 

[22] X X X 

[40] X 

[36] X 

[39] X 

[25] X 

[2] X 

[50, 51] X 

[13] X
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3 Discussion and Conclusion 

This conceptual paper presents the discussion on the definition of manufacturing 
flexibility. Furthermore, it summarizes the elements that can enhance the implemen-
tation of manufacturing flexibility in a company that can be summarized into three 
main categories: advance manufacturing technology (AMT) factors, organizational 
factors, and environmental factors. This discussion is important due to the changes 
happened around the business environment that bring about the need to overcome 
market uncertainty. 

Although this article clearly has not resolved all the issues about factors 
contributing to manufacturing flexibility implementation, hopefully it can provide 
some useful suggestions to researchers or industry practitioners before implementing 
manufacturing flexibility. Future study should work on developing empirical inves-
tigation to identify factors that can contribute to the effective implementation of 
manufacturing flexibility in a company. 

Acknowledgements This study was funded by Universiti Malaysia Pahang (UMP) under the grant 
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The Experimental Investigation 
on Surface Roughness of Aluminium 
6061 Using Carbide Tools in Dry End 
Milling 

Nurul Hidayah Razak and Ng Chun Hao 

Abstract This paper presents an experimental investigation on surface roughness 
of Alumunium 6061 using carbide tools in dry milling. Process parameters include 
the cutting speed, feed rate and depth of cut. There were two types of cutting inserts 
used in the experiment which were TiAlN coated and uncoated carbide. Response 
surface method (RSM) with analysis of variance (ANOVA) analysis has been used 
to determine factors that influence the surface roughness. Based on the ANOVA 
analysis, it is shown that the most influential parameter affects the surface roughness 
for coated and uncoated insert are cutting speed followed by feed rate, and depth of 
cut. Furthermore, the TiAlN coated insert resulted in lower surface roughness value 
compare to the uncoated carbide insert. 

Keywords Surface roughness · Alumunium 6061 · RSM method · ANOVA 

1 Introduction 

Aluminum alloy 6061 is classified as one of the most popular metals in the manufac-
turing industries for the automotive, aerospace, food packaging and sports equipment. 
This is due to its outstanding mechanical properties such as great strength to light 
weight ratio, corrosion resistant, hardness and able to weld [1]. One of the challenges 
in machining this material is the high temperature generated during machining oper-
ation that finally reducing the tool life, increasing the cutting force thus resulting in 
low quality of machined surface [2, 3]. According to Adhip et al. [2], a good machin-
ability particularly in producing a good surface roughness of Aluminium reducing a 
significant impact to the manufacturing cost in the industry. 

With regards to the issue addressing above, this study was conducted with the 
purpose of investigating on the surface roughness of Aluminium 6061 using TiAlN
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coated and uncoated carbide inserts in dry end milling. Response surface method-
ology (RSM) integrated with ANOVA analysis was used to correlate the machining 
input parameters to the response surface roughness of Aluminium 6061. 

2 Experiment Setup 

2.1 Milling Machine and Fixtures 

In this study, milling operations were carried on a MAKINO KE55 milling machine 
as shown in Fig. 1a and the experiments setup is shown in Fig. 1b. The milling

(a) CNC milling machine 

(b) The milling set up 

Fig. 1 a shows CNC milling machine with a clamped workpiece where in Fig. 1 b shows the 
milling set up with a workpiece of 150 mm in length where the start and end points of the cutting 
insert were marked
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Table 1 Mechanical 
properties of aluminum alloy 
6061 

Properties Values 

Density 2.7 g/cm3 

Elongation at break 12–25% 

Poisson’s ratio 0.33 

Tensile strength 124–290 MPa 

Young’s modulus 68.9 GPa 

Table 2 Machining 
parameters 

Level of factors Low High 

Cutting speed, m/min 29 86 

Feed rate, mm/min 165 365 

Depth of cut, mm 0.4 0.8 

operation started from the ‘Start point’ and finished after completing one pass at the 
end point of the workpiece. The milling distance was 1500 mm per one milling pass.

2.2 Workpiece Materials and Cutting Tools 

Aluminum alloy 6061 was selected as the material used in this experiment with 
dimension of 150 mm × 150 mm × 35 mm. Table 1 shows the mechanical prop-
erties of Aluminum alloy 6061. Meanwhile, Table 2 indicates the selected cutting 
parameters and theirs corresponding level values. 

2.3 Machining Parameters 

Response Surface Methodology (RSM) was used to determine the factor that influ-
ence the surface roughness of Alumunium 6061. Design of experiment (DOE) was 
adapted in designing the set of machining parameters where the cutting speed (CS), 
feed rate (FR) and depth of cut (DoC) were the cutting parameters of the experiments 
and shown in Table 3. 

3 Results and Discussion 

The analysis of variance is presented in Table 4 for TiAlN coated carbide insert and 
Table 5 for uncoated carbide respectively. At a level of confidence of 95% the model 
is checked for its adequacy. Based on Tables 4 and 5, both models are adequate due
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Table 3 Machining parameters 

Standard order Run order Spindle speed 
(rpm) 

Cutting speed 
(m/min) 

Feed rate 
(mm/tooth) 

Depth of cut 
(mm) 

1 9 520 29 165 0.6 

2 15 2520 143 165 0.6 

3 7 520 29 365 0.6 

4 6 2520 143 365 0.6 

5 1 520 29 265 0.4 

6 2 2520 143 265 0.4 

7 5 520 29 265 0.8 

8 3 2520 143 265 0.8 

9 11 1520 86 165 0.4 

10 12 1520 86 365 0.4 

11 10 1520 86 165 0.8 

12 4 1520 86 365 0.8 

13 13 1520 86 265 0.6 

14 8 1520 86 265 0.6 

15 14 1520 86 265 0.6 

Table 4 Analysis of variance for TiAlN coated carbide insert 

Source of variation Degree of freedom Sum of squares Means of square F ratio P value 

Regression 9 1.46412 0.16280 67.80 0.000 

Linear 3 1.07662 0.358875 149.56 0.000 

square 3 0.22487 0.074958 31.24 0.001 

Interaction 3 0.16263 0.054209 22.59 0.002 

Residual error 5 0.001200 0.002400 

Lack of fit 3 0.01003 0.003344 3.40 0.235 

Pure error 2 0.00196 0.000982 

Total 14 1.47612 

Table 5 Analysis of variance for uncoated carbide insert 

Source of variation Degree of freedom Sum of squares Means of square F ratio P value 

Regression 9 3.19323 0.35480 118.77 0.000 

Linear 3 2.42671 0.80890 270.78 0.000 

Square 3 0.55956 0.18652 186.66 0.000 

Interaction 3 0.20696 0.06899 23.09 0.002 

Residual error 5 0.01494 0.00299 

Lack of fit 3 0.01029 0.00343 1.47 0.429 

Pure error 2 0.00465 0.00233 

Total 14 3.20817
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to the P-values of lack-of-fit are not significant as the P-value exceeds 0.05. Thus, 
the model could fit and acceptable.

Equations 1 and 2 show the second order regression co-efficient for TiAlN coated 
carbide and uncoated carbide inserts, where Ra is the corresponding response, CS, 
FR and DoC are cutting speed (m/min), feed rate (mm/tooth) and depth of cut (mm) 
respectively. Based on the models, it can be seen that cutting speed has the most 
influential factor in determining surface roughness value, followed by feed rate and 
depth of cut. 

a = 0.533 − 0.01330CS  + 0.00571FR  − 1.302DOC  

+ 0.000075CS∗CS  − 0.000002FR∗FR  + 0.786DOC∗DOC  

− 0.000033CS∗FR  + 0.00557CS∗DOC  − 0.00078FR∗DOC (1) 

Ra = 0.091 − 0.01560CS  + 0.00381FR  + 1.404DOC  

+ 0.000120CS∗CS  + 0.000005FR∗FR  

+ 0.349DOC∗DOC  − 0.000036CS∗FR  

− 0.00717CS∗DOC  − 0.00236FR∗DOC (2) 

Figure 2 shows the effect of surface roughness opposed to feed rate and cutting 
speed. It can be seen that as the decrease value of feed rate and an increase in cutting 
speed has resulted in the lower value of surface roughness. Meanwhile in Fig. 2b 
reveals that the value of surface roughness decreases as the cutting speed value 
increases at any value for feed rate. It can be observed that the surface roughness 
reaches the highest value when the cutting speed is at the low value while the feed 
rate is at the high value. This observation is similar with uncoated carbide inserts as 
shown in Fig. 3a, b. 

Furthermore, Fig. 4 shows the comparison value of surface roughness when the 
TiAlN coating is applied. It is observed that the TiAlN coating resulted in lower 
value in surface roughness compared to the uncoated carbide insert. The similar 
observation is also found in Masooth et al. [4] and Nalbant et al. [5] where they 
concluded the lower value in surface roughness in coating is due to reduction in 
friction value of TiAlN coating compared to the uncoated insert. 

4 Conclusion 

Based on the RSM analysis, it can be concluded that cutting speed has the most 
dominant factor that affects the surface roughness, followed by feed rate and depth 
of cut. Besides that, TiAlN coating has shown a significant effect in reducing surface 
roughness value of Aluminium 6061 compared to the uncoated insert.
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(b) Surface plot 3 D 

(a) Contour plot 2D 

Fig. 2 Variation of surface roughness against cutting speed and feed rate a contour plot 2D and b 
surface plot 3D for TiAlN coated carbide insert
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(a) Contour plot 2D 

(b) Surface plot 3 D 

Fig. 3 Variation of surface roughness against cutting speed and feed rate a contour plot 2D and b 
surface plot 3D for uncoated carbide insert
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Fig. 4 Comparison of TiAlN coated insert and uncoated insert 
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Development of Nanoindentation 
Simulation Technique for Y-TZP 
Ceramic Material Characterization 

J. B. Saedon, M. F. Othman, M. S. Meon, N. H. M. Nor, H. Husain, 
S. Shawal, and S. K. H. Baharudin 

Abstract Nanoindentation is a technique broadly established and practiced for 
material characterization, however, the experimental nanoindentation is very 
complex and is highly susceptible to several factors. If issues such as initial pene-
tration, thermal drift, instrument compliance, etc. have not been correctly handled, 
the result could be incorrect. The purpose of this study is to employ the nanoinden-
tation technique for measuring the material characteristics such as the elastic and 
plastic deformation of zirconia ceramic material using the simulation method. The 
nanoindentation simulation model is developed based on Berkovich indenter using 
ABAQUS 6.14 software. The study starts with the modelling of the sample and the 
indenter. Four materials are considered for the sample, copper, iron, ceramic similar 
to glass and ceramic similar to metal films and finally Y-TZP ceramic. Total indenter 
displacement of 200 nm, 550 nm or 1000 nm was imposed, and then unloaded and 
taken back to the initial position. The result on the deformation response of the sample 
and the load–displacement curve is obtained from the nanoindentation simulated 
model. Furthermore, the results were compared with published journals for valida-
tion purposes. The model successfully obtained the same load–displacement curve 
as obtained by the researchers. As the sample models are successfully varified, the 
result obtained for Y-TZP ceramic is valid as well. In conclusion, this study managed 
to develop the nanoindentation simulation technique using Berkovich indenter to 
measure and study in-depth the material characterization of Y-TZP ceramic which 
are used for prosthetic restorations. 
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1 Introduction 

Nanoindentation is a non-destructive technique that produces nano-size indents 
which are less than 200 nm, as prescribed based on ISO 14577-1. As the sample 
model has a thickness of micron, it is not suitable to use the experiment indenta-
tion method to obtain the mechanical and tribological properties because its initial 
penetration or instrument’s compliance has not been correctly handled, thus nanoin-
dentation technique is used [1]. As experimental nanoindentation shows limitations, 
the simulation of the nanoindentation technique is introduced. The test is carried out 
by using an indenter that has a tip of a diamond shape loaded into the tested material 
with a certain depth before being withdrawn. Then, the depth and load applied are 
recorded, later depicted as a load versus displacement graph. A Berkovich indenter 
is used, in which the tip has a geometry of a three-sided pyramid [2]. 

The obtained load–displacement relationship from the test can be used to derive 
material characteristics of any kind that possess elastic and plastic behaviour [3]. 
The data of the load–displacement (P–h) obtained from the indentation test can be 
applied to extract a full elastic–plastic stress–strain relationship when combined 
with the power-law (n) of the work-hardening behaviour [4]. With an increase of 
demands to incorporate more materials and indenter settings, solution algorithms 
have become even more sophisticated in recent years. Many researchers have opted 
for finite element (FE) techniques with a variety of modifications in the indentation 
method to address this difficulty [5]. 

One of the commonly used materials in prosthetic restorations, Yttria-stabilized 
tetragonal zirconia polycrystals (Y-TZP) is strongly preferred due to their good 
mechanical strength, chemical properties and dimensional stability as well as great 
biological compatibility with the human body [6]. In a scenario of small-scale contact, 
a zirconia fixed dental prosthesis may need a final modification by grinding once it 
is returned from the laboratory. A small-scale contact also may expose it to repeated 
occlusions, which could cause local contact damages and result in a loss of physical 
qualities. Thus, establishing contact damage resistance is very crucial for zirconia 
dental ceramics in clinical applications. As a result, determining its material proper-
ties like Young’s modulus and hardness using FEM has been utilized in modelling 
its material characterization using the nanoindentation procedures [7]. 

The purpose of this study is to employ the nanoindentation technique for 
measuring the material characterization of ceramic materials, to develop the simula-
tion of nanoindentation model by Berkovich indenter with ABAQUS 6.14 software 
and lastly, to validate the nanoindentation simulation with the published journals.
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2 Methodology 

2.1 Setting up the Model 

The model is built up in ABAQUS 6.14 using a 2-D axisymmetric rectangle with a side 
length larger than the depth of indentation and a rigid Berkovich indenter. The model 
is made axisymmetrically around the indenter central axis (Y-axis). The ceramic 
samples and the metal samples (copper and iron) use two different dimensions to 
follow their respective reference journals [8, 9] as shown in Fig. 1a. As the size of the 
zirconia sample was not stated by Shao [10], and since zirconia is a ceramic material, 
the dimension of the zirconia sample is assumed to have the same dimension as the 
ceramic samples. The indenter is built up as a rigid surface with an angle of 70.3° 
and a reference point at the tip. The indenter tip is set to touch the edge of the sample, 
however, for sample copper and iron, the indenter is set to be 2 μm away from the  
sample. This is to follow the exact procedure as their respective reference journal to 
achieve the same results. The elastic and plastic properties of copper, iron, ceramics 
similar to glass and ceramics similar to the metal film are shown in Table 1. 

To generate the meshes, a 4-mode bilinear axisymmetric quadrilateral integration 
element type with hourglass control (CAX4R in ABAQUS) is adopted. The indenta-
tion region is very small when compared to the specimen size and the indenter size.

Fig. 1 FEM model system for material: a copper and iron, b all-ceramic 

Table 1 Materials and mechanical properties [7–9] 

Material Young’s modulus, 
E (GPa)  

Poisson’s ratio, υ Yield stress (MPa) Hardening law 

Copper 120 0.25 33 Yes 

Iron 215 0.25 200 Yes 

Ceramic (glass) 72 0.20 3000 No 

Ceramic (metal 
film) 

72 0.30 600 No
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Table 2 Mesh and elements 
data for each material 

Material Mesh size Number of element 

Copper 100 nm × 100 nm 1482 

Iron 100 nm × 100 nm 1482 

Ceramic (glass) 100 nm × 100 nm 12,384 

Ceramic (metal film) 500 nm × 500 nm 5184 

Table 3 Mesh convergence test for the sample Y-TZP ceramic 

Mesh size Number of element Converge Time taken (s) Maximum von Mises 
stress 

50 nm × 50 nm 25,704 Yes 1080 1.800 × 10–2 
100 nm × 100 nm 12,384 Yes 360 1.800 × 10–2 
500 nm × 500 nm 5184 Yes 65 1.195 × 10–2 
1000 nm × 1000 nm 2400 Yes 45 1.141 × 10–2 

To accurately simulate the deformation of the region, a higher density of meshes with 
very fine mesh is needed under the indenter contact area. The size of the elements is 
progressively increased toward the other end of the sample model by making a few 
partitions onto the sample and selecting the mesh size individually using seed edge, 
which resulted as shown in Fig. 1b. The mesh element type used for this system are 
CAX4R, the meshing size and the number of elements of each material are shown 
in Table 2.

The mesh size of a sample is determined by using the mesh convergence test. 
This test compares the difference in maximum stress value obtained by each mesh 
size and the time needed to complete the simulation of the nanoindentation. Table 
3 shows the mesh convergence test for the sample Y-TZP ceramic. As there is no 
difference of the Von Mises stress between the mesh size of 50 nm × 50 nm and 
the 100 nm × 100 nm, the later mesh size (100 nm × 100 nm) is chosen as the 
sample since the time needed to complete the nanoindentation simulation is shorter. 
However, for ceramic similar to metal film, a coarser mesh size of 500 nm × 500 nm 
is chosen instead because the sample does not converge when adopting a finer mesh 
size. 

2.2 Boundary Condition and Material Parameter 

The loading and unloading steps of the indenter are simulated by imposing the 
downward and upward displacement at the reference point, which gradually increases 
from 0 to hmax and then returned to the original position, this is performed by assigning 
an amplitude to the system. The hmax values of 200 nm, 550 nm and 1000 are imposed 
for copper, iron and ceramics respectively. The friction coefficient of the contact is
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assumed to be zero due to negligible effect on the result [11], however, in the case of 
material copper and iron, the friction coefficient is set to be 0.1. To enforce contact 
between the indenter and the specimen, the indenter surface is defined as the “master” 
surface while the specimen surface is defined as the “slave” surface. 

The nodes at the bottom edges of the rectangle are restrained not to move in 
their normal direction (ENCASTRE; U1 = U2 = U3 = UR1 = UR2 = UR3 = 0). 
For the indenter, it is constrained to move horizontally at the reference point. The 
sample model is considered homogenous and isotropic and behaves like plastic. The 
material parameters for the simulation are selected to be matched with the mechanical 
properties measured in the published journals’ nanoindentation. 

2.3 Inverse Analysis 

The Young’s modulus and the yield stress of zirconia are determined by an inverse 
analysis by Shao et al. [10]. The inverse analysis makes use of bilinear assumption or 
kinematic of hardening plastic properties and obtains the load–displacement curve 
similar to that obtained from the nanoindentation experiment [1]. This analysis also 
has been widely applied by many researchers [12–14]. The unloading part of the load– 
displacement curve is commonly deemed as a pure elastic rebound of the material 
which is related to the elastic property of the material. If the area in contact remains 
constant during initial unloading, the elastic behaviour can be described as a blunt 
punch indenting an elastic solid. Pharr and Oliver [15] proposed Eq. (1) that can 
be applied to any indenter that can be described as a revolution body of a smooth 
function for determining Young’s modulus. 

E = 1 − υ2 

2 

π 
A 

/
dP  

dhs 
(1) 

The Young’s modulus of the simulated nanoindentation is characterized by using 
Eq. (1) while the simulated hardness is defined by Eq. (2): 

H = Pmax 

A 
(2) 

where P is the indentation load and A is the projected contact area. The hardness value 
is determined directly from the load–displacement curves by using the Olive-Pharr 
method [15].
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3 Result and Discussion 

The comparison of numerically simulated results and the result obtained by Bressan 
et al. [8] for the indentation of copper is presented in Fig. 2. This sample uses a 
mesh size of 100 nm × 100 nm with an indentation depth of 550 nm. The maximum 
load of indenter is expected to be higher for a Berkovich when compared to conical 
indenter and this is shown in Fig. 3. The Young’s modulus obtained from the result 
by using Eq. (1) is 84.76 GPa. 

Figure 3 shows the comparison between the simulation results and the same 
journal for the material iron that has a mesh size of 100 nm × 100 nm with an inden-
tation depth of 200 nm. The maximum load is slightly more than the journal (5.06 
mN) and the unloading curve is different from the journal. The modulus of elasticity 
obtained by simulation is calculated to be 146.19 GPa, this gives a percentage differ-
ence of 32%. This error is possible due to the hardening law. According to research
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Fig. 2 The comparison of indentation load versus penetration depth for copper between the 
simulation and published journal [8] 
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Fig. 3 The comparison of indentation load versus penetration depth for iron between the simulation 
and published journal [8]
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Fig. 4 The comparison of indentation load versus penetration depth for ceramic similar to the glass 
between the simulation and published journal [9] 

done by Yao et al. [16], the value of the power-law strain-hardening coefficient, n, 
will affect the maximum load and the unloading curve of a material.

In Fig. 4, the comparison of simulation results for ceramic is similar to glass 
with a mesh size of 100 nm × 100 nm, with an indentation depth of 1000 nm. 
The maximum load by simulation (100.79 mN) is higher (99.11 mN) compared to 
Buchheit and Tandon [9] which has a percentage difference of 1.70%. The Young’s 
modulus obtains from the simulation’s loading–unloading curve is 71.32 GPa with 
a percentage difference of 0.94%. 

By using best-fit values of the loading curve, Fig. 5 shows, the comparison of 
simulation results for ceramic similar to the metal film which has a mesh size of 
500 nm × 500 nm with an indentation depth of 1000 nm and the result obtained 
by Buchheit and Tandon [9]. The unloading curve is similar to the reference journal 
however, the maximum load by the simulation is 47.95 mN which is higher compared 
to the published journal (43.98 mN). The Young’s modulus value obtained from the 
extrapolation of the simulation curve is E = 67.00 GPa which has a percentage
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Fig. 5 The comparison of indentation load versus penetration depth for ceramic similar to metal 
film between the simulation and published journal [9]
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difference of 7.46% compared to the theoretical value. This may be due to the coarse 
mesh size used for the simulation which resulted in the less accurate result.

Figure 6 shows the comparison between the P/Pmax versus h/hmax curve obtains 
by the simulated result and the journal by Shao et al. [10] of the zirconia sample. The 
actual maximum load obtained by the simulation is higher than the load obtained 
by the experiment result of the journal which is 493 mN and 481 mN respectively. 
The distribution of the von Mises stress under the tip of the indenter is also shown 
in Fig. 6, which also indicated a small plastic zone under the area of the tip. 

Fig. 6 The comparison of nanoindentation test results for indentation load versus penetration depth 
for zirconia ceramic between the simulation and published journal [10], and the distribution during 
indentation of the equivalent von Mises stress 

Table 4 Young’s modulus and hardness difference 

Material Young’s 
Modulus, E 
(GPa) 

Simulated 
Young’s 
modulus, E 
(GPa) 

Error (%) Journal 
hardness 
(GPa) 

Simulated 
hardness 
(GPa) 

Percentage 
error (%) 

Copper 120 84.76 29.37 0.596 0.71 19.46 

Iron 215 146.19 32.00 4.18 5.29 26.77 

Ceramic 
(glass) 

72 71.32 0.94 6.48 7.17 10.65 

Ceramic 
(metal film) 

72 67.00 7.46 2.19 2.40 9.59 

Ceramic 
(Y-TZP) 

319.29 329.54 3.21 42.85 44.45 3.73
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To find the accuracy of the proposed method, Table 4 summarizes the comparison 
between the hardness and Young’s modulus values obtained from the simulation 
and the reference journal. The result shows that materials such as copper and iron 
that were defined with hardening law have a very high percentage error (max 32%) 
of Young’s modulus, however, all-ceramic materials which were defined as perfect 
plasticity which no hardening law used have low percentage errors (7.5%) when 
compared to their respective journals. However, for hardness values, all the samples 
material has a low percentage error for the hardness values. 

4 Conclusion 

This study employed the nanoindentation technique to measure the material charac-
teristics properties such as the elastic and plastic deformation of ceramic materials, 
developed the simulation of nanoindentation model by using Berkovich indenter with 
ABAQUS 6.14 and lastly, validated the nanoindentation simulation with published 
journals. The nanoindentation simulation results of the load–displacement curves 
of ceramic materials obtained in this study are similar to the result obtained by the 
researchers of the journals. The simulation of the nanoindentation model by using 
Berkovich indenter showed that the maximum load was higher than the conical 
indenter which is similar to the journals as well. The simulation results also show 
that they were strongly relied on the indenter tip radius, mesh size and hardening law 
imposed on the model. All the nanoindentation of ceramic samples has a percentage 
error of 0–11% compared to the journals’ result and the medical ceramic has a 
percentage error of less than 5%. Thus, it is best to consider that this study has 
managed to develop the nanoindentation technique for analyzing the material prop-
erties of zirconia ceramic materials and can be applied for material characterization 
of Y-TZP ceramic as well. For future work, since Y-TZP ceramic is widely used for 
dental prostheses, the outcome of this study will be applied to investigate further its 
mechanical characteristics for preventive measures in avoiding failure and injury to 
its users. 
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from Pahang Malaysia as a Green 
Metalworking Fluid 
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Abstract Crude Calophyllum-Inophyllum or Tamanu oil (CTO) is considered one 
of the non-edible vegetable-based lubricant that have high viscosity value compared 
to other non-edible plant-based oil such as Jatropha and synthetic ester. In the pursuit 
of finding sustainable metalworking fluids (MWFs) that pose low environmental and 
health risks, this vegetable oil is a viable contender to replace mineral-based oil. 
Following on from this huge potential, this study aims to investigate the oil yield 
of CTO extracted raw from Pahang, Malaysia. There are two mechanical extraction 
methods that determine the difference of oil yield. The mechanical extraction has 
found that Method B had 3% higher oil yield than Method A. The oil yield percentage 
from these mechanical extractions, Method A (49%) and Method B (52%) is found 
to be higher than the soxhlet extraction method (46%). The CTO are then analyzed 
for their physicochemical properties, e.g. dynamic viscosity, kinematic viscosity, 
density, thermal conductivity, flash point, free fatty acid and total acid number. A 
four-ball wear test was carried out to test their tribological properties in accordance 
to ASTM D4172 standard. CTO that possesses high viscosity value and low viscosity 
index is proposed for physicochemical modification to improve its lubrication and 
thermal degradation effect for better machining performances during the metalwork. 
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1 Introduction 

In the manufacturing industry, metalworking fluid is extensively used and plays an 
important role in the machining shop floor. Machining is defined as the process of 
removing material whether through the modification of size, shape, or surfaces of 
the workpiece. However, the evolvement of high-cutting speed and new engineering 
materials makes the metalworking fluids ever required as before [1]. Metalworking 
fluid is applied for example on the machining zone to reduce cutting temperature, 
diminishes the existing friction between the workpiece and cutting tool, increases 
tool life, and enhances the efficiency of machining and the quality of the surfaces. 
Furthermore, it acts as an agent in machining such as cleaning, cooling, lubrication, 
and reducing corrosion by creating a protective layer [1, 2]. Since metalworking fluid 
was introduced, mineral-based oils are the main sources for lubricant production, 
and they are being widely employed by the manufacturer in many aspects of the 
production lines. Based on the data released by BP statistical review of Global Energy, 
it shows that the consumption of fossil fuel-based on different fuel type is getting an 
increase each year since 1965 until now [3, 4]. 

To find an alternative for replacing the depleting resources of fossil fuel, people 
need to extract oils from different sources, such as from animal or plant. Extracting 
the oil from the plant requires specific tools and devices like mechanical apparatus 
or chemical solvents. Designing the mechanical extractor are important whereas, 
the different mechanisms applied will affect the oil yield [5]. It is reported that, 
engine driven screw press extracted oil from 68% up to 80% yield, whereas ram 
press achieved from 60 to 65% yield of the available oil. However, Bhargavi et al. 
[6] stated that, the ram press extraction efficiency is from 57 to 62%. It is also noted 
from Table 1 that, oil extracted from mechanical press needs further treatment like 
filtration and degumming process. Furthermore, some mechanical press designs are 
not suited for some seeds [7]. Table 1 shows the percentage of oil yield that can be 
obtained using the mechanical extraction methods. 

The benefits of mechanical extraction are to avoid the use of chemicals, and 
production of crude oil could be instantly consumable. It also contributes to low 
electrical power requirement, non-expensive equipment, and the use of manual skills 
compared to other extraction methods. However, the limitation of mechanical extrac-
tion devices could be the high oil content that resides in the waste, which leads to 
lower yield and less profitable [6]. 

Table 1 Oil yield percentage 
from mechanical extraction 
methods [7] 

Press Oil yield (%) Oil treatment 

Engine driven screw 
press 

68.0 

80.0 

79.0 Filtering and 
degumming 

Ram press 62.5 

62.5
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The main objective of this research is to investigate the effect of two different 
approaches of drying the fresh Calophyllum Inophyllum (CTO) fruits before one 
can extract the plant-based oil from the seeds using a mechanical extraction method. 
The yield results will be compared with the yield from a soxhlet extraction method 
in literature. The physicochemical properties of the oil yields in terms of dynamic 
viscosity, kinematic viscosity, density, viscosity index, flash point, thermal conduc-
tivity, acid values, and the tribological properties in terms of coefficient of friction, 
wear scar diameter and surface roughness will be investigated systematically. 

2 Methodology 

2.1 Drying and Mechanical Extraction of CTO 

The mechanical extraction for the oil yield of the Callophyllum Inophyllym fruits are 
divided into two approaches. In Method A, two drying processes were introduced, 
whereby the fresh fruits are dried first for 24 h at about 60 °C before the seeds were 
peeled off from the endocarp. Then the seeds are dried for another 48 h also at about 
60 °C prior the mechanical grinding process. In Method B, the seeds are taken out 
raw from the endocarp of the fresh fruits before being subjected to drying for 48 h at 
the same drying temperature. However, Method B is more challenging since the fresh 
fruit is difficult to be cracked open before taking out the seeds. For both approaches, 
5 kg of Calophyllum Inophyllum fruits are required. Both methods are repeated twice 
for data comparison. 

An electric screw press machine is used to extract the raw Calophyllum 
Inophyllum oil from the seeds. The dried and sliced seeds are fed into the machine 
feeder and compressed to extract the crude oil, as shown in Fig. 1. The raw plant-
based oils obtained are then filtered, to separate the oil from dirt, using Whatman

Fig. 1 The mechanical extraction process for raw Tamanu oil yield
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Fig. 2 Degumming process set up 

filter paper at Grade 4 (20–25 µm). A dark greenish oil is produced which indicates 
a raw plant-based oil extracted from the seeds, that contains resin, water, and other 
water-insoluble extractives [8, 9].

Degumming process for the raw Calophyllum Inophyllum oil is necessary to 
separate the oils from resin, and to improve the oxidization stability of the oil. In this 
process, 1 wt% of phosphoric acid (3%) is dripped into the CTO, which was initially 
heated in a three-necked flask inside a hot bath and stirred at a constant temperature 
of 60 °C. The total time taken to complete the degumming process is 1 h. After that, 
the oil was dried in an oven for 16 h at 110 °C, to ensure the water inside the oil 
are fully removed. Then, the oil is filtered to separate the resin from the crude oil, as 
shown in Fig. 2. A reddish yellow-colored oil is produced and the physical as well 
as the chemical properties of the CTO are measured for further validation of the oil 
yield [9]. 

2.2 Physicochemical Properties Tests 

The density, kinematic viscosity, dynamic viscosity, and viscosity index were 
measured automatically using a Portable Viscometer (Anton Paar SVM 3001). The 
ASTM standards for measuring these physical properties are density (ASTM D4052, 
EN ISO 12185), dynamic viscosity (ASTM D7042), kinematic viscosity (ASTM 
D7024, EN 16896) and Viscosity Index (ASTM D2270). The data was taken at 
temperature of 40 and 100 °C each. The flash point test using a closed cup Pensky 
Martens PMA-4 machine was conducted following the ASTM D93 method. Thermal 
conductivity is measured at temperature 27 °C until 70 °C (300–343 K). Crude 
Jatropha oil as purchased is also tested for data comparison. 

In the FFA test (AOCS Ca 5a-40), 1 g of oils are placed inside a conical flask, 
and heated to 60 °C. Next, 50 ml of methanol and 6 drops of phenolphthalein are 
added in the conical flask. Then, sodium hydroxide solution is titrated slowly into



A Novel Calophyllum-Inophyllum Oil from Pahang Malaysia … 221

the flask, while gently shaking the mixture, until the solution changes color to pink 
and last for 30 s. After that, the amount of sodium hydroxide used were recorded to 
calculate the percentage of FFA by using the formula expressed as in Eq. (1). 

FFA% = 28.2 × N × V × m−1 (1) 

where V is a volume of sodium hydroxide (NaOH) used in milliliter, N is the concen-
tration of sodium hydroxide (NaOH, 0.25 M) and m is the weight of the CTO in 
gram. 

2.3 Tribological Properties Test 

Four-ball wear test is a lubrication testing, which is to investigate the efficiency of 
lubricant in reducing wear and friction of the sliding surfaces. This test was done 
using a four-ball test rig (Ducom TR-30L) as depicted in Fig. 3. According to the 
ASTM D4172 method, four chrome steel balls (AISI 52100) with a diameter of 
12.7 mm were used. Three ball bearings were put in the ball pot together with the oil 
sample (approximately 10 ml). The other one ball will be clamped at the top as the 
rotating ball. The top ball is pressed against the three stationary balls using a 392 N 
force and rotates at 1200 rpm for 60 min. The testing temperature is set at 75 °C 
throughout the experiment. 

Wear scar diameter was observed to investigate the average scar on the three steel 
balls, to determine the efficiency of the plant-based oil to reduce wear. Wear scar 
diameter (WSD) is measured by using an optical microscope (Olympus BX51M 
Metallurgical Microscope). Besides that, Scanning Electron Microscope machine 
(FEI, Quanta 450) was also used to identify the topological surfaces of the worn area 
after the four-ball wear test. Surface roughness measurement on the worn scar area 
on the ball bearing surface was conducted using an Accretech—Surfcom Touch 50

Fig. 3 Ducom TR-30L (left) and ball pot (right)
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Table 2 Comparison of the 
crude Calophyllum 
Inophyllum yield 

Items Method A Method B 

Initial mass, % 100 100 

Mass yield of dry fruits, % 68.63 – 

Mass yield of dry seeds, % 53.47 68.86 

Mass yield of raw Tamanu oil, % 48.81 51.78 

machine. The cut off length, λc is set at 0.08 mm with an evaluation length (Lc) of  
0.56 mm. The tip radius used for this test was 2 µm.

3 Results and Discussion 

3.1 Oil Yield 

In this study, the raw Calophyllum Inophyllum oil was produced in-house through a 
mechanical extraction method, with two different fruit-seed drying approaches. For 
Method A, there are two steps of drying processes (first dry the fruits then dry the 
seeds). In Method B, the seeds are taken out from the fresh fruits and directly goes 
into the drying process (seeds drying). The initial texture of the seeds is soft and will 
change to a hardened peanut after being dried. As shown in Table 2, the seed mass 
for Method B is more than the seed mass obtained in Method A. Surprisingly, the 
output of raw oil for Method B is found to be higher than Method A. It is noted that 
the mass of seeds contributes to the raw oil yield, with higher seed mass produces 
higher oil yield. This is also contributed by the high initial content of water and oil 
in the fresh seeds compared to the seeds taken from the fruits that were dried first. 
The initial drying process of the fruits in Method A could have dried the water and 
oil contained in the seeds, thus lowering the oil yield [10]. 

The percentage of the CTO yield result by using the mechanical extraction 
methods are compared with the result from a Soxhlet solvent extraction process, 
which a type of a chemical extraction method. From the study by [3], it is shown that 
the percentage of CTO by using the mechanical extraction methods (Method A— 
48.8% and Method B—51.8%) are higher than the yield obtained from the Soxhlet 
extraction method (46.2%). 

3.2 Physicochemical and Tribological Properties 

The CTO is measured for dynamic viscosity, kinematic viscosity as well as the 
density values at two temperatures of 40 and 100 °C. The average density of CTO 
at temperature 40 °C and 100 °C are 0.931 g/ml and 0.891 g/ml, respectively. The
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Fig. 4 Physical properties of the crude Tamanu oil 

average dynamic viscosity value of CTO measured also at the same temperature of 
40 °C and 100 °C are found to be 64.3 mPa.s and 9.5 mPa.s. Figure 4 summarizes 
the findings of the physical properties of the CTO compared with the crude Jatropha 
oil (CJO). From the diagrams, the dynamic and kinematic viscosity values of CTO 
is notably higher than the CJO. However, CJO is found denser than the CTO. 

The viscosity index for CTO is measured at 142, while CJO possess higher value 
at 310. This leads to the result of which the viscosity of the CTO is highly affected by 
the temperature changes compared to the CJO. Flash point result for CTO is reported 
at 220 °C and CJO is at 240 °C. The flash point test is to find out in what temperature 
the plant-based oil will ignite when it being exposed to the flame. So, the higher 
the temperature of flash point, the safer the output of oil to be used. The thermal 
conductivity test carried out on CTO are measured at temperature 27 °C until 70 °C 
(300–343 K). The average value of thermal conductivity of CTO is 0.124 W/mK, 
while for CJO it is found to be 0.174 W/mK [11]. The low thermal conductivity of 
the CTO may be contributed by the thicker oil property of the crude plant-based oil, 
thus lower the quantity of heat that could be transmitted through the oil [12]. 

The physical properties such as the density, dynamic viscosity and kinematic 
viscosity of the CTO is found to be comparable to the CJO at high working tempera-
ture and thus in terms of oil fluidity with the changes of temperatures, it could perform 
in the engineering and manufacturing processes, where lubricants that could sustain 
high temperature working condition and with cooling effect are demanded. The free 
fatty acid (FFA) for CTO is 32%, while CJO is 20%. The total acid number for CTO 
is calculated at 22.44 and 16.21% for CJO. CTO possesses higher acidity than CJO. 
This finding increases the necessity for the reduction of the FFA percentage of the



224 A. S. Abdul Sani et al.

plant-based oils according to the ASTM D6751 (FFA ≤ 1%) [13]. Further struc-
tural modification process e.g. chemical modification (transesterification processes) 
is required, to improve its current physical and chemical properties prior its use as 
industrial lubricants. 

The wear scar diameter (WSD) from the four ball wear tests is measured for each 
ball bearings. Average coefficient of friction (COF) as well as the surface roughness 
of the worn scars are observed. Table 3 presents the results of average coefficient of 
friction, WSD as well as the surface roughness value for CTO and CJO as comparison. 
CTO has lower COF value than CJO, which is directly contributed by the high 
viscosity value of the oil. However, higher viscosity oil does not produce smoother 
surface as compared to CJO. CJO produces better lubrication effect on the metal 
sliding surfaces thus reduces friction and wear altogether. Figure 5 portrays the worn 
scar surfaces on the ball bearing after being lubricated by CTO and CJO. SEM–EDX 
images are presented to identify the presence of elements on the wear scar surfaces 
after being lubricated by the plant-base oils. 

Figure 6 shows the elements that are scanned on the middle of the worn scar 
surfaces after being lubricated by CTO. From Fig. 5, both scar surfaces illustrate the 
present of abrasive wear lines, whereby surfaces lubricated by CJO shows a lesser 
scarring lines compared to the surface lubricated by CTO. This could explain on 
the smoother surface roughness resulted from the good lubrication effect by CJO 
[13]. In addition, the element that was found on the wear scar surface were mostly C 
(Carbon), Cr (Chromium) and Fe (Iron), which represents the material of the AISI

Table 3 Four ball wear test 
results 

Type of 
lubricant 

Average COF Average WSD Surface 
roughness, Ra 
in µm 

Crude 
Jatropha Oil 

0.065 0.555 0.125 

Crude 
Tamanu Oil 

0.055 0.562 0.245 

Fig. 5 SEM images of the worn scars
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Fig. 6 EDX spectra of the worn surface lubricated by CTO 

52100 ball bearings [14]. No adhered material on the scanned spot is detected, thus 
supporting the lubrication behavior of both plant-based oil that reduces friction and 
wear by protecting the sliding surfaces with a sacrificial layer thin enough to prevent 
direct contact between the sliding metals [14, 15].

4 Conclusion 

This study highlights the two drying approaches in mechanical extraction methods 
used for producing the crude Tamanu oil (CTO). The second approach (Method B) 
produces yield result of 2.97% higher than the first (Method A). Furthermore, this 
study also reveals that the mechanical extraction method produces higher oil yield 
compared to the solvent extraction method (soxhlet extraction). 

Next highlights are the physicochemical properties of CTO and CJO, where the 
latter was shown to be more significant than the former in terms of higher viscosity 
index value as well as lower total acid number. However, this work has also shown that 
CTO possesses good physicochemical properties and a great potential as a feedstock 
for plant-based lubricants as good as CJO. The tribological properties for CTO also 
revealed that the high viscosity value of the oil could reduce the friction coefficient of 
the metal sliding surfaces better than CJO. Nevertheless, a sufficient thick lubrication 
layer is only required to reduce wear and friction during the tribological tests. 

Thus, the physicochemical properties of CTO is found to be best if it would be 
modified and altered for a specific manufacturing application such as machining in 
order to reduce its viscosity value and total acid number, improve its antifriction 
and antiwear properties as well as improving its thermal and oxidative stabilities for
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this notable engineering applications. CTO could become another potential as green 
lubricant feedstock that supports the sustainable manufacturing growth in Malaysia. 
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Effect of Adding Fillet to Protruded 
Rectangular Rib in a Microchannel Heat 
Sink Subject to Jet Impingement Cooling 

W. J. Chen, K.-C. Wong, and K. C. Ng 

Abstract Microchannel heat sinks (MCHS) subjected to jet impinging have been 
proven to be very efficient in dissipating heat energy. Many researchers have intro-
duced surface augmentation on the heat sink for improving the cooling efficiency. 
The present research explores the effects of height and fillet radius of protruded 
rib on the thermal performance of a microchannel heat sink subjected to slot-jet 
impingement. A 3D conjugate heat transfer model coupled with the k-ω Shear Stress 
Transport turbulence closure is developed to investigate the geometrical effects of 
protruded ribs on the heat transfer capabilities of the hybrid cooling module. The 
model is validated. The MCHS with protruded rib added with fillet radius show 
significant increase in the average Nusselt number and better temperature unifor-
mity as compared to the case without fillet radius. In addition, the pressure drop 
decreases when shorter protruded rib is used in combination with the fillet. 

Keywords Jet impingement · Microchannel heat sink · Protrusion · Thermal 
performance · Fillet 

1 Introduction 

As modern technology advances, many electronic devices generate very high 
heat energy due to high power densities over a small area. Therefore, innovative 
designs that provides efficient thermal dissipation are crucial. In the early years of 
microchannel heat sink (MCHS) development, Tuckerman and Pease [1] studied the 
heat dissipating capabilities of a compact water-cooled MCHS experimentally. The 
MCHS made of silicon has a maximum thermal resistance of 0.09 °C/W over an area 
of 1 cm2. MCHS subject to jet impingement are proven to provide high heat dissi-
pation rate for cooling applications. Glynn et al. [2] found that having a submerged, 
confined circular jet impingement condition is capable in achieving much higher
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heat transfer rates when compared to a free-surface jet impingement. Jang et al. [3] 
discovered that the thermal resistance of a MCHS subjected to an impinging jet is 
6.1 °C/W while the MCHS with parallel air flow along the channel is 11.85 °C/W. It 
is almost half the thermal resistance of the standard MCHS with parallel flow. Sung 
and Mudawar [4] discussed the merits of combining an array of jets impinging into a 
MCHS in achieving a more uniform surface temperature even when high heat flux is 
being supplied. Based on their research, the temperature profile is more uniform when 
low Reynolds number is applied at the inlet. At high Reynolds number or when the 
jets are too close to each other, there will be strong interaction between the jets where 
the upstream jets will cause disturbance to the downstream jets. Sung and Mudawar 
[5] concluded that an array of circular jets resulted in a much larger pressure drop 
when compared to the slot jets just to achieve a slightly higher heat flux. The hybrid 
cooling module was able to maintain a good degree of temperature uniformity along 
the surface of the channel with a maximum difference of 2 °C. From their research, 
it is also concluded that decreasing the width of the jet would result in the decrease 
in maximum temperature but adversely affecting the temperature gradient along the 
channel of the heat sink. Sexton et al. [6] studied the effect of varying the slot jet’s 
aspect ratio, Ljet/Wjet, on thermal and hydrodynamic behaviours. The results showed 
that the Nusselt number profile stays almost the same within the length of the jet and 
less vortices induced. 

There are also many studies associated with the enhancement of heat transfer with 
addition of protruded profiles in a MCHS. Protrusions can take up many shapes and 
sizes, such shapes include, V-shaped ribs, rectangular ribs, hemispherical protrusions 
[7–9]. Shen et al. [7] introduced the idea of a single circular jet impingement into a 
MCHS with hemispherical protrusions and dimples. Their research shows that having 
the coolant impinging onto the protrusion located on the channel of the heat sink 
exhibits better thermal performance compared to a flat surface or a dimple. Further 
research was conducted by Ming et al. [8, 9] to study the effects hemispherical 
protrusion on the channel of the MCHS with jet impingement by varying the radius 
of the hemispherical protrusion [8] and by varying the height and the arrangement of 
the protrusion [9]. The studies concluded that an optimum cooling performance can 
be obtained with larger and higher hemispherical protrusions. However, the thermal 
performance would deteriorate if the arrangement of the protrusion is not aligned 
beneath the jets. 

Based on the literature review, various protrusion shapes have been considered, 
i.e. rib, dimple, etc. There are still unexplored geometrical features of protrusion 
in MCHS under jet impingement cooling. The gaps that the present study will be 
working is on the how fillet radius and height of a protruded rib placed in the middle 
of channel extended from inlet to outlet of MCHS affects the thermal and hydraulic 
performance.
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2 Methodology 

Figure 1 shows the schematic diagram of the hybrid MHSJI module with reference to 
the model used by Kim et al. [10]. The fluid impinges into the microchannel through 
the slot jet with L jet  = 1384 μm, w  jet  = 84 μm. The hybrid module has overall 
dimensions of Lx (0.792 mm) × L y(10 mm) × Lz(10 mm). 

A 3D fluid–solid conjugate heat transfer model is considered. Figure 2a shows  
the repeated section of the microchannel viewed from the direction of the flow. The 
computational domain shown in Fig. 2b is a quarter symmetry of the repeated section 
shown in Fig. 2a. Note that there is protruded rectangular rib along each channel with 
rib height h p, width wp and fillet radius rp at the 4 corners of the rib as illustrated 
in Fig. 2a. Two parameters are varied for investigation. First, dimensionless radius 
R at the corners of rectangular protrusion is varied i.e. R = 0, R = 0.25 and R = 
0.5 as can be seen from Fig. 3a–c, respectively. Second, the dimensionless height of 
the rectangular protrusion is varied, i.e. H = 0.1, H = 0.05, H = 0.025 as can be 
seen from Fig. 3a, d, e, respectively. The dimensionless height and fillet radius are 
defined as follows: 

H = h p/hch (1) 

R = rp/wp (2) 

The substrate of the MCHS is silicon with a thermal conductivity of ks = 
148 Wm−1K−1. The coolant used is water with thermal conductivity k f =

Fig. 1 Schematic diagram of the MCHS subjected to jet impingement with protruded ribs
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Fig. 2 Illustration of a single channel (section view) with d = 100 μm, hch = 692 μm, wch = 
w jet  = 84 μm, w f in  = 56 μm, wp = 42 μm and  b the computational domain based on quarter 
symmetric of the single microchannel 

Fig. 3 Illustration of the geometry of protruded rib for different configurations a H = 0.1, R = 0, 
b H = 0.1, R = 0.25, c H = 0.1, R = 0.5, d H = 0.05, R = 0, e H = 0.025, R = 0
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0.613 Wm−1K−1, dynamic viscosity μ = 0.000855 kgm−1s−1, density ρ = 
997 kgm−3 and heat capacity cp = 4179 Jkg−1K−1. The inlet temperature, Tin , 
is 290 K. A uniform heat flux, q '' = 100 W/cm2 is applied to the bottom wall.

The k-ω Shear Strain Transport (SST) turbulence model is adopted in the present 
study as several studies demonstrated that the results are in good agreement with 
experiment and suitable for complex flow features such as high pressure gradient, 
flow separation and recirculation. The Reynolds number employed in the present 
study ranges from 150 to 900. It is expected that the transition of flow happens earlier 
when the hydraulic diameter is reduced, the present study applied a turbulence model 
as the formation of eddies are expected. 

The assumptions made in this study are: (1) steady-state incompressible flow; (2) 
single phase fluid domain; (3) constant fluid and solid properties; (4) gravitational 
forces, heat transfer due to radiation, contact resistance between the interfaces of the 
MCHS are negligible. The continuity, momentum and energy equations for fluid are 
expressed in the Cartesian tensor form as follows: 
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The energy equation for solid domain is: 
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The k-ω SST model transport equations are: 
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The conditions set for the k-ω Shear Strain Transport (SST) in the present study 
is identical to those used by Barrau et al. [11]. The boundary conditions set at the 
following boundaries are: 

• Bottom wall: Uniform heat flux q '' 
• Jet inlet: inlet velocity uin, inlet temperature Tin 
• Outlet: Pressure outlet with gauge pressure, pout = 0. 
• Fluid–solid interfaces: u = 0, v = 0, w = 0, Tf = Ts, ks 

∂ Ts 
∂n = k f ∂ T 

∂n . • Symmetrical faces: symmetric conditions 
• Other solid walls: adiabatic wall. 

The second order upwind scheme is applied for solving the convective terms in 
momentum and energy equations while the SIMPLE algorithm is used for pressure– 
velocity coupling. A convergence criterion of 1 × 10−5 is set in the present study. 

A grid independence test is conducted. The grid sizes of 25,596, 121,500, 232,991, 
340,452 and 464,340 were tested and the results of average outlet temperature were 
compared. As compared to the highest grid size, the results show the variation 
becomes negligibly small at grid size 340,452. Hence, the mesh corresponding to the 
number of grids of 340,452 is used hereafter. The numerical model is validated by 
comparing the results obtained by Kim et al. [10] as shown in Fig. 4. A maximum 
discrepancy of 2.6% is observed showing good agreement. 

In the presents study, the thermal and hydraulic performances are evaluated for 
MCHS with different geometry of protruded ribs i.e. with different height (H = 0.1, 
H = 0.05, H = 0.025) and radius R at the corners of rectangular protrusion is varied 
(R = 0, R = 0.25 and R = 0.5), as illustrated in Fig. 3. The thermal performance 
are evaluated with Nu while the hydraulic performance are evaluated with pressure 
drop defined as follows: 

Fig. 4 Axial wall temperature at the base of heated surface along middle of flat microchannel
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Nu = 
h D jet  
k f 

(10)

Δ P = Pin  − Pout (11) 

in which, Pin  and Pout are the pressures at inlet and outlet, respectively, and h and 
D jet  are expressed respectively as follows: 

h = q '' (
Tb − Tin  

) (12) 

D jet  = 2L jet  W jet(
L jet  + W jet  

) (13) 

3 Results and Discussion 

The results of Nu against R for different Reynolds number are obtained and shown 
in Fig. 5 at a constant rib height of H = 0.025. The Reynolds number is expressed 
as follows: 

Re = 
ρuin  D jet  

μ 
(14) 

Fig. 5 Results of Nu with varying dimensionless fillet radius R and Re at H = 0.025
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Fig. 6 Nu against pressure drop for MCSH with ribs of various fillet radius and height at Re = 500 

The results show that the effect of fillet radius on Nu is not significant at Re ≤ 
300. For Re ≥ 500, the variation Nu for R ≥ 0.2 remain small. However, it can be 
observed in Fig. 5 that, the value of Nu for R ≥ 0.2 is significant higher as compared 
to the case of R = 0 (case without fillet). This means, as long as rib is added fillet 
radius or the corners of rib is rounded, the value of Nu is higher than the case without 
fillet. This implies that sharp corners on the protruded rib are detrimental to heat 
transfer. 

The effect of fillet radius and rib heights on Nu and pressure drop are examined 
at fixed Re = 500. The results are presented in Fig. 6. Note that the cross mark “×” 
in Fig. 6 represent the case of MCHS with flat channel (without protruded rib). The 
results show that, the lower the rib height, the lower the pressure drop. Normally, 
the thermal performance is enhanced at the expense of pressure drop, but the results 
in Fig. 6 particularly the case of H = 0.025 suggest that, smaller rib height do not 
result in lower Nu if fillet radius is added at the corners of protruded rib. Relative to 
the flat channel, for small fillet radius i.e., R = 0.25, Nu increase significantly with 
only minor increase in pressure drop. 

To study the temperature uniformity along of the MCHS, the results of Tbw is 
presented in Fig. 7 for various values of R and H. Generally, the results show that 
geometry of protruded rib with R = 0 (without fillet radius) has large temperature 
difference across the base of MCHS, regardless of the value of H. Tbw along the 
axial direction remain low near the stagnation area within the jet span, but increases 
sharply towards the flow exit. This is consistent with the observations from various 
studies associated with jet impingement cooling in microchannel subject to heat 
source at the base [4, 6, 10] which show low temperature (or high local Nusselt
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Fig. 7 Average axial wall temperature Tbw at the base of heated surface at Re = 900 

number) within the distance of jet span from the stagnation, and with drastic increase 
in temperature (or decrease in local Nusselt number) towards the outlet. This is the 
issue of low temperature uniformity which might induce thermal stresses and failure 
to the electronic devices. For the case with fillet radius either R = 0.25 or R = 0.5 as 
shown in Fig. 7, the temperature difference across the base of MCHS is significantly 
lower. This suggest that, the fillet radius is able to improve the temperature uniformity 
or reduce the temperature difference across the MCHS. 

4 Conclusion 

The effects of varying the fillet radius and the height of the protruded rib on the 
thermal performance of the hybrid cooling module have been investigated. The 
numerical model has been validated with the literature with good agreement. 

The presence of fillet radius on the protruded rib enhances the heat transfer as 
compared to the case without fillet and it is understood that sharp corners are detri-
mental to heat transfer. The merit of adding fillet radius to the protruded rib is further 
enhanced when shorter protruded rib is used as it results in lower pressure drop. The 
study also reveals that the addition of fillet radius to the edges of the protruded rib 
improves the temperature uniformity as compared to the protruded rib without fillet 
radius.
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Evaluation of Charcoal Barbecue 
with Air Ventilation System 
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J. Thorairajoo, N. F. M. Yunus, R. M. Ramli, and M. S. Hadi 

Abstract Domestic barbecues are an integral part of outdoor social activity in many 
countries where consumers are able to choose from a various type of charcoal grills. 
However, most commercial barbecues are installed in manual mode where the hand 
fan is needed to distribute heat and smoke. In this work, a charcoal barbecue equipped 
with air ventilation system was developed. The prototype was designed with a 3D 
drawing using NX10 modelling. The prototype was then fabricated based on the 
proposed design, including the fabrication of major components such as the body, 
charcoal port, hot rack and blower. Subsequently, an electrical part was commissioned 
to control the speed of the blower. Apart from the improvisation of ventilation, 
a comparison between coconut shell charcoal and mangrove wood charcoal was 
carried out to determine the best fuel. It can be observed that the maximum blower 
speed of approximately 21.9 knots was reached when the voltage was set at 7.3 V. 
In terms of charcoal performance, coconut charcoal was chosen as the best fuel with 
up to 33% more heat transfer than mangrove wood charcoal. In addition, the coconut 
shell charcoal is selected as the most effective fuel as it is capable of generating a 
maximum hot air temperature of about 74.57 °C with a smokeless fire. 
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1 Introduction 

Barbecuing is normally a social occasion and is a safe activity. In Malaysia, Environ-
mental Quality Act 1974 [Act 127] Environmental Quality (Prescribed Activities) 
(Open Burning) Order 2000 stated that open burning from outdoor grills, barbecues 
or fireplaces for the preparation of food which is not carried out at any peat soil 
area is allowed [1]. The most conventional way to make a barbecue is to put the 
firewood into a metal container and the meat on a grill over the embers once the 
embers are ready. With the era of modernization, there are various types of barbecue 
machines that are used worldwide. These include electric barbecue machines, char-
coal barbecue machine, and gas barbecue machine [2]. As expected, electric grills 
are not convenient to use outdoors because of the need for electrical power. 

Compared to gas, charcoal remains the principal fuel for grilling food in many 
countries due to the authentic flavor of charcoals. In addition, charcoal is readily 
available and inexpensive to use with a moderate level of combustion favored by 
consumers. For this purpose, consumers may choose from various types of char-
coal grills of all shapes and sizes [3]. The choice usually depends on the building 
quality, size, cooking area, temperature and stability control, ease of use and cleaning, 
durability and additional accessories. Up to now, grill manufacturers are continually 
striving to develop barbecue grill that will safely and efficiently cook meat or other 
foods while retaining the natural flavor of the food being cooked. Despite the product 
design, it is also important to consider the aspect of the heat transfer mechanism such 
as convection heating system created from the circular shape of the charcoal grill, 
the air supplied to the fuel and etc. In view of this, an efficient ventilation system 
on the barbecue set is also important to ensure healthy, comfortable and productive 
cooking process [4]. 

Other issues related to the barbecue is the charcoal type. Currently, the tradi-
tional charcoal used for barbecue still has low energy efficiency and generates high 
smoke emissions. More time is required to produce heat and the burning of charcoal 
affects the quality of the surrounding air. It usually takes about 30 min to light up 
charcoal with a manual fanning. This wastes time and affects the dining experience. 
Furthermore, the grease that releases polycyclic aromatic hydrocarbons (PAHs) from 
food is detrimental to consumers’ health [5]. PAHs are carcinogenic chemicals that 
are released in a high temperature environment. According to literature, barbecue 
cooking style is the main contributor to PAHs and suspended particulate emissions 
[6]. PAHs are reported to be generated by incomplete burning and pyrolysis of thermal 
agents, food nutrients, and food oil and fat content during the barbecue process [7]. 
In addition, the grease drippings will come into direct contact with the heat source 
and create an unequal distribution of heat to food. 

The objective of this work is to develop a prototype charcoal barbecue with an 
air ventilation system. A performance evaluation will be performed to determine the 
impact of the ventilation process on the grilling process. Throughout the development 
of the prototype, all major aspects were considered such as the compatibility of the 
design with semi-auto portable concept, the air ventilation system at which the device
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Fig. 1 Front view of the prototype 

is able to be produce and recycle heat, and the quality of barbecuing in aspect of 
environmental. The concept of this barbecue manufacturing is to allow users to 
improve energy efficiency, avoid manual fanning, reduce time consumption, and be 
environmentally friendly. 

2 Methodology 

2.1 Design and Features of Model 

The design of a portable charcoal barbecue with air ventilation system is divided into 
three different parts, which is charcoal port system, the cooker with air ventilation and 
hot rack. The 3D drawing of the barbecue set was designed using NX10 Modelling. 
Figure 1 shows the front view of the proposed system while Fig. 2a–c illustrated 
right, left and isometric views of the prototype, respectively. 

2.2 Material Selection 

Material selection was carried out to identify the ideal equipment for prototyping 
and to compare fuel types. The materials used in this study were decided based on 
price, size/dimension and quality and are summarized in Table 1.
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Fig. 2 a Right view, b left view and c isometric view of the prototype
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Table 1 Material for 
charcoal barbecue with air 
ventilation system 

Material Quantity 

Zink 10 kg 

Barbecue bowl 1 

Barbecue grill 1 

Variable speed switch control 1 

Blower 1 

Coconut shell charcoal 3 kg  

Casters wheels 2'' 4 

Battery 12 V 1 

2.3 Fabrication Stage of Charcoal Barbecue with Air 
Ventilation System 

The fabrication of the charcoal barbecue with air ventilation system was conducted 
in Engineering Technology Workshop at Universiti Malaysia Pahang. The prototype 
was made of zinc for the body part and stainless steel for the entire stove. The structure 
of the prototype was developed by a sizing process to get the right sizing, cutting, 
and assembly processes. The tools deployed in the fabrication process were grinder, 
welding machine, welder and rivet. The sizing of major components was provided 
in Table 2. 

The manufacturing processes took place in a few stages starting with the construc-
tion of the bodywork where the frame was constructed using zinc material. The square 
shape of the zinc sheet was marked accordingly and cut into pieces of various sizes 
required depending on the design calculation as shown in Table 2. The workpieces 
were welded together to ensure rigidity, support and stability. Figure 3 shows the 
complete prototype of charcoal barbecue with air ventilation system fabricated in 
this work. As can be seen from this figure, there is a circular lid on top of the design 
that located the charcoal port (see Fig. 3c), while the hot rack storage consisted of 
drawer and a detachable grill shelf was attached to the front side. The close-up of 
this storage may be clearly seen on Fig. 3b. In this work, the charcoal container was 
made of stainless steel and the material was measured based on the design size. The 
charcoal chamber was perforated to allow transportation of air from the blower for 
effective supply of required air for the complete combustion. The purpose of the 
round shape design for charcoal and cooking surface is to improve heat distribution

Table 2 Sizing for major 
components 

Components Sizing 

Body/Frame 36 cm (L) × 43 cm (W) × 38 cm (H) 

Grill part Diameter—26 cm 

Charcoal port Diameter—11 cm, Height—7 cm 

Hot storage rack 33 cm (L) × 40 cm (W) × 13 cm (H)
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Fig. 3 a Front view and, b top view of the charcoal barbecue with air ventilation system together 
with c charcoal pot 

inside the cooking area. It is believed that the rectangular design may lead to the 
overcooked parts on the food product due to the heat concentrated in the four corners 
of the rectangular shape. Otherwise, there is still argument stated that the rectan-
gular shape of cooking area may lead to inefficient heat distribution because the heat 
comes from the corner of each edge whereas one corner absorbs more heat while 
the other release heat less than the other places. Therefore, it can be concluded that 
the choice of cooking shape influences the heat distribution in the cooking process. 
Other than that, the circular lid on top of the cooking surface was designed to induce 
the heat transfer by convection in the barbecue area. The air temperature in the grill 
area will be raised due to the convective heat transfer of the air apart from the direct 
heat comes from the coals. This will only happen when the lid is putting down and 
closing the grill area.

Another major component is the blower inside the body. It was measured and 
modified into desired shape for incoming air at the centre of a spinning impeller. 
As the impeller turns, it accelerates the air outwards from the impeller. The air was 
channeled through welded hoses and inserted into the charcoal port. The size of the 
blower is about 11 cm in diameter. The increased airflow created by the blower speeds 
up the ignition and heating of charcoal by channelling air through the charcoal port 
[8]. The manufacturing process was finally completed with the hot rack compartment 
to position the cooked foods to keep them warm. The commissioning of the electrical 
component took place after the prototype was manufactured. The electrical part is 
composed of a battery unit and an electric regulator. The battery used for the barbecue 
set has a 12-voltage capacity. The battery provides the necessary voltage to operate 
the fan to generate the air velocity. In the meantime, the electrical circuit works to 
regulate the speed of blower.
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2.4 Performance Analysis 

As the prototype was completed, three types of performance analysis were conducted 
to investigate blower performance, charcoal performance comparison and heat 
transfer analysis. During the performance analysis, few measurement devices were 
used such as thermal infrared contact thermometer, mini-anemometer as well as 
penetration stem dial thermometer. The performance analysis of the blower was 
conducted by adjusting the supply voltage to control the speed of the blower. This 
analysis is intended to monitor the minimum and maximum speeds that may be 
generated by the blower. This is because the heat generated by the charcoal can be 
controlled using the airflow provided by the blower. This analysis was repeated three 
times to determine the average speed. 

Generally, the use of charcoal as a fuel in barbecuing determines the quantity of hot 
air produced. In this study, two types of charcoal were used for the barbecue, namely 
mangrove wood charcoal and coconut shell charcoal. The evaluation was done based 
on the hot air produced during the process and the smoke production. Meanwhile, 
in terms of the heat transfer analysis, two types of food samples (chicken and fish) 
were placed on the barbecue grill according to the time needed (12 and 8 min) for 
both items to be cooked accordingly. The temperatures T1, T2 and T3 were recorded 
using a K-type thermocouple probe to obtain the average temperature necessary 
for the calculation of the total heat transferred from the charcoal. This analysis was 
performed to determine temperature and quantity of heat transferred to food samples. 
Overall heat transfer was calculated using Eq. 1. 

Q = m × Cp × Δ T (1) 

where Cp is the specific heat capacity of the substance. In this study, the specific 
heat capacity for chicken and fish is 3.22 kJ/kg.K and 3.6 kJ/kg, respectively. m is 
the mass of the substance, and Δ T is the change in temperature between initial and 
final temperature of the substance. 

3 Results and Discussion 

3.1 Blower Performance Analysis 

An air blower is a machine used to generate airflow at substantial pressure. The air 
flow generated by this fabricated barbecue is used to heat up the charcoal. The blower 
performance analysis was carried out by regulate the supply voltage to control the 
speed of blower. This analysis is executed to monitor the minimum and maximum 
speeds that can be produced by the blower. From Fig. 4, it can be seen that the higher 
the voltage, the greater the blower speed. The minimum supply voltage that can be
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Fig. 4 Average blower speed versus supply voltage 

adjusted using this system is 6.9 V and the blower speed was recorded at 17.7 knots 
after the power is turned on. Meanwhile, the blower speed was 21.9 knots when 
operating at the maximum voltage of 7.3 V. With the innovation of the air ventilation 
part, it is expected that the heat generated by the charcoal can be controlled by 
varying the blower speed. Generally, increasing the air velocity by the external force 
provided by the blower can dramatically improve the charcoal combustion process. 

3.2 Performance Analysis on Charcoals 

The air temperature caused by the charcoal emission was measured during thermal 
tests on a stainless steel cube as the sample product using a K-type thermocouple 
sensor. The effectiveness of two different kinds of charcoals was determined when 
it was fully ignited. The temperature of the hot air emitted by the charcoals was 
recorded every 2 min, for a total of approximately 20 min as shown in Fig. 5. 
Coconut shell charcoal attained a maximum temperature of 74.57 °C at t = 10 min. 
The temperature begins to fluctuate and then decrease when the experimental work is 
completed. The final air temperature was recorded at 67.80 °C at t = 20 min. As for 
mangrove wood charcoal, the temperature rises by about 64.57 °C at t = 16 min and 
decreases at the end of the process to 59.4 °C. The resulting temperature indicates 
that it was low and slow phase which is not ideal for the barbecue process. 

The results of both charcoals showed that the coconut shell charcoal ignited 
faster and had a higher air temperature than the mangrove wood charcoal. During 
the barbecue, the coconut shell charcoal is observed to produce less smoke in the 
atmosphere than the mangrove wood charcoal. As reported in literature, coconut 
shell produces less ash (1.8%) with a moisture content of 5.56%, volatile matter of 
70.82%, and fixed carbon of 21.8%, respectively, during the proximate analysis [9]. 
The studies state that low ash biomass can be considered a good fuel with a high
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Fig. 5 Temperature of air emitted vs time for both charcoals 

energy potential. To support the findings, a thermal analysis was conducted on food 
samples using chicken and fish, which have different meat properties. 

3.3 Performance Analysis of Heat Transfer on Food Samples 

Figures 6 and 7 show the overall heat transfer analysis on different types of food 
samples. The two figures show the heat transfer performance using coconut shell 
charcoal and mangrove wood charcoal as the selected type of fuel. The final heat 
transfer obtained in the chicken sample for coconut shell charcoal and mangrove 
wood charcoal were 16.99 kJ and 12.75 kJ, respectively. Meanwhile, as can be 
referred to Fig. 7, the final heat transfers for fish sample from the experiments were 
22.92 kJ and 19.17 kJ, respectively. From this analysis, it can be observed that the
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coconut shell has high tendency to ignite faster and producing less smoke and ashes 
to the surrounding environment as compared to the mangrove wood.

The performance of heat transfer by coconut shell charcoal on different types of 
food samples is also higher on the two properties of the meat which is diverse from 
each other. These results are consistent with a previous study that found that coconut 
shell biomass exhibits a high fuel value index relative to other types of biomasses [9]. 
The higher value obtained could be attributed to its properties that produce a lower 
value of ash, a higher heating value and a high density of the feedstock material. 
From the overall analysis, it can be concluded that the coconut shell charcoal has 
a high propensity to ignite faster which helps to speed up the cooking process and 
produce less smoke as compared to mangrove wood charcoal. 

4 Conclusion 

In this work, the prototype of the proposed system was successfully manufactured 
using the chosen materials. The main purpose of choosing the right material is to 
minimize costs while achieving product performance targets. The final prototype was 
designed with special characteristics like portable configuration, force convection, 
easy handling and cleaning. The air ventilation system was applied to avoid manual 
fanning. In analyzing the performance of the manufactured system, two types of 
solid fuels were used, namely mangrove charcoal and coconut charcoal. According 
to the data presented, coconut charcoal outperformed mangrove charcoal in terms of 
heat transfer analysis and smoke emission. 

Acknowledgements Authors are grateful to Universiti Malaysia Pahang (UMP) for the financial 
support through UMP Fundamental Research Grant (RDU190395).
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Effect of Voxel-Based Surface Mesh Size 
on Process Simulation for Metal Additive 
Manufacturing of Ti6Al4V Impeller 
of Centrifugal Compressor 

Avez Shaikh, Ajinkya Shinde, Satish Chinchanikar, and Tanmay Deshpande 

Abstract Additive manufacturing (AM) making radical changes in traditional 
manufacturing through innovation. The 3D printing modeling and simulation tech-
niques are evolving to avoid difficulties and losses in manufacturing. A critical aspect 
of failure in metal 3D printing is due to design distortion and internal (residual) 
stresses. Simufact Additive is a simulation tool that has emerged to reduce process 
development time and produce high-quality parts by having prior information of the 
part distortion. Simufact Additive simulates and predicts structural behavior (stress, 
strain, failures, and distortion). This study analyzes the effect of voxel-based surface 
mesh size on the process simulation for metal additive manufacturing of Ti6Al4V 
impeller of the centrifugal compressor. The part is analyzed considering different 
mesh sizes to obtain highly accurate and quality components without design distor-
tion. The analysis of simulated results shows that the increase in element size reduces 
the amount of distortion. Meshing and the simulation time observed as decreasing 
with the increase in element sizes. 

Keywords Simufact additive · Additive manufacturing · Voxel-based meshing ·
3D printing · Structural behavior 

1 Introduction 

3D printing or Additive Manufacturing’s application in industry is vastly growing 
due to the instantaneous and accurate results it provides in product development. But 
it is costly, sluggish, and needs multiple approaches before the final product is ready. 
The need for speed and precision is needed in the process which can be achieved 
through simulation modeling and analysis. Many software has been developed that 
captures the whole procedure of modeling and gauge the simulation to the needs of 
the handler. The simulation and analysis carried out in this research paper are done 
with Simufact Additive [1].
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It is easy to work with and allows fast predictions about failures and stress in parts 
due to error or improper technology or manufacturing glitches. These predictions 
and simulations can address the problems in manufacturing through 3D printing. 
The errors or deterioration can be allowed through ineffectual forbearances or high-
cost treatments. Residual stresses that are not required can cause self-distortion of the 
part during or post-production. Simulation in Simufact Additive allows users to digi-
tally analyses and simulate the part with optimization such as required parameters, 
materials, environmental conditions, and creating or removing direction, support, 
etc. [2]. 

The software uses the finite element method to precisely approximate the stresses 
and distortions on the model or part. The finite elements are formed by the finishing 
element network. The most important part of the finite element analysis is whether 
the element size and number of elements used is sufficient for that analysis. If the 
element network is sufficient, and assuming other model inputs are correct then the 
outcome of the analysis is satisfactory. Finite element density is used to moderate the 
precision of the analysis which consist of element type and shape which highly affect 
the accuracy of the analysis [3]. There is abundant of work done in meshing and anal-
ysis on different models and with different materials. From medical applications to 
constructive approaches in different domains simulation with additive manufacturing 
to detect anomalies is growing. Introduction to the voxel-based point cloud represen-
tations is first-time given. There are key techniques for creating voxel-based point 
cloud representations to understand behavior and applications using voxel-based 
depictions [4]. 

In terms of material science, a new progressive damage model for 3D woven 
composites has been worked on with a depiction of volume cell with high fidelity 
is constructed. In this, Voxel and conformal mesh models of 3D woven composites 
are generated and then simulated on different environments to see the responses of 
materials and composites with a comprehensive comparison of damage simulations 
between the voxel and conformal models. It has pointed out that fake stress concen-
trations and artificial connections are induced by voxel mesh, which are identical to 
the real ones that could be induced in the part in real environment conditions [5]. With 
3D printing already on the verge of becoming a traditional method for prototyping. 
Newer approaches such as 4D printing are on their way to disrupt the industry. A 
conceptual design framework for 4D printing has been proposed. It deals in voxel-
based modelling and simulation of non-programmable shape-changing smart mate-
rials and composites. Their simulation and analysis can provide a quick evaluation 
of any material distribution behavior upon exposure to the stimulus and environment 
change. 

High accuracy can be obtained in a high-density network only if there is no 
singularity region in the part. As the complexity of the model and its network elements 
increases the need for high specifications in the computer and the time required 
to complete increases. Whenever multiple trials and iterations have required this 
problem regarding time consumption will be encountered, especially for transient 
and non-linear analyses. The model used in this study is an impeller from a centrifugal 
compressor. Also, this study focuses on the voxel mesh and its advantages over
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other mesh types. The dimensions of the part and finishing elements can be fully 
represented and worked upon. Different materials with different geometric properties 
of different objects can be inspected. The boundary conditions can be used simply. 
Though there are disadvantages like the difficulty of model connection designs, 
modeling assumptions, estimation of component interactions difficulty, and damping 
is usually ignored [6]. The voxel mesh is necessary for the disadvantages to being 
coped with and making the manufacturing of the part possible. 

In this study, the Simufact Additive simulation tool has been used to predict 
structural behavior (stress, strain, failures, and distortion) of Ti6Al4V impeller of the 
centrifugal compressor considering the effect of voxel-based surface mesh size while 
the process simulation for metal additive manufacturing. The part is analyzed consid-
ering different mesh sizes to obtain highly accurate and quality components without 
design distortion. The analysis of simulated results is presented to reduce process 
development time and produce high-quality impellers by having prior information 
of the part distortion. 

2 Metal Powder Bed Fusion 

In the Metal Powder Bed Fusion process, high power energy sources i.e., lasers are 
used to produce parts layer by layer by the melting of finely sized metal powders. The 
first commercialized PBF process for metals was Selective Laser Sintering (SLS) 
which included sintering or fusing of regions of thin powder layers. Since then, 
various technological advancements have been done in the PBF process which has 
enabled the production of components with increased and better mechanical char-
acteristics, performances, and properties. Thus, this led to subcategories of various 
processes under metal powder bed fusion technology [7]. 

2.1 Selective Laser Melting (SLM) 

Selective Laser Melting (SLM) is a technology under the metal powder bed fusion 
AM process that employs using a laser that unintermittedly melts layers of metal 
powder under an inert atmosphere [8]. The noteworthy advantages of this AM 
process include having high flexibility in the manufacturing of components with high 
complexity both in terms of lattice structures and design. SLM’s material research 
mostly prevails on Titanium alloys because of their high corrosion resistance, 
specific strength, and biocompatibility. With such process capabilities and mate-
rial properties, SLM finds its applications widely in aerospace; space, biomedical 
and automotive fields [9–11].
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2.2 Direct Machine Laser Sintering (DMLS) 

Direct Metal Laser Sintering is a technology for the manufacture of metallic compo-
nents directly from the 3D CAD Part/model. In DMLS mechanical properties of 
the components fabricated have been observed and studied by many researchers. 
The observations have concluded that DMLS can manufacture practical components 
in a small capacity. However, the properties of the components/parts manufactured 
through this process are inferior in quality as compared to components manufactured 
through other traditional manufacturing processes [12]. 

3 Process Simulation for Metal Additive Manufacturing 

Software Process Simulation Modelling (SPSM) on models is a newer concept that 
is getting popular due to its multiple benefits and the fact that it is the solution to 
the disadvantages of 3D printing metal parts. The failures and internal stresses of a 
model can be analyzed without manufacturing the actual part through simulation. The 
process starts with a model or part that needs to be analyzed before mass production. 
First, it is voxel meshed, with different sizes such as 0.5, 1, 1.5, and 2 mm. A voxel 
signifies a value on a consistent grid in 3-D space. In short, Voxel mesh refers to the 
volumetric mesh structure. The solution is provided by separating the mesh pieces 
into three dimensions. The surface is laid after the surface mesh, the voxel mesh 
covers the entire surface. The residual stresses and distortions are calculated by the 
end of the analysis. The residual stresses can be reduced most of the orientation of 
the optimum part that can be determined and the support elements optimized along 
with editing environment data. The simulation armed with this information aims 
to analyze and reduce stress and distortions by adjusting voxel meshes along with 
element sizes which will result in lower distortion and after manufacturing less failure 
of the part. The software Simufact Additive works smoothly with the simulations 
and analysis part [13]. 

3.1 Simufact Additive Software 

MSC Simufact Additive is a software specially developed for metal powder bed 
fusion additive manufacturing processes such as direct metal laser sintering (DMLS) 
Selective laser melting (SLM), laser beam melting (LBM) and electron beam melting 
(EBM) methods. The primary benefits of this software are that we can process simu-
late the complete AM process, including steps such as determination of various 
distortions and residual stresses, printing steps simulation, heat treatment, actual 
support cutting/removal and hot isostatic pressing (HIP). The software also uses effi-
cient computational methods to predict: shrinkage, warpage, optimum location of
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part placement., etc. The software provides the only solution of using a hexahedral 
element type for a voxel mesh. It enables the part to be built right the first time. For 
this study, we have used MSC Simufact Additive 1.0. 

3.2 Materials and Methods 

In this research paper, a case study component i.e., an impeller of the centrifugal 
compressor was used in the experiment. The main objective of this was to find the 
main effect of voxel size reduction of 3 predicted properties i.e., distortions, residual 
stresses, and effective strain in the final component before actually manufacturing it. 
Also, another main objective was to reduce the distortions in the simulated impeller 
part and to hence provide better manufacturing of the component. A generalized 
flowchart for the experimental process of performing the simulation is as shown in 
Fig. 1 [14]. 

In the very beginning the case study component i.e., the centrifugal impeller was 
imported into the software. The imported component must be always a CAD drawing 
in.stl format. (Fig. 2) The default metal powder fusion AM process was simulated 
i.e., SLM. The machine used for this process is EOS M 400 of dimensions 400 
× 400 × 400 mm. The three process stages include building, simple cutting, and

Fig. 1 Flowchart of simulation model [14]
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Fig. 2 3D drawing of 
impeller 

support removal. The imported part is centered with distance from left and front as 
82 and 4.2 mm from the bottom for all four simulations. The next process includes 
generating supports for the impeller with a support radius of 0.25 mm and a critical 
surface angle of 45°. A total of seventeen supports were generated as shown in Fig. 3. 
The base plate material is X155CrVMo12-1_h. The metal powder used is Ti6Al4V, 
and its material curves, composition, and constants were already predefined and as 
depicted in Table 1.

The next step involves assigning all the supports for the support removal step. The 
surface mesh for all four analyses is 2 mm. The layer thickness for each increment 
is 0.03 mm. The properties for laser beam are beam width of 0.00015 mm, the 
velocity of beam travel as 1 m/s, power as 200 W, and efficiency of 0.5. Impeller 
with generated supports is as shown in Fig. 3a. 

The next step involves defining the voxel mesh size and the voxel mesh parameter 
size is the topic main focus of the research paper. The generated voxel mesh for 
one of the sizes can be seen in Fig. 3b. As discussed, the software used hexahedral

Fig. 3 a Impeller with generated supports and b voxel meshed impeller
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Table 1 Ti6Al4V metal powder properties 

Particulars Values 

Density 4.41 g/cm3 

Minimum wall thickness 0.3–0.4 mm 

Maximum particle size layer thickness d50 (DIN ISO 13320) 30 µm 

Minimum temperature 293.15 K 

Maximum temperature 1873.15 K 

Material composition Al (5.5–6.5%), V (3.5–4.5%), O < 2000 ppm (parts per 
million), N < 500 ppm, C < 800 ppm, H < 120 ppm, Fe 
< 2500 ppm, Titanium balance 

elements also called voxel elements. The voxel size is defined as the edge length for 
the hexahedral i.e., voxel element. The size of elements represents the number of 
metal powder layers comprised. The minimum fraction for the parts and supports is 
5 and 1%. The simulations were performed for the following voxel mesh sizes—0.5, 
1, 1.5, and 2 mm.

The next step involved defining the solver properties i.e., parallelization, output 
division, and solver. Multiple cores were used i.e., six cores on Intel i7, 10th genera-
tion laptop, with features such as 16 GB RAM and 6 GB NVIDIA graphics card for 
computation. The domain decomposition feature inclines to use of multiple cores 
for process computation. The meshing time for different voxel meshes was also 
recorded. Finally, once the simulation was completed the different results for distor-
tions, residual stresses, and effective strains were compared to draw conclusions and 
hence determine the effect of mesh sizes on the results. 

4 Results and Discussion 

All the simulations were performed to predict 5 important parameters for the metal 
PBF AM process that are total distortions, effective stress is also known as residual 
stresses, effective plastic strain, and mean normal stress.

• Distortion is the most common problem in additive manufacturing. Improper 
and Inconsistent shrinkages and accumulations during the additive manufacturing 
process drive the final distortion of the part. (Refer to Fig. 4 a, b which show the 
distortion comparison values between the analyzed simulation results for voxel 
mesh sizes of 1 mm and 1.5 mm, respectively).

• Effective stress is defined as stress, which depends mainly on 2 factors i.e., 
pore pressure and applied tension, which in turn controls the strength and strain 
behavior of the metal powder (Ti6Al4V). (Refer to Figs. 5a, b which shows the 
effective stress comparison values between the analyzed simulation results for 
voxel mesh sizes of 1 mm and 1.5 mm, respectively).
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Fig. 4 Distortion for voxel mesh size of a 1 mm and  b 1.5 mm 

Fig. 5 Effective stress for voxel mesh size of a 1 mm and  b 1.5 mm 

• Effective plastic strain—The value of effective plastic strain is the integral of 
stepwise increments of plastic deformation for a period t. (Refer to Fig. 6a, b 
which show the distortion comparison values between the analyzed simulation 
results for voxel mesh sizes of 1 mm and 1.5 mm, respectively). 

The predicted results for all four simulations are represented in Figs. 7 and 8. After  
performing simulations with four different voxel mesh sizes (0.5, 1, 1.5 and 2 mm), it 
was found that as the voxel mesh size is reduced more precise results were obtained.

Fig. 6 Effective plastic strain for voxel mesh size of a 1 mm and  b 1.5 mm
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Fig. 7 Effect of voxel mesh size on effective stress and meshing time 

Fig. 8 Effect of voxel mesh size on distortion and effective plastic strain 

Hence, the cause is that the more sensitive solution causes more deformation terms. 
It was also observed that if voxel mesh has an element size as small as the value, the 
experiments time will increase.

Figure 7 depicts the effect of voxel mesh size on effective stress and meshing 
time and Fig. 8 depicts the effect of voxel mesh size on distortion and effective 
plastic strain. It can be seen that voxel mesh element sizes and dimensions affect the 
numerical computation, analysis, and underlying final results. The simulated results 
show that varying voxel mesh size and constant surface mesh, i.e., with an increase 
in the element size, reduce the number of distortions, effective stress, effective strain, 
meshing, and the simulation time for each particular analysis.
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5 Conclusion 

Simulation modeling has multiple applications in pre-processing of additive manu-
facturing. It has the potential for a common standard in manufacturing industries. 
Distortion of parts through the production process constitutes a significant problem 
to MNCs, causing them to lose precious time and capital. Software like Simufact 
Additive is continuously improving to create a better-simulated environment for the 
user that tackles the disadvantages of Additive manufacturing. This study finds that 
voxel mesh element sizes and dimensions affect the numerical computation, analysis, 
and underlying final results. The simulated results from this study show that varying 
voxel mesh size and constant surface mesh, i.e., with an increase in the element size, 
reduce the number of distortions for each particular analysis. This study observed 
that finite element density, i.e., element type and shape are prominent metrics to 
control the accuracy of the predicted results. Effective stress, effective strain, distor-
tion, meshing, and the simulation time observed as decreasing with the increase in 
element sizes. Finally, this study draws attention to that the future of pre-processing 
manufacturing lies within the lines of simulation modeling instead of the traditional 
practice of trial and error. 
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Abstract The aim of the next generation of Computer Numerical Control (CNC) is 
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users to improve and modify to meet the various needs of conventional CNC machine 
to keep up with the function of current technology. However, throughout the years, 
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1 Introduction 

The Industry 4.0 is changing the landscape of manufacturing industry. The revolution 
of the manufacturing industry is increasing complexity of manufacturing process 
which is determined by the flexibility of the controller. A controller is the most 
important part of the CNC machine unit that is composed of two modules: hardware 
and software. The hardware module includes drives, NC card, Motion Control Card 
(MCC) and others. Whereas the software module is commonly known as interpreter. 
The function of interpreter is to translate the ISO data interface model instructions 
to the relative parts of the hardware module, so that the machine can perform corre-
sponding linear or circular operations [1]. Current CNC controllers are only able to 
interpret ISO 6983 data interface model that is a low level language [2, 3]. However, 
STEP-NC is a high-level object-oriented data model that requires intelligence in a 
controller, which carries out tool paths generation, machining operations scheduling, 
optimization, inspection and other functions [4, 5]. Today’s industries are equipped 
with many types of CNC machines with different controllers and multiple abilities 
to fulfil customer demands. However, the structure of commercial CNC systems are 
of closed nature that makes CNC unsuitable for modem manufacturing environment 
[6]. Therefore, the paper focusses on the review of the manufacturing controller that 
are enhanced throughout the years in order to achieve flexibility, interoperability, and 
openness to adapt with Industry 4.0. 

2 Review on CNC System 

The target for development of the CNC controller for recent researchers is to achieve 
adaptability, intelligence, optimization, interoperability, openness and flexibility [7– 
10]. There has been numerous attempts and efforts done by various party to enhance 
the use of CNC machine to be better at production and use. This review highlights on 
the previous methods and approaches applied for the development of this particular 
technology advancement for over a decade. 

The proposed framework in 2011 by Peng et al. [11] for STEP-NC compliant 
controller with the development of knowledge base with Web Ontology Language 
(OWL) for the process planning in CNC controller has a novel STEP-NC compliant 
controller named OntoStep CNC, which could accept ISO 14649 machining models 
and then generate optimized tool path based on knowledge base and rules at the shop 
floor level. On the same year, Xu et al. [12] and his research team has introduced 
system open CNC based on PC and motion control card for the ability to interpret 
the ISO 6983 B-Spline curve. The system designed in C language that contains 
Graphical User Interface (GUI) for easy operation that utilize PLC for motion control 
and algorithm for B-Spline tool path generation via data extraction from ISO 6983 
information. The prototype was composed of PC, GT400-SV motion control card,
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card special Central Processing Unit (CPU) and PC CPU for master slave dual control 
mode, which communicates through PCI slot. 

The next year, Long et al. [13] has taken way to improve the functionality and 
expansibility of the existing CNC interpretation technique through a new model of 
NC program interpreter which is proposed into three modules. With the control of 
the central management module, the modularized CNC interpreter module can call 
the tool path planning module directly. The prototype system uses Red Hat Linux 
controller to verify the validity of the proposed method. The experimental result that 
they have done shows that the new CNC interpreter system can improve the inter-
pretation efficiency significantly. Meanwhile, Guo [14] and team taken the approach 
of using industrial PC to apply motion control card PCI-1243 which could control 
direction and velocity of step motor through human machine interface developed by 
Microsoft Visual Basic. However, it does not have interpreter to allow the system to 
be in STEP environment. In the same year, de Pacheo et al. [15] and team utilized PC 
with addition of microcontroller which receives machining information and forward 
the commands to the drives of the machine motors through compiler that interpreted 
the STEP-NC file to allow flexibility and efficiency. 

Coming year, Khanna et al. [16] applied same method using microcontroller 
(Arduino) with the advancement of controlling 6-axis motor simultaneously. 
However, the research does not have interpreter to operate in STEP-NC environ-
ment which would take toll on flexibility of the machine. Other than that, Sivakumar 
and Dhanalakshmi [17] and team integrate CAD and CAM through feature extrac-
tion from STEP files for cylindrical parts to be further inspection process on FANUC 
commercial CNC system. Meanwhile Gutierrez and Álvares [18] has taken the way 
of using open source driver of Enhanced Machine Controller (EMC) also known as 
LinuxCNC in Linux PC to validate the machining feature of the output of the machine. 
On this year both Benavente and Zhang [19, 20] used SIEMEN CNC controller for 
the development of their research. Though the research differed through enablement 
of STEP file to the users via the Internet from [19], to allow users to perform a 
graphic simulation of the movement of the tools machining the component. On the 
other hand, Novak-Marcincin et al. [21] has taken approach of focusing of assembly 
task through the use of augmented reality to aid on manufacturing process. In spite 
of this, this approach lacked controlling aspect as compared to the latter research. 

The following year, Sarhan [22] uses Arduino microcontroller and PC to develop 
NC controller called machine control unit (MCU) through use of MATLAB software 
which used as an image processing program to accomplish the boarder detection of 
the image and convert it into digital output (0 and 1) for each pixel by a number 
of functions. The pixels will bias an array for the image, which will be processed 
to instructions. These instructions will be sent to Arduino microcontroller by the 
MATLAB through Arduino cable (serial port). The Arduino microcontroller will 
generate the proper pulse trains to control the operation of stepper motors of the 
machine. Though, the system only able to control the motor without having any 
additional feature which could enhance the function of the existing machine. As
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compared to Po et al. [23] that developed HITCNC from CATIA to interpret STEP-
NC file directly and adaptively by making use of high-level information in the STEP-
NC file and acquired data from the sensors. The research goes further with inspection 
aspect that enable the users to let the part either repaired or discarded. On the same 
year, Mohd Elias [24] begin the development of STEP-NC controller using PC to 
control the machining process through motion control card and UMI. The research 
was continued by Latif [1] with major improvements such as the addition of inter-
preter which allows the system to execute machining process under both ISO 6983 
and ISO 14649 environment. Both research were fundamentally revolved around 
Denford Novamill CNC Milling Machine using extension PC for interface selec-
tion developed from LabVIEW which inspired the development of this research. 
Other addition such as report generation allowed the users to have full report of 
the machining process in Word of Pdf format for future reference that has become 
distinct factor between Latif [1] and Xiao [25]. In its framework, Xiao used CATIA 
to develop its controller that control servo motor as compared to stepper motor by 
Latif and Elias. 

The year after that, Chang [26] developed G-Code generator for commercial 
milling system through application of augmented reality to provide an immersive 
experience in learning or teaching the planning phase, control system, and machining 
parameters of a functioning CNC machine without adding any other control or func-
tion to it. On the other hand, Shin et al. [27] used virtual machining model instead 
of AR to execute the same function with additional feature of machine monitoring 
data using MTConnect while adopting STEP-NC. The developed model is called 
STEP2M which operates for 2-axis turning machine process that can be virtually 
measured through its standardized interfaces. Hu et al. [28] also used MTConnect 
for monitoring data, with added sensors and motion controller through Open Modular 
Architecture Controller (OMAC). However, Álvares et al. [29] furthered the use of 
MTConnect to publish data over networks using the internet protocol to facilitate 
communication between controllers and devices on the shop floor. 

The next year, Sang and Xu [30] came up with a framework named Control System 
as a Service (CSaaS) where the control system is detached from the machine tool 
and exists in the cloud, so that control of a machine tool becomes a cloud-based 
service. This gives a machine tool high flexibility and scalability. While, Lei et al. 
[31] proposes a closed-loop machining system based on extended STEP-NC data 
models which cover aligning and laser tracker measuring process. The system was 
developed using Microsoft Visual Studio and deployed on PC on the shop floor using 
TCP/IP communication protocol. 

Following year, Zhao et al. [32] designed a cutting tool detection system using 
pattern recognition based on machine vision. Using coordinate system transform and 
stereo vision, the parameters which are defined in STEP-NC and position informa-
tion of cutting tool are measured on industrial robot. Though, the system absent the 
controller and other aspects such as interpreter and simulation as done by Toquica 
et al. [33]. The system developed by Toquica also provides cloud manufacturing, 
and machine learning with database analytics using LinuxCNC on industrial robot. 
On contrary, Ye et al. [34] mapped the general standard STEP-NC to OWL to
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describe machining process-related knowledge in a readable and comprehensible way 
in HBase storage for large-scale knowledge storage to apply cloud manufacturing 
in its system. Meanwhile, Kubota et al. [35] proposed solution for both online and 
offline machining parameter optimization through established machining knowledge 
based on STEP-NC data model with the capability of taking the physical variances 
between machine tools into account. Kubota applied the Cyber-Physical Machine 
Tool (CPMT) concept to gather the machining information for its base. Whereas, 
Othman et al. [36] used the knowledge base concept from IEC 61,499 for an auto-
matic cutting tool selection module for an adaptive STEP-NC compliant controller 
instead of experience-based judgement by an expert manually. 

The coming year, Afanasev et al. [37] proposed a framework of STEP-NC 
compliant manufacturing in a cloud environment using MTConnect. However, Zhao 
et al. [38] uses MTConnect to apply the virtual machining environment software 
named GrapeSim which functioned to estimate the machining state according to the 
accessed data from CNC with web server that allowing other devices to obtain the 
data as a data source of cloud manufacturing. While, Gao et al. [39] used EtherMAC 
for to communicate between hardware devices and the CNC machine. The system 
presented has several intelligent modules including interpreter and toolpath gener-
ator to further enhance the machining process for the system. Whereas, Liu et al. 
[40] proposed a STEP-compliant CAD/CNC system which consists of STEP-CAD 
and STEP-CNC. The research also introduced feature-oriented machining for 2.5D 
feature and freeform surface machining, wherein T-spline is introduced for the repre-
sentation and data exchange of freeform surface. On the other hand, Zhao et al. [41] 
also uses 2.5D feature as demo workpieces for STEP-NC feature-oriented machining 
simulation method, which takes the workpiece blank as the combination of several 
machining features plus the workpiece, and implements customized algorithms for 
individual features which results in high efficiency with guaranteed accuracy and 
fidelity. Though, the simulation has no control over the motor and lack in cloud 
feature. 

From this review, it has been observed that, there are a lot of effort which had been 
carried out for the implementation of STEP-NC data interface model (79.41%) by 
utilizing various techniques and tools as shown in Fig. 1. As discussed, the implemen-
tation was initiated on commercial CNC system but that was not able to provide full 
features of the STEP-NC because it translates the STEP data into G codes. Secondly, 
commercial machine units were found to be of closed nature. In order to overcome 
these issues, a STEP-NC Interpreted approach, and Open Access Controller (OAC) 
technology integration was suggested by various scholars as mentioned earlier. Most 
researchers prefer using PC operating systems such as Windows (35.29%), Linux 
(11.76%) as an alternative to vendor’s commercial system (29.41%) as shown in 
Fig. 2 due to its flexibility to adapt to new commands and programs [42]. Based 
on the majority percentage of research that utilizes Windows as their preferred OS, 
it indicates that the CNC controller is getting widely improved and used on a more 
personal level. With the current technology’s ability that is able to be performed on PC 
(AR, Compiler, Converter etc.) which can be connected to affordable microprocessor 
or microcontroller (Arduino, Raspberry Pi etc.), the future is set to see customized
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Fig. 1 Percentage of ISO 
data environment by 
researchers 

8.82% 

79.41% 

11.76% 

ISO data environment 

ISO6983 ISO14649 Others 

Fig. 2 Percentage of 
operating system for CNC by 
researchers 

35.29% 

11.76% 
2.94% 

29.41% 

17.65% 
2.94% 

Operating system 

Windows Linux 

Web server Vendor commercial 

None More than 1 

CNC controller with self-built CNC machine that could produce relatively small but 
useful machining products for home-use purposes. 

3 Conclusion 

This paper has distinctly reviewed the manufacturing controller over the decade. 
Although all of these techniques have some limitations in terms of control, hard-
ware, software, modem functionalities and other factors. At present, there is not any 
STEP-NC system which has been yet fully commercialized, because the aim of next
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generation CNC had not been fully achieved. However, STEP-NC has successfully 
enabled lots of modem functionalities into the CNC but there is more that is still 
to be achieved. This scenario indicates that the STEP based CNC development is 
a dynamic topic for research with almost 80% researchers utilizes ISO 14649 as 
its preferred ISO environment, in which various field need to be addressed such as 
HMI, interpreter, simulation, hardware configuration and many others. The utiliza-
tion of OAC technology can enable some modern functionalities into current and 
future CNCs such as monitoring, shop floor data modification and inspection, thus 
preparing the future manufacturing controller to adapt with Industry 4.0. 
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33. Toquica JS, živanović S, Alvares AJ, Bonnard R (2018) A STEP-NC compliant robotic 
machining platform for advanced manufacturing. Int J Adv Manuf Technol 95(9–12):3839– 
3854 

34. Ye Y, Hu T, Zhang C, Luo W (2018) Design and development of a CNC machining process 
knowledge base using cloud technology. Int J Adv Manuf Technol 94(9–12):3413–3425 

35. Kubota T, Liu C, Mubarok K, Xu X (2018) A cyber-physical machine tool framework based 
on step-NC. Cie48 1(Dec):2–5 

36. Othman MA, Jamaludin Z, Minhat M (2018) Automatic tool selection module for an adaptive 
CNC controller. In: Proceedings of innovative research and industrial dialogue’18, 2018, no. 
July, pp 90–91 

37. Afanasev S, Zhao G, Xiao W (2019) Towards cloud-based STEP-NC to enhance interoperability 
in global manufacturing. IOP Conf Ser Mater Sci Eng 658(1) 

38. Zhao G, Cao X, Xiao W, Zhu Y, Cheng K (2019) Digital twin for NC machining using complete 
process information expressed by StEP-NC standard. In: ACM international conference 
proceeding series, 2019 

39. Gao W, Zhang C, Hu T, Ye Y (2019) An intelligent CNC controller using cloud knowledge 
base. Int J Adv Manuf Technol 102(1–4):213–223 

40. Liu Y, Zhao G, Zavalnyi O, Cao X, Cheng K, Xiao W (2019) STEP-compliant CAD/CNC 
system for feature-oriented machining. Comput Aided Des Appl 16(2):358–368



Review on Advanced CNC Controller … 269

41. Zhao G, Cao X, Xiao W, Liu Q, Jun MBG (2020) STEP-NC feature-oriented high-efficient 
CNC machining simulation. Int J Adv Manuf Technol 106(5–6):2363–2375 

42. Khechekhouche A (2021) Mechanisms of a 3-axis CNC machine design and experiment, no. 
March



Improvement of Roof Shield Design 
Using TRIZ Method 

R. B. Hoh, N. A. Alang, M. I. M. Ramli, J. Alias, and A. M. Romy 

Abstract Factors such as poor aerodynamic shape, rigid roof and lack of attractive-
ness are the few factors that need to be taken into consideration for the roof shield 
design of a utility motorcycle. The purpose of this study is to improve the current 
design of the roof shield using TRIZ tools and techniques. The current design has 
some limitations due to the inventive parameters conflict of each component and 
causes engineering contradiction. Therefore, the TRIZ method is employed as a 
method to eliminate those inventive limitations. Function analysis is chosen as the 
initial step to determine the involved components and the components that are needed 
in the system. TRIZ method with the use of causes-effects chain analysis (CECA) 
then is applied by building the problem chain to obtain the potential effective cause. 
Using this approach, the engineering contradiction of the roof shield component is 
identified. Next, 40 inventive principles matrix in TRIZ, is applied to obtain a poten-
tial solution to the contradiction. Further brainstorm then is carried out to improve 
the design based on trigger potential inventive solution. The final conceptual design 
is sketched out and it is found that the overall design of the roof shield is improved 
in term of aerodynamic, flexibility and attractiveness. 
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1 Introduction 

Demand for food delivery services has increased during COVID-19 pandemic, 
resulting an increase in the numbers of riders. In most countries, particularly in 
Malaysia, motorcycles are a common and convenient type of transportation preferred 
by the riders. However, bad weather such as rain and hot or sunny days is always a 
main factor that affects the rider’s performance. A research study conducted by Ang 
et al. [1] states that there was a significant fatality in crash accidents for motorcycle 
riders. 

A reliable, effective and scientific technique is necessary in analyzing and 
improving engineering design problems. It is essential to determine a suitable poten-
tial solution to the problems especially during the conceptual design stage before the 
product being commercialized. One of the well-known and powerful problem solving 
techniques is TRIZ [2]. TRIZ theory [3] was invented by Russian inventor led by 
Genrich Altshuller in the years 1946 to 1985. Over 200,000 pattern designs have 
been analysed and grouped into 40 rules. These 40 rules are defined as 40 inventive 
principles that are now widely implemented to trigger the inventive problems and 
potential solutions by analyzing the contradiction problem of the systems. In general, 
there are five causes analysis [4] introduced in TRIZ namely the Function Analysis, 
the Root Conflict Analysis (RCA+), the RelEvent Analysis, the Substance-Field (Su-
Field Analysis) and the Trends of Evolution. The root cause analysis is an analysis in 
TRIZ which is usually conducted at the end of the causes-effects chain. Cause-Effect 
Chain Analysis (CECA) enables better understanding of the basic problem and the 
reasons for the existed problem [5]. In most designs, there will be a group of causes 
that come along with the problem. In this case, the trimming process allows for the 
elimination of unnecessary or irrelevant causes in order to minimize the complexity 
of the problem solving process. 

Baharom et al. [6] employed the TRIZ method with RCA+ on zipper, Cliff and 
managed to trigger 26 inventive principles as the potential solutions for seven contra-
dictions. They concluded that RCA+ offered a promising solution to improve the 
problem of the Cliff. In another study, Ekmekci and Koksal [2] applied the TRIZ 
method to find the potential solution to the moisture and cooling problem of pizza 
packet service. Several solutions have been identified based on the TRIZ principles. 
Yeop et al. [7] took a portable road debris collector as a product model to study the 
applicability of the TRIZ method. They concluded that the TRIZ method leads to 
creative thinking during the conceptual design stage [8]. 

This paper focuses on the enhancing the current roof shield design of utility motor-
cycle using the TRIZ method in order to improve the motorcycle performance espe-
cially during bad weather of rainy and sunny day and possibly reduces accident among 
motorcycle riders. The limitation of the current roof shield design is brainstormed 
and the potential solution gathered based on the TRIZ method is employed.
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Fig. 1 Initial design of roof 
shield before applying TRIZ 
method 

Roof shield 

Windscreen 
Back support arm 

Roof-to-arm connection 

2 Description of Limitation of Current Design 

The present paper focuses on the further improvement of the current design of roof 
shield that has been sketched during the conceptual design stage. At the beginning 
of this project, literature survey, group meeting, survey and data collection methods 
were carried out to generate the initial idea of the design. The collected data is 
compiled and is used as references for this study. The concept of the initial current 
design focuses on the performance, attractiveness, feasibility and light weight of the 
overall assembly parts. As shown in Fig. 1, there are a lot of limitations of the initial 
design such as lack of attractiveness, poor aerodynamic shape, long back support 
arm, complex mechanism and others. Hence, the TRIZ method is chosen to help 
eliminate those limitations. 

3 Function Analysis and Modelling 

Function analysis is an analysis which is widely applied in engineering design, 
business process and electrical process models for the understanding of how the 
components function and interact with each other in a system. In the present study, 
product structure modelling [9] that includes supersystem, subsystem or component 
and object is first identified. The interaction between the components is plotted into 
a function analysis diagram as shown in Fig. 2 whereby inserted blocks represent 
components and arrows represent functions. The diamond, rectangle and oval repre-
sent the supersystem, component and product, respectively. The irrelevant compo-
nents have been removed from the system to minimize the complexity of the overall 
system.
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Fig. 2 Interaction analysis in the system 

The modelling of component analysis is constructed to identify the supersystem 
and the components available in the system. The interactions between components 
are linked and connected together in the system for further analysis of either harmful 
or useful actions. Acquired analysis is collected to build the function model with a 
block of the components, as shown in Fig. 3. There are in total 19 relations that occur 
in the system whereby three (3) of the supersystem are harmful materials (dust, rain 
and sunlight) and two (2) are useful components which are namely the windscreen 
and roof that help to block the harmful materials. 

4 TRIZ Method with Causes-Effect Chain Analysis 
(CECA) 

In order to provide the solution for the engineering problem of the current design, it is 
required to identify the root cause of the particular problem. Therefore, the problem 
of the current initial design is brainstormed and listed as shown in Fig. 4. The potential 
effect of each problem is then identified. As shown in Fig. 4, four (4) main potential 
problems which are less performance (speed), unattractive, poor mechanism and 
poor visibility are analysed. The potential cause of each problem as well as the chain 
questions are drawn until the possible actual root cause is obtained. The information
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Motorcycle 

Roofshield 

Windshield 

Riders 

Storage box 

Sunlight 

Rain 

Ground 

Control system 

Dust 

Battery 

Wiper 

Items 

HOLD 

HOLD 

HOLD 

Fig. 3 Function model analysis of utility motorcycle with roof shield 

from causes and effects chain analysis is then evaluated. The solution to the cause 
of the problem can be either useful or not, therefore critical justification is made 
for each solution. The cross-marks at the block in Fig. 4 indicate the problem that 
is irrelevant to the present study, therefore being eliminated from the next stage of 
evaluation. 

Since the problem’s root causes were identified by CECA analysis, deep under-
standing of worsening effects and improving effects is required to form into contra-
diction. A dotted line box is drawn in Fig. 4 to show one of the contradictions obtained 
from the CECA. Based on the function blocks located inside the dotted lines box, the 
opposite function occurred, for instance, the motorcycle performance increases (in 
terms of speed) by using light weight material but at the same time, a large storage 
box is required to enable more capacity space to store much items/delivery stuff but 
resulted in heavier weight. In this case, technical contradiction is introduced as both 
parameters need to be included in the system. Other technical contradictions then 
are identified based on the connection of problem root causes findings in the CECA 
diagram. 

5 Technical Contradiction 

A contradiction occurs when one parameter of a system has both positive and negative 
effects. A research by Petrov [10] showed the method to solve the contradiction in 
design. In this section, hypotheses made from the source of contradiction and its 
evaluation method is described. In the present study, the contradiction is divided into
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Fig. 4 Cause-effect chain analysis 

worsening effects and improving effects which acted on the parameters (a factor that 
influences a system). In total, there are 40 parameters summarized in TRIZ. Technical 
contradiction is identified by matching the problem root causes and 39 parameters 
listed in TRIZ tools. The technical contradictions were arranged out as below: 

1. Light weight material is perfect to be chosen for the component involved but it 
will affect the strength and cost (P1). 

2. The wide and large area of the windscreen could block the wind, sunlight, dust 
and others, but it could affect the speed of the motorcycle due to the increment 
of drag force (P2). 

3. Without a convertible roof, it will increase the stability and more ease of 
fabrication, but might lead to storing problem (P3). 

4. Streamline design of aerodynamics shape could produce minimum drag force 
but it will be costly and time consuming to manufacture (P4). 

5. The volume of the storage box can be larger to provide more storage capacity 
but it will affect the stability and space (P5).
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6. Electronic device automation can reduce the manual operation, improve the 
versatility and function but at the same time, may lead to danger when exposed 
to water, especially during raining (P6). 

7. Darkened windshield tint film is able to block sunlight, especially UV rays that 
may lead to healthy risk but it also will causes poor visibility (P7). 

8. The back seat makes the design more attractive, multi-function design catches 
and gains the interest due to its unique appearance but reduces the strength to 
hold (P8). 

The abovementioned technical contradiction is tabulated in Table 1. Each of the 
contradictions is analysed and the corresponding positive and negative effects, causes, 
action taken and contradiction parameters are also tabulated in Table 1. This contra-
diction is compared with TRIZ inventive principles to obtain the suitable parameter 
that relates to the problem caused. This contradiction parameter is important to deter-
mine the correct potential solution when applying the 40 inventive principles that 
will be discussed in the next section. In total, there are eight contradiction problems 
are found in the system which is represented by P1 to P8. 

5.1 Contradiction Matrix 

“Creative problem solving” [11] is a process that uses of contradiction matrix tools, 
morphological analysis and other TRIZ tools to generate ideas. This section explained 
the method of idea/problem solution generation for each contradiction discussed 
in previous section. The suitable parameter that causes the technical contradiction 
is identified then compared to the contradiction matrix in TRIZ. Since the matrix 
connects between the parameter and 40 inventive principles, the solution for each 
parameter can be easily triggered. In this study, there are 28 inventive principles 
have been suggested (when using the TRIZ matrix). Further justification and eval-
uation (based on the experience and literature study) then is made to determine 
which inventive principles are suitable to improve the design of the current roof 
shield. Note that are not all the inventive principles that suggested are useful and 
applicable. The summary of inventive principles triggered for each technical contra-
diction is tabulated in Table 2. The mapping between technical contradictions with 
inventive principles is shown in Fig. 5. A detailed explanation of how to employ the 
contradiction matrix or table can be found in literature [12]. 

6 Results and Discussion 

Application of the TRIZ method with function analysis and (CECA) leads to 28 
inventive principles (as concept references) that can be applied to improve the current 
design. From the total of 28 inventive principles, only 17 of them have the potential to
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Table 2 Summarized of inventive principle for each contradiction 

Contradiction Contradiction to solve Inventive principles 

P1 To decrease the weight of moving object without 
worsening the strength of materials 

1, 35, 19, 39 

To decrease the weight of moving object without 
worsening ease of manufacture 

27, 28, 1, 36 

P2 To increase the surface area of moving object 
without worsening speed 

29, 30, 4, 34 

To increase the surface area of moving object 
without increasing the weight 

2, 17, 29, 4 

P3 To improve the strength without worsening the 
system complexity 

10, 4, 28, 15 

Improve ease of repair without worsening the ease 
of manufacture 

1, 35, 11, 10 

To improve the shape without worsening the length 
of moving roof shield 

29, 34, 5, 4 

Allow to decrease the volume without worsening 
the length 

1, 7, 4, 35 

P4 Improve the shape without worsening the speed 1, 31, 17, 28 

Increase the length without worsening the area of 
moving object 

15, 17, 4 

Increase the shape without worsening ease of 
manufacture 

32, 30, 40 

Improve the speed without worsening the length of 
moving object 

13, 14, 8 

P5 Increase the volume of moving object without 
worsening the stability 

28, 10, 1, 39 

Improve the volume of object without worsening the 
weight 

2, 26, 29, 40 

P6 To extend automation without worsening ease of 
operation 

1, 12, 34, 3 

To extend automation without worsening object 
generated harmful factors 

2 

P7 To improve illumination intensity without 
worsening the temperature 

32, 35, 19 

P8 To improve adaptability/versatility without 
worsening the strength 

35, 3, 32, 6

fulfill the requirements of current design. These 17 inventive principles are tabulated 
in Table 3. The proposed solution that is related to the triggered inventive principles 
is brainstormed and followed by the improvement of the current design. Figure 6 
shows the improved design of the roof shield and windscreen of a utility motorcycle 
after implementing the TRIZ.
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Replace Mechanical System  28 
Pneumatics and Hydraulics  29 

P1 

P8 

Thermal Expansion  37 

19  Periodic Action 
20  Continuity of Useful Action 

14  Spheroidality - Curvature 
15  Dynamics 
16  Partial or Excessive Action 
17  Another Dimension 
18  Mechanical Vibration 

1    Segmentation 
2    Taking Out 
3    Local Quality 
4    Asymmetry 
5    Merging 
6    Universality 

8    Anti-weight 
7     Nested doll 

9    Prior Counteraction 

Inert Atmosphere  39 
Composite Materials  40 

P2 

P3 

P4 

P5 

P6 

P7 

Rushing Through  21 
Blessing in Disguise  22 

Feedback  23 
Intermediary  24 

Self-Service  25 

Cheap Short-Living Objects  27 
Copying  26 

Flexible Membranes  30 
Porous Materials  31 

Colour Change  32 
Homogeneity  33 

Discarding and Recovering  34 
Parameter Change  35 

Phase Transition  36 

10  Prior Action 
11  Cushion in Advance 
12  Equipotentiality 
13  The Other Way Around 

Accelerated Oxidation  38 

Fig. 5 The mapping of problem contradiction and inventive principles 

7 Conclusion 

The TRIZ method with function analysis and cause-effect analysis chain (CECA) has 
been implemented to improve the current design of the roof shield and windscreen of 
a utility motorcycle. It can be concluded that the method provides a systematic way 
to trigger various inventive solutions to address the problems with our current design. 
A total of 28 inventive principles have been triggered (based on 40 inventive princi-
ples matrix).However, only 17 of them have been further evaluated as a reference of 
engineering solution. The final design of the roof shield and windscreen of a utility 
motorcycle with aerodynamics shape roof shield and windscreen, simple yet attrac-
tive back seat design, multifunction storage box, convertible roof using of a pulley 
mechanism and sharp corners eliminated shows significant improvement compared 
to the initial design. Clearly, the TRIZ method with function analysis and CECA 
leads to creative and innovative solutions, resulting in significant improvement of 
the design.
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Table 3 Inventive principle with potential solution 

No. Inventive principles Potential solution 

1 Segmentation Assembly part (dividing into several parts) of 
roof shield 

2 Taking out Electrical harmful device eliminated to avoid the 
risk of injury 

3 Local quality Arrangement design inside storage box like 
lunchbox to fulfil more items 

5 Merging Roof shield connected to back part and 
windscreen 

6 Universality Back support as back seat and hold storage box 

7 Nested doll Roof shield will keep into storage box if not used 

8 Anti-weight Material selection like plastic, light aluminium 

10 Prior action Lubricants fitting at windshield (replace wiper 
system) 

11 Beforehand cushioning Windshield layer with a protective film 

13 The other way around Change stationary roof shield to moving parts 

14 Curvature Flatten the windshield and back seat parts so 
that more aerodynamics look 

15 Dynamization Convertible and adjustable length of roof shield 
parts 

17 Another dimension Design a multi-storage box to separate item 
keeping 

26 Copying Simulation analysis and safety assessment 

28 Mechanical system Pulley system to trigger the function 

30 Flexible membrane and thin film Thin roof shield and windshield 

40 Composite materials Thermoplastic composite materials
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Curved Windscreen 

Curved Roof Shield 

Storage Box 

Short Back Arm  
(with improved shape) 

Expandable Roof 
(Pulley system) 

Fig. 6 Improved design of roof shield after implementing TRIZ method 
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Design and Development of a Pneumatic 
Non-explosive Quick-Stop Device 
for CNC Turning 

Amiril Sahab Abdul Sani , Shahandzir Baharom, 
Amirah Sakinah Mohd Rozlan, and Nur Shahida Azzahra Mohd Zamri 

Abstract In metal cutting, chip formation is both a fundamental and complex 
process. The workpiece material ahead of the cutting tool is deformed first in the 
primary shear zone and then in the secondary shear zone during the machining oper-
ation. The ‘chip root’ is the material included inside these two zones. A quick-stop 
device (QSD) is a research tool used to gather the chip-root samples. Prior to the 
development process, the QSD was developed to collect a frozen chip from the work-
piece. The collected frozen chip needs to have minimal changes in its geometrical 
and metallurgical properties to reduce errors. The main objective of this research 
is to evaluate and analyze the performance of the newly developed pneumatic non-
explosive QSD for the turning processes. QSD device was constructed to improve 
the machining operation which may include extending the tools’ life expectancy, 
helps to select the proper tools for certain workpieces, and calculate the amount of 
friction and heat produced. The QSD design is constructed in CATIA and then simu-
lated using explicit dynamics and statics structural analyses using the Finite Element 
Method in ANSYS. The complete fabricated QSD is then tested for machinability 
with surface roughness as the machining output and the data is compared with the 
normal cutting. Chip root formation of an orthogonal cutting experiment on an AISI 
316L steel shows that the newly developed QSD may produce the required results 
of chip root formation. 

Keywords AISI 316L · Chip formation · Chip root · CNC turning ·Metal 
cutting · Quick-stop device 

1 Introduction 

Machining is a various process in which a piece of raw material experiences cutting 
and shape into the desired form. It experiences material removing process in a
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controlled condition. The process that have the common theme with this process 
is called as subtractive machining process. Machining is a process where manufac-
turing takes place on metal products but also can be used on other type of materials 
such as woods, plastics, ceramics, and composites [1, 2]. 

To approve various machining process, studies on analysis on chip formation has 
been conducted by much research throughout the year. Chip formation is a process 
of cutting material mechanically by using tools either saw, milling and lathe cutters. 
The formal study on chip formation has been conducted around World War 2, with 
the increase in demand of powerful and fast cutting machine tools. Pioneering in this 
topic of research was Kivima and Franz in 1952 and 1958, respectively [3, 4]. 

The formation of chip during machining is due to the removing of workpiece 
material into the desired shape and dimension. Rahim and Sasahara [5] indicated 
that the increment of cutting speed subsequently reduced the chip thickness. This is 
due to the high cutting energy and deformation strain rate. In addition, Rahim and 
Sasahara [6] stated that the chip thickness was increased as the feed rate increased 
due to a larger contact area between tool-chip interface. As a result of the increased 
friction, significant cutting temperatures and cutting forces were produced. 

Bhuiyan et al. [7] showed that chip formation corresponded to the interaction 
with plastic deformation in the shear zone, which had a significant impact on tool 
life. The chip formation was significantly influenced by the formation mechanism 
and geometry. The increase in cutting speed, feed rate and depth of cut led to the 
increase in tool wear rate and plastic deformation of the workpiece material until 
the chip breakage. The chip formation mechanism, type of chips, chips material 
removal rate, the energy and temperature of the chips and rubbing action of the chips 
determined the tool wear. The use of QSDs enables for the extraction of the chip 
root as it strains in the actual process, although there is a tool–chip separation delay 
that depends on the QSD design. Also, in the QSD proposed by Chern [8], the tool-
workpiece separation is also accomplished by utilizing the elastic stress of a spring 
and is aided by the cutting force. 

To study the material behavior and the frictional properties of the material in 
the cutting zone, this study focuses on developing a pneumatic non-explosive, user 
friendly QSD that suits the study of chip root formation. This device is designed 
to be used for repeatable tests and with wide range of cutting parameters. It is also 
proposed for use not only for under-graduate but also for postgraduate university 
students, both local and international. 

2 Methodology 

In this work, a suitable workable design of a quick stop device is proposed after 
identifying it from several design available in literatures [9–11]. Next, a selection 
process is carried out using a metrics-based selection method following some critical 
criteria in designing a functioning QSD. The mechanisms of a QSD that have been 
identified will be analyzed, designed, and compared following the evaluation score.
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Following on from the best-chosen design, a finite element analysis (FEA) is carried 
out on the design using a static structural analysis and an explicit dynamic analysis 
prior constructing and fabricating the QSD using CATIA and ANSYS software. 

The important consideration in developing a QSD is the structural guidelines and 
parameters that need to be followed. According to Seyyed Hamed and Ebrahim [10], 
there are six important criteria to accomplish this goal, which are: 1. The quick-stop 
process must be immediate to enable the frozen chip collection at the selected cutting 
speed. 2. The vibration of the mechanism in operation must be kept minimum. 3. 
The QSD must act like a normal cutting tool. 4. It should be safe for use. 5. The 
time for setup must be minimum, and 6. The results of identical experiments must 
be reproducible, and the device should be built inexpensively. 

Figure 1 depicts the exploded view of an assembled built of the QSD. The assem-
bled part is then submitted for FEA analysis to CATIA (static analysis) and ANSYS 
for both statics structural analysis and an explicit dynamics analysis. In ANSYS, there 
are seven sections to be completed prior the simulation works, which are engineering 
data to select the material type to be used, geometrical parts for importing the design 
into ANSYS workspace (Space Claim) and the model sectioning for connecting all 
the simulation results into the geometrical part that marked the final analysis for 
establishing the final simulation results. 

Machining experiment is conducted to test the newly fabricated QSD during 
turning experiment as shown in Fig. 2. A stainless-steel cylinder (AISI 316L) was 
used as the workpiece. The workpiece has an initial diameter of 65 mm and a length 
of 100 mm. The cutting insert used is an uncoated cermet (TNGG220408R) equipped 
on a tool holder of MTQNR2525M22. A fresh tool insert is used for each cutting 
pass to ensure sharp cutting edge is applied during cutting. The depth of cut was 
set at 1 mm with two levels of cutting parameters. Table 1 shows the complete 
machining parameter selected for this experiment. It followed the previous setup by 
Sani et al. [12]. 

Fig. 1 Quick-stop device assembly in exploded view
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Fig. 2 Machining setup with the presence of QSD 

Table 1 Machining 
condition 

Description Value 

Cutting speed, vc 120, 135, 150 m/min 

Feed, f 0.12, 0.20, 0.25 mm/rev 

Depth of cut, d 1 mm  

Indexable insert TNGG220408R (uncoated cermet) 

Tool nose radius 0.8 mm 

Tool rake angle, α – 14° 

Tool clearance angle, γ 0° 

Tool lead angle, κ – 15° 

Tool entering angle, κr 105° 

Tool holder MTQNR2525M22 (Mitsubishi) 

After each machining pass, the surface roughness was measured on the machined 
part using Surfcom with a cut-off length set at 0.8 mm. Five readings were recorded 
to get the average value of the roughness profile. A data comparison was carried out 
between cutting using the QSD and without using one. This data comparison will be 
used to identify the stiffness of the QSD structure that may act like a normal cutting 
tool. Chip root formation will also be analyzed at the end of the experiment to obtain 
the characteristics of the frictional and material behaviors at the deformation zones. 

3 Results and Discussion 

An explicit dynamics analysis was carried out to simulate the QSD deformation 
when the load is being exerted from the workpiece onto the cutting insert until the 
trigger is being released during the QSD mechanism. Based on the color contour
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Fig. 3 Initial deformation of the QSD, left: before trigger is withdrawn, and right: trigger is 
withdrawn 

in Fig. 3, the tool deformation on the tool holder tip is shown to be maximum at 
the tool cutting insert part and distributed evenly on the trigger surface just after the 
trigger is moving away from the tool holder, which marks the end of cutting (chip 
root collection). Figure 3 also depicts that the load exerted on the tool holder from 
the tool insert will activate the spring to subsequently compress to accommodate the 
force before the trigger is pulled away from the tool holder [13]. The load response on 
the trigger surface during the quick stop cutting mechanism will be used for further 
investigation during the static analysis of the QSD. 

For the static structural analysis, the structural stresses distributed on the specific 
part of the QSD can be identified. The loads given during the static analysis are 
placed on the tool holder tip of the QSD in static condition (trigger is not activated), 
which varies from the lowest load of 800 N and up to a maximum load value of 
10,000 N. The maximum physical deformation of the QSD structures after being 
simulated with the static loads are analyzed. Figures 4 and 5 present the findings of 
the equivalent stress and total deformation with the variation of the loads. 

It is noted that, the increase of load generates the increment of stresses on the 
certain parts of the QSD structure. It is obvious that the trigger locking the tool 
holder prior the quick stop cutting mechanism bears the highest load for a fail-proof 
design consideration. In the machining experiment, the QSD trigger is attached with a 
pneumatic cylinder to enable the quick stop mechanism. When the trigger is activated 
by the pneumatic cylinder, the spring force that is compressed will exert on the tool 
holder bottom making it rotates away from the cutting zone, thus enabling the chip 
root collection. 

Turning experiments were carried out following the cutting parameters given in 
Table 1 with the presence of QSD and without the QSD when cutting the AISI 316L 
cylinder. Surface roughness on the machined surfaces for both cutting conditions are 
compared. The results of the surface roughness are presented in Figs. 6, 7 and 8. The  
results of surface roughness values show that at higher cutting speed of 150 m/min and 
feed rate of between 0.12 and 0.20 mm/rev., the roughness values are comparable with 
the results from cutting without the presence of QSD. In addition, this could be further 
verified for higher cutting speed more than 150 m/min. Nevertheless, the higher 
feed speed of 0.25 mm/rev. shows a deviating result in which lower cutting speed
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Fig. 4 The result of the maximum equivalent stress and the maximum total deformation 

Fig. 5 The result of the total deformation at 1000 N (left) and 5000 N (right) of static load 

Fig. 6 Surface roughness at different cutting speed with constant feed rate of 0.12 mm/rev
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Fig. 7 Surface roughness at different cutting speed with constant feed rate of 0.20 mm/rev 

Fig. 8 Surface roughness at different cutting speed with constant feed rate of 0.25 mm/rev 

of 120 m/min and higher cutting speed of 150 m/min depict the most comparable 
results of Ra values. It should be noted that the QSD being developed in this study 
provides positive results in the early stage of machining [13], thus can be used to 
study the chip root formation during the orthogonal cutting experiment considering 
the cutting parameters shown in Figs. 6 and 7.

Figure 9 shows the results of chip root collected from the orthogonal cutting of 
the AISI 316L stainless steel disc. It is observed that, the formation of built up edge 
(BUE) can be seen on the secondary shear zone, which indicates the material adhered 
on the sticking region of the cutting tool’s rake face following a gradual formation 
of built up layer (BUL) that grows gradually as the metal shearing process is present 
[14, 15]. The BUL is moved from the tool surface to the front of the BUE, causing the 
BUE to become unstable and break up as it grows larger. This phenomenon repeats 
itself throughout the process of metal shearing (chip formation) until the cutting 
process is interrupted [8, 16].
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Fig. 9 Chip root formation at cutting speed of 150 m/min and feed rate of 0.12 mm/rev 

4 Conclusion 

In this study, a pneumatic non-explosive quick stop device (QSD) was successfully 
designed and developed to assist in investigating the frictional and material behavior 
of the workpiece during metal removing processes. In the design and development 
process, it is found that according to the FEA results, some important parameters 
that affect the quick stop mechanism are the force acting on the locking mechanism 
until the withdrawal of the trigger. 

The experimental trial using the QSD shows a promising result, whereby the 
QSD could act almost likely as the tool holder without QSD at high cutting speed of 
150 m/min and feed speed of 0.2 mm/rev. The results of surface roughness are found 
comparable for the machined surface being cut with and without the presence of the 
QSD. 

The chip root collected at the end of the experiment concludes the ability of the 
QSD that can work well during the investigation of collecting chip root. It is also 
essential to be noted that the manufacturing process of the QSD does not require 
high cost and does not require a long time to complete it. With the application of a 
pneumatic system, the QSD is easy and safe to be used for any level of operator. 
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Designing, Manufacturing and Testing 
of New Radiator 

Gautam Gupta, Pratik Sidkar, and Bikramjit Sharma 

Abstract To guarantee the smooth running of a vehicle under factor load conditions, 
one of the critical frameworks which are vital is the cooling system. For years, this 
component somehow got very little attention and hence very little innovation in 
the designing and manufacturing took place. This paper presents the more efficient 
automobile radiator which has been designed, simulated, and manufactured. The 3D 
model of circular radiator is designed and optimized in SolidWorks. Flow simulation 
tool in SolidWorks is used for airflow analysis of fans to find the optimal radiator 
structure. To virtualize the effect of different parameters like velocity, pressure, and 
temperature of the water on both the radiators, they have been simulated in Ansys. 
This research aims to do an experimental comparison between an ordinary radiator 
and a modified radiator. The radiator with curved pipes is designed, given a circular 
shape, resulting in a temperature drop of 37% more than the ordinary radiator. 

Keywords Heat exchanger · Automobile · SolidWorks · Fabrication · Simulation 

1 Introduction 

The radiator is a pivotal component of automobile cooling systems, as it exchanges 
the heat of water by the air forced over the radiator by a fan. Radiator functions as 
heat exchanger, removing heat from the water produced by engine and circulate it by 
moving heat to the surrounding air. In an automobile, a radiator is a segment of the 
cooling framework that does a significant job in moving the warmth from parts to 
the climate through its perplexing framework and working. It is a cross-flow radiator 
that is compelled to remove the heat from engine to the atmosphere passed up by 
axial fan. A vehicle goes at different scopes of speed. The quicker it ventures, the 
more remarkable the engine requirements to produce, and subsequently the better 
the cooling cycle must be. The radiator is essential for cool-down arrangement of

G. Gupta (B) · P. Sidkar · B. Sharma 
Department of Mechanical Engineering, Thapar Institute of Engineering and Technology, Patiala, 
Punjab 147004, India 
e-mail: ggupta2_be15@thapar.edu 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 
A. S. Abdul Sani et al. (eds.), Enabling Industry 4.0 through Advances in Manufacturing 
and Materials, Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-19-2890-1_29 

295

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-2890-1_29&domain=pdf
mailto:ggupta2_be15@thapar.edu
https://doi.org/10.1007/978-981-19-2890-1_29


296 G. Gupta et al.

the engine and in automobiles the radiators used are generally a cross-stream heat 
exchanger. Main reason for the use of airflow is to eliminate the heat and the cooled 
fluid from the radiators reenters the engine. 

Heavy loaded vehicle engines generate more power and heat. These vehicles 
required high performance cooling system for more durability of engine. However, 
engine’s cooling system is cardinal component of the cooling system. To analysis its 
air flow, a flow simulation is used to design a radiator with most utilization of air. In 
the I.C. engines, heat is rejected by crossing of a fluid known as coolant. The coolant 
absorbs generated as it ingests the heat conveyed in the engine. After that it is circled 
back to the engine in a shut circle. The life of engine, execution, and general security 
are guaranteed because of successful engine cooling. The Engines have changed our 
lifestyle and vision towards transportation. 

From zooming cars to faster airplanes, we have progressed significantly. In spite 
of the fact that the requirement for more grounded engines in more bound spaces has 
caused issues of heat dissemination in the engines. Engine cooled fluid is generally 
a water-based product; however, it may likewise be oil as well. It isn’t unexpected 
to utilize water for driving the coolant to circle, and moreover for a pivotal fan 
to constrain air towards radiator. In this paper, 3D model is conceived and fabri-
cated with minimal manufacturing processes to produce the final product. Then, it 
is empirically compared with the regular automobile radiator. 

2 Literature Review and Objectives 

Earlier study [1] shows the CAD drawing with maximum utilization of air flow and 
implemented heat transfer studies to demonstrate effective efficiency of radiator. 
Figure 1 shows a square-formed radiator with a fan gave which regulates air in a 
circular region. If the sides of the radiator are equal to D (Diameter of Fan), the 
viable area of such radiator is equivalent to D2. The progression of air from the fan

Fig. 1 Air-cooled square shaped heat exchanger [1]
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will be of region area (π/4) D2 = 0.76 D2. The difference between the area of both 
the regions would be as {D2 − (π/4) D2} = 0.24 D2. To beat the downsides of this 
regular design, a new shaped design is proposed to acquire effective working of the 
radiator. The air-flow simulation has been performed and illustrated, further in paper.

CFD has been performed in reference to some previous studies. The CFD with air 
flow simulation performed by Yao et al. [2] on engine’s cooling fan presents velocity 
and pressure distribution simulated in SolidWorks. CFD results were introduced in [3] 
as velocity vectors and path lines, which gave genuine stream qualities of air around 
the fan for various sharp edge directions. Three radiators have been compared in [4] 
on the basis of different graphs governed from the CFD analysis. Comprehensive 
study on louvered fins in [5] have been used for this experiment. 

Studies have done by Trivedi and Vasava [6] demonstrating simulation of the mass 
flow-rate of air passing across the tubes of an automobile radiator. CFD investigation 
in [7] for both helical sort pipes and straight pipes of the radiator at the radiator, for 
all liquids and thermal analysis examined in Ansys. Helical shaped tubes are taken 
for CFD analysis in [8] on two distinct pitches. A study in [9] aim to analyze the heat-
exchanger could be improvement by changing certain dimensions. The fundamental 
target shown in [10] is to plan the vehicle radiator with surface zone thickness (SAD) 
with expanded heat transfer coefficient, decreased expense, and diminished weight 
utilizing CFD. 

Heat transfer analysis of a car heat-exchanger is realized for the scope in [11], at 
variable speed of the air hitting the heat-exchanger with ethylene glycol as fluid. The 
pressure-drop and heat-transfer characteristics of Zn–H2O and ZnO–H2O Nano-
fluids in [12] have been experimentally proven. An investigation in [13] taken 
between various coolants, water, and others as combination of water with propylene-
glycol has also been completed. Tests were directed in [14] on a solitary pass cross-
stream smaller heat exchanger by varying the different boundaries, such as, inlet 
temperature, the flow-rate, and speed of air. The experimental setup in [15] is also  
used in this research to compare the outlet temperature of water in both radiators to 
analyze the efficiency of radiator. 

Bunch of hypothetical parametric and affectability examinations in [16] on the  
heat-exchanger dependent on the Effectiveness-NTU strategy. Two kinds of cross-
flow radiators have been manufactured in [17] that have been built up to precisely 
anticipate the presentation of the radiator. A rectangular radiator is been constructed 
in [18] on the basis of design and material selection. A heat transfer study in [19] for  
the radiator are analyzed, to compare the inlet and outlet temperatures of the fluids 
in the radiator. 

CFD investigation by Prasad and Prasad [20] on elongated and louvered fins 
radiator with half fraction of ethylene glycol and half fraction of water combination 
as liquid poured display better heat transfer. Temperature, pressure and mass rate 
distribution of the fluid and air has been evaluated [21] to analysis the different types 
of materials (Aluminum (Al), Al-Si-Mg alloy and Graphite flakes-metal alloy) used 
for Radiator. DFMA methodology in [22] is used in this experiment to fabricate the 
new radiator by designing and manufacturing each part separately and assembled.
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The helical coils having more heat transfer coefficient than straight pipes shown 
by Xin and Ebadian [23], helical pipe design for heat exchanger is widely used 
in the industries A study by Jayakumar et al. [24] on helical pipes-based heat 
exchanger concludes that in order to predict the value of fluid-to-fluid heat-transfer 
for any coolant, few conditions such as constant wall-temperature and heat-flux are 
in applied. CFD and mathematical investigation by Ladumor et al. [25] to improving 
heat-exchanger proficiency. 

3 Materials and Methods 

First and foremost, a 3D model of a fan is designed in SolidWorks with seven blades 
and a rotational central hub as shown in Fig. 2. In this model, each blade of fan has 
length 40 mm and of central hub radius 25 mm. The diameter of rotational liquid area 
is 130 mm. Rotational axis of axial fan is referred as Y-axis and the synchronizing 
origin is situated at center of fan. The Computational domain is 140 × 200 × 140 
mm3. The rotational speed is 600 RPM and the air flow is selected as fluid domain. 
Figures 3 and 4 show the velocity flow trajectory with the lines and arrow are assigned 
as 80 mm length of line and 250 arrows respectively. 

Based on [1] CAD drawing, 3D models of all the individual parts of radiator 
are created in SolidWorks as shown in Fig. 5. These parts are designed individually, 
which helps to fabricate the model according to the designed parts and then assemble 
them all. A study in [5] and [20] shows comprehensive study on louvered fins that 
used for this experiment. The assembled radiator is shown in Fig. 6. After the circular

Fig. 2 Model of fan in 
SolidWorks
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Fig. 3 Flow simulation on fan (side view) 

Fig. 4 Flow simulation of fan (front view) 

Fig. 5 Individual parts of circular radiator
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Fig. 6 Assembled modified circular radiator 

radiator has been designed in SolidWorks, it than simulated with different parameters 
like velocity, pressure and temperature of water.

Firstly, the effect of velocity of water shown in Figs. 7 and 8 with front-view and 
top-view of the circular radiator respectively, using velocity vectors is simulated in 
Ansys. Secondly, the pressure effect of water on the circular and ordinary radiator 
is shown in Figs. 9 and 10 respectively, which was simulated in Ansys. Thirdly, the 
temperature effect or simulation of the water on the circular and ordinary radiator 
is shown in Figs. 11 and 12 respectively, which was simulated in the Ansys. Here, 
“Temp.” is referred as temperature here, which is used to describe Figs. 11 and 12. 

The simulations help to improve and optimize the design of the circular radiator 
before fabrication. The observations noted with the above simulation are that the

Fig. 7 Velocity simulation (front view)
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Fig. 8 Velocity simulation (top view) 

Fig. 9 Pressure simulation on circular pipes 

regions indicated by red are the regions that present the velocity higher than 2 m/s. 
The velocity changes at each curve, the outer curve of the pipe having slightly larger 
radius have velocity range of about 1.2–1.5 m/s.

Then, each part is fabricated in the workshop according to the 3D drawing with the 
required and optimal manufacturing processes from the raw material. Copper is used 
for manufacturing tanks and pipes whereas, fins are made of aluminium. Tanks are 
fabricated by using copper sheet that was moulded under the press machine. Pipes are 
framed from copper sheet, which are formed between huge rollers under extensive 
pressure to create the hollow pipes with required diameter. Fins are manufactured in 
the fin press machine with width of 7.5 mm. 

After completion of all the parts, next step is for assembly of all the products to 
get finalize desired product. Final step for fabrication is to assemble all the individual
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Fig. 10 Pressure simulation on straight pipes 

Fig. 11 Temp. simulation on circular pipes

parts. Tanks & pipes are joined together using copper brazing, and fins placed between 
the pipes to complete the fabrication of the radiator as shown in Fig. 13. Similarly, 
an ordinary radiator is also manufactured with same dimensions of tanks and same 
gap between tank but straight pipes brazed for assembly such that core of the radiator 
would be 130 × 130 mm2 as shown in Fig. 14. 
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Fig. 12 Temp. simulation on straight pipes 

Fig. 13 Fabricated circular radiator 

4 Experimentation 

Figure 15 shows the experiment setup, posted by Peyghambarzadeh et al. [15] is  
utilized in this paper. Arrangement incorporates a capacity tank, streamline pipes, a 
heater, a stream meter, a diffusive pump, a table fan and a both the radiators. The 
pump gives steady stream of heat exchange of 8 L/min. The working fluid is filled 
with 16 L in the storage tank. Five layered insulated tube with 1.5 cm in diameter. 

For warming the working liquid, an electrical boiler rod was used to maintain the 
fluid temperature 42 °C that was measure with the digital thermometer. The overall
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Fig. 14 Fabricated ordinary 
radiator 

Fig. 15 Schematic of experimental setup [15] 

volume and temperature of circulating fluid is constant in all the experiments. The 
speed of table fan is 600 RPM that was measured with tachometer. Two thermo-
couples (both K-type) were utilized for heat-exchanger inlet and outlet temperature 
readings. Thermocouples were attached with silicon paste at both the ends of radiator. 

The thermocouple presented the reading of both the points in °C. Thermocouples 
are thoroughly calibrated with the precision has been assessed to be 0.1 °C. Exper-
iment was firstly conducted on ordinary radiator till the temperature of the outlet 
was measured to be stable and cannot be decreased further. And then, using same 
measured and setup it was conducted on new modified radiator. In order to, check the 
precision of the experiment, it was conducted 10 times on each radiator and average 
of all the reading was compared to meet the conclusion.
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5 Results and Discussion 

All the reading calibrated from the thermocouple are converted and presented into 
graph form. Figure 16 shows graph of the ordinary radiator performed with the 
constant inlet temperature of 42 °C and resultant outlet temperature is noted as 
38.5 °C. Whereas, Fig. 17 shows the graph of the modified radiator performed with 
the constant inlet temperature of 42 °C with resultant outlet temperature is noted as 
37.2 °C. The “Temperature” vs “Time” graphs are presented in Figs. 16 and 17. Each 
unit of the X-axis represents 0.5 s and each unit in Y-axis represents 1 °C. The gradual 
decrease of the second curve (outlet curve) presents the downfall of temperature that 
is affects the temperature of the first curve (inlet curve) due to external flow through 
fan. 

The experimental setup on each radiator was continued till the outlet temperature 
become stable and constant. The outcome of the experiment was in noted to be 
as expected; the outlet temperature of modified radiator is less as compared to the 
outlet temperature of ordinary radiator. During testing, it is observed that there was 
no significant change in the temperature in both the designs after passing water. 
This is primarily due to the small size of the prototype. One thing we were able 
to observe in the design physically is the pressure drop in the outlet of the curved 
pipes. Since there is more convection in the curved fin the temperature drop in the 
modified radiator was more after applying the air through the fan. The differences 
between temperatures on the outlet of both the radiators are the final outcome of the 
experiment. 

Fig. 16 Temperature graph of old radiator
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Fig. 17 Temperature graph of new radiator 

6 Conclusion 

Two different designs of the radiator, one straight and other with curved pipes has 
been compared in this paper. In modified radiator or circular radiator, it was observed 
that there was a temperature drop of 4.8 °C while in straight pipes or ordinary radiator 
the temperature drop in the water was 3.5 °C. Hence, the efficiency of the modified 
radiator is more and is more optimal as it utilized more air produced by fan. Clearly, 
the resulting difference in a temperature drop is of 1.3 °C more than the ordinary 
radiator. 
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Temperature and Heat Flow Analysis 
in a Drying Chamber Through Finite 
Element Method 

Nurul Hasya Md Kamil, Ahmad Shahir Jamaludin, 
Mohd Nizar Mhd Razali, and Abdul Nasir Abd. Ghaffar 

Abstract Food production sectors have changed, transitioning from micro-
enterprises and traditional, family-run operations to enormous investments and highly 
sophisticated industrial processes. However, the raw materials for food manufac-
turing are still derived from local farming or fishing. Thus, advancements in food 
technology are necessary to minimize spoiling, where it can reduce the strain on 
employees in processing food quickly. It is well recognized that the drying process 
of food, particularly fruits, is an essential production operation in the industry. The 
current drying technique is time and costly, as it takes several hours for the food 
or fruit to dry completely. Understanding the drying phenomena requires heat flow 
and temperature distribution studies within a drying chamber. It is expected that, 
by understanding the influence of design parameters on a drying chamber, it would 
be possible to use it more efficiently and enhance output. The aim of this study 
is to analyze the food preserving using the method of conventional drying through 
temperature and humidity observation, by modelling the behavior of temperature and 
heat flow inside a drying chamber through Finite Element Method and validate the 
modelled condition with a commercially available drying chamber. A specific FEM 
modelled is designed and tested with various parameters to understand the heating 
behavior, along with actually drying process with the commercially available drying 
chamber. From the study, various fruit/food/material has variety of drying rate due 
to surface properties (pore size, thickness etc.). From the FEM analysis, from the 
increasing heat flux, heating effective range increases because of increasing heat 
flow rate. Decreasing fin gap, heat flux requirement decreases because of increasing 
heating effectiveness, yet material cost increases, plus with decreasing inlet air speed 
will decrease the heat flux requirement, but will increases the drying chamber heating 
time to reach the required temperature.
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1 Introduction 

Nowadays, food production industries had become modernized, from micro size 
enterprise, traditional, family-run production to large investment and highly techno-
logical industrial processes. However, the material source for food production are still 
based on local farming or fishery. Thus, it is required to advances in food technology 
in order to avoid spoilage, where it can lessen the burden of workers in processing 
food rapidly [1]. The preservation of food dates back to when Cro-Magnon humans 
preserved food by smoking it for the first time about 15,000 BC during Ice Age, 
where heat is one of the fundamental key of food preservation [2]. Sun drying is also 
the earliest food preservation process and conventionally used. The optimal usage 
of power, cost reduction and the reduced environmental impact are the extremely 
lucrative facets of the industry [2, 3]. Correspondingly, the complexity to gain an 
appropriate drying method and the design of the dryer have a significant impact on 
the consistency, form, size and moisture content of the final product, had led to the 
development of drying process sustainability in academic and industries [1, 4–7]. 

It is well understood that drying is carried out mainly by two steps: the transfer 
of moisture from the inside to the outside of a material and the moisture evaporation 
from the higher temperature material surface to the ambience [2, 4, 5]. Any external 
factors are closely related to water, such as humidity, friction, shape and type of the 
exposed flow velocity, temperature and surface area. The drying method is still an 
exclusive area for technologists and researchers to study and thoroughly, considering 
the increase in the number of studies and technological advancements. Efforts to 
make the drying process clearer for all users ought to be maintained; this is a dynamic 
physical phenomenon, but needed to promote the product’s consistency [1, 5]. One of 
the modern problems for study in this area is the use of knowledge of thermodynamics 
and transport phenomena to explain balance and kinetic drying [2, 8–10]. Food 
products can now be dried by air, by super-heated steam, by vacuum, by inert gas 
or by direct application of heat. Depending on the quality of the material, the ideal 
form of the finished product, the particular form, and so on, there are many types of 
dryers. Dehydration is a method in which the vaporized heat is passed to the water 
in the food [1, 5, 11, 12]. 

The easiest and cheapest drying technique is sun drying. It is used for foods such 
as corn, rice, sultanas and raisins that are high in volume. The downside of sun drying 
is that the processor has very little control over the conditions of drying and the dried 
fruit consistency. Additionally, processors use an artificial dryer to make better quality 
dried fruits. According to the various needs of the customer, there are many types 
of dryer available (solar, petrol, electric, biomass powered) [3, 13]. Using drying as 
a food preservation process, depending on the equipment, the moisture content of 
the fruit and the humidity in the air, different amounts of drying time can result. It
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is stated that, fruits drying process should be prevented from reaching hard or brittle 
condition, where the fruit must be leathery and pliable for consumption [14, 15]. 

It is known that drying process of food, especially fruits, is one of the important 
manufacturing process in the industry. Currently available drying process is time and 
cost consuming, where it is needed for several hours for the food or fruit to reach 
the desired dryness. It is needed to understand the drying phenomenon through heat 
flow and temperature distribution analysis inside a drying chamber. It is expected 
that, by understanding the effect of design parameter in a drying chamber, it can be 
used effectively and increase the productivity. Thus, the aim of the study is to model 
the behavior of temperature and heat flow inside a drying chamber through Finite 
Element Method. 

2 Methodology 

It is needed to simplified the design of an actual product to be fit into Finite element 
simulation to make it possible. The software that will be utilized is ANSYS V19.1 
Workbench’s FLUENT Module. In this module, it is required to model the fluid 
component of a design as solid. For the case of the drying chamber, the internal 
air body and external 1 m front, above and back is designed as a single body. The 
model is show in Fig. 1. The simulation is considered as a continuous singular air

Inlet 

Outlet 

Outlet Outlet 

Heating element 

Air body 

Wall 

Wall 

Wall Wall 

Wall 

Drying chamber zone 

Fig. 1 Drying chamber FEM model
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Table 1 Simulation 
condition 

Heating temperature (°C) 70–120 

Heating time (min) 10, 20, 30, 60 

Air speed (m/s) 2.0 

Heat flux (W/m2) 50, 500, 6400, 10,000 

Fin distance (mm) 0.5, 1.0, 2.0, 3.0 

Fin material Aluminium

body compared to separating between inside chamber and outside chamber. Several 
considerations need to be clarified for FEM such as following:

• Air inlet
• Air outlet
• Air body
• Wall
• Heating element
• Air vent between drying chamber and environment
• Air speed and temperature from the inlet
• Wall thermal properties are neglected. 

Additionally, Table 1 shows additional simulation conditions required to generate 
data required for the study. 

3 Results and Discussion 

3.1 FEM Estimation on the Effect of Heat Flux onto Air 
Heating Behavior 

Figure 2 shows the FEA model for heat transfer behaviour from fin. Temperature 
distribution surrounding the fin can be observed from Fig. 2, where for each temper-
ature profile is generated from the input heat flux parameter. It is needed to estimate 
the maximum heat flux that makes aluminium fin melt, which is at 660 °C. It can be 
observed that, with the increasing heat flux input, the maximum temperature incurred 
by the aluminium fin is increasing. 

It can be observed from the input heat flux, 10,000 W/m2K has shown temperature 
over the melting point of the aluminium, while 6400 W/m2K has shown the temper-
ature of 500 °C, which is under the aluminium melting point temperature. This is 
due to, with the increasing heat flux, the rate of heat transfer increases, thus increase 
the overall aluminium fin temperature. From linear interpolation, it can be estimated 
that the maximum input heat flux possible for the design is shown as following;
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Fig. 2 Effective distance of temperature increment from fin 

775 − 505 
10000 − 6400 = 660 − 505 

φe − 6400 
φe = 8467⎡W/m2 K

⎤

By taken consideration of 90% efficiency, as the 8467 W/m2K heat flux input, the 
aluminium starting to melt; it is suggested to set the heat flux input up to 90% of the 
maximum permissible heat flux, which is 7560 W/m2K. The distance of effective 
drying temperature of 70 °C needed to be estimated. It can be observed that, with 
the increasing heat flux, the effective distance for the fin to raise the air temperature 
increases. This is due to, with the increasing heat flux, the amount of heat transferred 
from fin to air is increased, thus increase the effective range of heating. It can be 
estimated that, for the heat flux between 6400 and 10,000 W/m2K, the distance 
between effective temperature will be between 0.56 and 0.64 mm. Based on the 
calculated maximum permissible heat flux value of 7560 W/m2K, through linear 
interpolation, the maximum effective distance can be obtained as the following; 

0.64 − 0.56 
10000 − 6400 (7560 − 6400) + 0.56 = 0.586 [mm] 

The different of permissible maximum heat flux 7560 W/m2K and 6400 W/m2K is  
only around (0.586–0.56)/0.56 * 100% = 4.6%, thus it can be considered that lower 
heat flux is better, and the distance chosen should be the easier to be fabricated, which 
is 0.5 mm * 2 = 1 mm distance between fin.
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Fig. 3 The highest temperature and temperature profile 

3.2 FEM Estimation on the Effect of Fins Distance onto Air 
Heating Behaviour 

The highest temperature and the temperature profiles are shown in Fig. 3 for the heat 
flux input of 6400 W/m2K for various fins distances. It is observed that the air is 
heated while passing through the space between fins, and still maintain heated after 
a certain distance but with reduced temperature. With similar heat flux, smaller gap 
fins show high temperature increment when the air speed is fixed. With a smaller gap, 
the heat is accumulated effectively, and the air is heated instantly. However, smaller 
gap means more material, and more material means higher cost. It is observed that 
1 mm fin gap design estimated higher temperature for the same heat flux value of 
6400 W/m2K, where it is assumed that more contact area and effective heating zone 
increase the amount of heat absorbed by air that pass through the fin. 

When the heat flux is reduced proportionally to 4400 W/m2K, the effective drying 
temperature is obtainable. Thus, it is assumed that, by decreasing the gap between 
fin, plus with an extra number of fin to conduct the heat from the heating element, 
the contact surface is increased; reducing energy needs to heat the supplied air. 

3.3 FEM Estimation on the Effect of Air Speed onto Air 
Heating Behavior 

The process shown in Fig. 3 is extended to 100 s to observe the temperature stability 
inside the chamber, plus with additional supplied air speed parameter, as shown in 
Fig. 4. Interestingly to see that, with the same heat flux, lower air speed will increase 
the maximum internal chamber’s stable temperature. However, lower air speed will 
also increase the time needed for the drying chamber to reach its stable temperature. It
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Fig. 4 Extended air heating time in the drying chamber 

is assumed that it is possible to gain higher effectiveness up to 500%, when comparing 
between higher heat flux higher air speed with lower heat flux lower air speed drying 
chamber setting. 

4 Conclusion 

The study had proven that Finite Element Method can help to understand the 
behaviour of heating in a drying chamber. Following are the conclusion that can 
be made throughout the analysis.

• Increasing heat flux, heating effective range increases due to increasing heat flow 
rate.

• Decreasing fin gap, heat flux requirement decreases due to increasing heating 
effectiveness, yet material cost increases.

• Decreasing inlet air speed will decrease the heat flux requirement, but will 
increases the drying chamber heating time to reach the required temperature. 
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Preparation and Water Absorption 
Analysis of Polyurethane Foam 
Reinforced Sawdust Composites 

Tristan Joey Benjamin, Lih Jiun Yu, Darrell Arvin Thomas Raymond, 
and Nai Yeen Gavin Lai 

Abstract Water absorption and structure of polyurethane foam being reinforced 
with sawdust was conducted by comparing the structure of the foam, which were 
the cell wall thickness and the cell size, against the properties of the foam which 
was the water absorbing and retention of the foam. The reason for reinforcing the 
foam with the filler is because polyurethane is not a water absorbing material and 
by reinforcing it with filler, that is water absorbent, it will help the polyurethane to 
be more water absorbent. Besides, this research will also determine the changes on 
the mechanical properties of the polyurethane foam. The combination of Polyol and 
Methylene Diphenyl Isocyanate (MDI) produced the Polyurethane Foam. The filler, 
sawdust, was then reinforced into the mixture and left to be hardened. Once hardened, 
the foam underwent multiple tests such as water absorption test and water retention 
test. This is to determine if the property change is a positive change or a negative 
change. It was found that, with the increase in cell size and cell wall thickness, there 
was an increase in water retention of the foam. As for the cell size and wall thickness 
of the foam, there was a decrease in water absorption, up till a certain amount of 
added filler content, then the water absorption increased. 
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1 Introduction 

Polyurethane (PU) is a composite of polymer that are linked together through carba-
mate (urethane) joins [1]. Polyurethane is known to be a thermosetting polymer 
which means it would not soften easily. Therefore, polyurethane is commonly use 
in daily household items such as furniture, bed mattress and seating materials such 
as car seats and office chairs. Polyurethane is also a type of synthetic polymer that 
is produced by reacting monomers [2]. The monomers present contain a responding 
end groups which causes the diisocyanate (OCN-R-NCO) to form a reaction with the 
diol (HO-R-OH). It begins with having a linking between the two molecules at both 
ends which are reactive alcohol (OH) and reactive isocyanate (NCO). Therefore, the 
groups that were formed react more with other monomers hence forming a greater 
and lengthier molecule chain. 

Sawdust, also known as wood dust, are mostly found to be the waste product of 
woodwork such as sanding, drilling, sawing and milling. Sawdust mostly consists of 
fine fragment of wood which can be sometimes lighter than dust. Moreover, sawdust 
consists mostly of cellulose, hemicelluloses, lignin and a small percentage of external 
materials. Chemical compounds also contribute to the creation of sawdust such as 
carbon, oxygen, hydrogen and nitrogen. 

As of 2016, over 5.3 million tons of polyurethane foam were demanded to be used 
in furniture and has been increasing as time passes [3]. However, most polyurethane 
are hydrophobic and are not able to absorb water very well. Researcher Yu et al. 
[4] found that only 8% of water can be absorbed in comparison to the weight of the 
polyurethane foam. Furthermore, sawdust is disposed as a waste in timber industry, 
logging of trees in forest produces around 17% of sawdust [5] which is then just left 
on the ground. 

In the past, many researchers conducted experiments to reinforce foam with fillers 
aimed to improve the properties of polyurethane. In Czlonka et al. [6] research on 
polyurethane foam reinforced with polyhedral oligomeric silsesquioxanes (POSS), 
it was found that the strength of the foam increased when 0.5 wt% of filler was added 
but decreased when anything more than 1.5 wt% of filler was added due to the uneven 
distribution of filler of the foam. In another research, where potato protein acted as 
the filler for the polyurethane foam, it was found that the by adding 0.1wt% of filler 
the strength of the foam increased but increasing the filler content any more caused 
a decrease in foam strength. This was due to the addition of filler which caused the 
number of closed cells to increase [7]. 

The main objective of this work is to investigate the effects of the incorporation 
of sawdust on to polyurethane on its water capabilities through image analysis. The 
correlation between the structural properties of the sawdust-polyurethane composite 
and the filler content was done in order to improve the water absorption properties 
of the closed-cell polyurethane composite.
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Table 1 Polyurethane and 
polyurethane composite with 
varies sawdust filler 

Sample Filler (wt%) 

Reference Sample (C) 0 

Sample 1 (S1) 1 

Sample 2 (S2) 2 

Sample 3 (S3) 3 

Sample 4 (S4) 4 

2 Methodology and Experimental Setup 

2.1 Preparation of Polyurethane Foam and Sawdust Filler 

Polyurethane foam (PU foam) is prepared in two parts, Part A (VORACOR CD1095 
Polyol which comes with a catalyst, HCFC-141b) and Part B (PAPI 27 Polymeric 
MDI). Both the parts are weighted separately using an electronic scale and then 
poured into the mixing cup. The mixture would then be allowed to rise freely at a 
stable condition at room temperature. The foam was left for 24 h in stable conditions to 
be allowed to fully form before taking any measurements and analysis and conducting 
any tests. 

For preparation of sawdust polyurethane composite, the fine sawdust filler without 
surface treatment (1–4 wt%) was incorporated to the mixture of polyurethane during 
mixing process (Table 1). The ratio used in Part A and Part B was 1:0.65. Part A, Part 
B and the filler was then stirred until the mixture was fully mixed and was left for 
24 h for curing to become solid state, before taking any measurements or conducting 
any tests. 

2.2 Characterisation 

Microstructure analysis 

The structure of the polyurethane foam in this experiment relates to the pore size 
and the cell wall thickness. The sample microstructure was captured by using the 
Olympus BX51 at 10 × magnification. Image J software was used to determine the 
size of the cell and the thickness of the cell. 

Water Absorption Test Characterisation 

The water absorption test was conducted according to the ASTM D370 standards 
procedure. After that, the samples were immersed in water for 24 h and measured 
the mass. The water absorption was determined from the changes of mass over the 
pre-condition mass in percentage. Data was recorded up to 7 days.
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Water Retention Test Characterisation 

The same foams that were used in the water absorption test were used to conduct the 
water retention test. The foams samples that were immersed into water were later 
weighed at every 24th hour and continued being immersed in water for 7 days. 

3 Results and Discussion 

3.1 Cell Size and Cell Wall Thickness 

The diameter of the cell and the thickness of wall were analyzed as there was a 
built-in measuring system in the Image J software from the microscope images of all 
samples as shown in Fig. 1. The PU foam cell structure was illustrated in schematic 
diagram Fig. 2. The cell size and wall thickness and average value obtained are 
shown in Table 2. It is clear that the average cell size will reduce when more sawdust 
filler was added into the mix. This is because the pores are generally in closed cell 
position. The addition of the sawdust filler into the mixture restricted the growth 
of foam during the expansion process, resulting in small cell size. This observation 
was in agreement with Czlonka et al. [6] and Lyu et al. [7], which suggested that 
the uneven distribution of fillers impacted the foaming process. Upon addition of 
sawdust filler, it was found that the strut wall thickness is reduced but then gradually 
increases when additional filler content was added. Such phenomena were due to 
fillers acting as nucleating site to promote the growth of wall thickness. 

3.2 Relationship Between Cell Size and Water Absorption 

Figure 3 shows a graph of the pore size against the water absorption of the 
polyurethane foam on 7th day. It was shown that the addition of 1 wt% and 2 wt% of 
the sawdust filler had caused a decrease in water absorption of around 500 percent 
compared to the reference sample (C). On the other hand, with the inclusion of 3%wt 
and 4%wt of the sawdust filler into the foam, the absorption rate of the foam increased 
by approximately 625 to 657 percent compared to 2 wt% sample (S2). 

The water absorption of the foam had decreased for samples 0 wt%, 1 wt% and 
2 wt%. This could be due to the number of closed cells because of the addition of 
sawdust filler. The filler behaves as a blockage that prevents most water particles 
from being absorbed by the foam [8]. Therefore, preventing the water particles from 
penetrating into the matrix of the foam thus limits the amount of water that the 
polyurethane foam can absorb. When the sawdust filler content increased to 3 wt% 
and 4 wt%, the water absorption increased to a slightly higher level than the reference 
sample (C). The reason behind this is due to the cell structure that is not uniform. 
The excess amount of filler content that causes the change to the foam structure will
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Fig. 1 Cell Size Diameter of PU Foam a C, b S1, c S2, d S3, e S4 (bar scale = 500 µm) 

Fig. 2 Cell structure 
diagram
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Table 2 Cell size average diameter and thickness 

Specimen C S1 S2 S3 S4 

Average cell size diameter (µm) 577.603 428.365 414.443 409.970 350.278 

Average thickness (µm) 53.240 28.090 34.848 47.248 67.045 

Fig. 3 Pore size of cell against water absorption of PU foam 

eventually cause the cell structure to break [9]. The change in the foam structure 
creates more voids in the foam, which allows for water intake of the foam.

3.3 Relationship Between Cell Size and Water Retention 

Figure 4 shows the graph of the cell size against the water retention of the 
polyurethane foam composite. With the increase in sawdust filler content, there was 
an increase in the water retention of the PU foam. Thus, a quadratic function is shown 
in Fig. 4. 

The control sample could retain the second-highest amount of water in the foam 
relative to other samples. This is because there was no filler in the foam, the mixture’s 
viscosity is low and allowing the foam to grow without any constraints. Hence, larger 
cells were able to form, and water can travel through the foam easily. Water increases 
the pore size, leading to an increase in the permeability of the foam [10]. For the 
foams that contained filler content, the increase in water retention could be attributed 
to the foam’s cellular structure. The filler creates a disturbance in the cell structure, 
which eventually causes the cell wall to break [11]. Therefore, there is a disturbance 
to the foams matrix in which changes the foams forming process and eventually
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Fig. 4 Pore size of cell against water retention of PU foam 

causing defects to the cell structure [12]. Thus, more water can be concealed in the 
cell structure of the foam. 

3.4 Relationship Between Cell Wall Thickness and Water 
Absorption 

Figure 5 shows the thickness of cell wall against the water absorption of the foam. 
It is clear that for the 0 wt%, 1 wt% and 2 wt% sawdust filler content samples, a 
decrease in water absorption of up to 541 percent compared to the cure sample was 
observed. However, for the sample with filler content of 3 wt%, an increase in water 
absorption is seen, similar to the reference sample (C). 

When the filler content is 1 wt% and 2 wt% of sawdust filler, there was less water 
absorption. This can be due to the sawdust being a natural fibre. As the cell walls 
are symmetrical, the sawdust filler blocks the water from entering and exiting the 
foam. Sawdust filler acts as a blockage for the water as it is a natural fibre which 
has multiple layers of cellulosic microfibrils [13]. This causes water to take more 
time to penetrate the cell walls when moving in and out of the foam. As for the 
sawdust filler content of 3 wt% and 4 wt%, it was shown that there was an increase 
in water absorption. This could be because of the lamellae and plateau of the cell 
walls becoming thicker. As the walls become thicker, more irregular shapes starts to 
form in the foam [14] and because sawdust has hydrophilic properties [15], it will 
allow more water to be retained in the foam.
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Fig. 5 Thickness of Cell wall against Water Absorption of PU foam 

3.5 Relationship Between Cell Wall Thickness and Water 
Retention 

Figure 6 shows the thickness of the cell wall against the water retention of the foam. 
Referring to the figure, the increase in sawdust filler from 1 wt% to 4 wt%, increases

Fig. 6 Thickness of cell wall against water retention of PU foam
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the cell wall and the water retention of the foam. A polynomial equation was shown 
in the Fig. 6.

The filler shown to have an increase of water retention with the cell walls 
increasing in size. This reasoning can be because of the fillers’ properties. Sawdust 
contains cellulose fibers which allows the water to stay in three areas which are the 
lumen of the fiber, the cell walls and the spaces between the polyurethane and the 
fiber [16]. Thus, with the increase in sawdust filler, there is also an increase in the 
three areas as confirmed by Lin et al. [17]. This will allow the foam to create more 
space which will allow more water to be absorbed as well as retained by the foam. 
The reference sample (C) was shown to retain the second highest amount of water 
retention compared to the rest of the samples. This can be due to the theory of the 
foams’ cellular structure. Since there is no presence of filler, the foam will be able 
to grow freely creating more open cells to be formed [18]. This allows more water 
to be retained in the foam due to the thick walls created by the foams’ growth. 

4 Conclusion 

In this study, varying amounts of sawdust filler were used to reinforce the 
polyurethane foam. The addition of sawdust filler have a considerable effect on the 
water absorption properties of the material. The study shows that with the increased 
amount of filler content, there is an increase of the cell wall thickness, enabling an 
increase in water retention of all the foams. However, this was not the case for water 
absorption. It was observed for the cell size that the addition of sawdust filler of 1 
wt% and 2 wt% had caused a decrease in water absorption. There was an increase in 
water absorption rate for the samples of sawdust filler of 3 wt% and 4 wt%. Similar 
results were observed in the cell wall thickness against the water retention rate. The 
reasoning behind the observations could be due to the filler acting as a barrier that 
prevents water from entering the foam. With the addition of more filler (in the 3 wt% 
and 4 wt% samples), it causes a deformation in the foam structure, leading to water 
being stored in the voids created by the filler. It was suggested that no surface treat-
ment was performed on the saw dust. The study is limited to 1–4 wt% as high filler 
content resulting high viscosity of the mixture and restricted the foaming process. 
Further work could be focus on the usage of different saw dust particle size and 
treated saw dust particles. 
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Water Absorption and Tear Resistance 
Properties of Polyurethane Foam 
Reinforced with Recycled Paper Pulp 

Ka Kit Lee, Lih Jiun Yu, Isaac Yu Jin Kwa, and Khang Wei Tan 

Abstract The closed cell polyurethane foams acquire low surface hydrophilic char-
acteristics in general. The incorporation of recycled paper pulp in polyurethane foams 
could significantly improve the water absorption and mechanical properties of the 
composite. In this study, the results revealed that the samples with 4 wt% of recycled 
paper pulp showed a significantly higher value in tear strength with an extension of 
34.396 mm at break. The microstructure of samples was found in closed cell struc-
ture, they tends to reduce in cell size, i.e. from 577.60 µm to 390.28 µm after the  
addition of recycled paper pulp (from 0 wt% to 4 wt%). It was also revealed that 
the water absorption rate over a 7 days span was decreased despite the increase of 
filler content of the recycled paper pulp. Nevertheless, the water retention rate was 
improved significantly when the filler content of the recycled paper pulp increased. 

Keywords Polyurethane (PU) · Polyurethane foams (PUFs) · Recycled paper pulp 
(RPP) 

1 Introduction 

Polyurethane foams (PUFs) are playing an important role in our daily life. They 
are developing to be versatile, and the sales of the commonly used products made 
of PUFs is continuously expanding in worldwide market [1]. It was evaluated that 
the overall worldwide consumption of PUFs was approximately RM 264.59 Billion 
in 2017 and it was anticipated to be RM 345.94 Billion in 2021 [2]. The PUFs are 
versatile and flexible. They can be used in various applications such as motor-vehicle,
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manufacturing and construction [3]. PUFs can be easily obtained with affordable 
price. They are also durable and they do not wear out easily. 

PUFs as insulating materials is the most widely used rigid PUFs in the current 
worldwide market due to its closed cell structure and hydrophobic nature which 
shows very little susceptibility to water uptake [4]. They post very low water absorp-
tivity owing to the closely arranged cell structures which does not allow water to 
absorb. For open cell polyurethanes, water are permeable into the inner structure. 
However, the mechanical properties is weaken attributed to its structure character-
istic. Reinforcing material is mixed into rigid PUFs mixture to reinforce the structure 
with some other enhanced properties. It is possible to modify mechanical character-
istics and water absorbing characteristics physically, without changing the chemical 
structure of the rigid PUFs. PUFs acquired minimum surface hydrophilic character-
istic [5]. The recycle paper pulp (RPP) has been chosen as a reinforcing material due 
to its great water absorbing characteristics [6]. Furthermore, reusing recycle paper 
pulp into alternative application is also a green approach to reduce material wastes. 

This research study was conducted by incorporating varies RPP content into 
the PUFs via a one-step mixing method. Characterization was performed on the 
RPP/PUFs in terms of theirs morphology, water absorption properties and tear 
resistance properties. 

2 Methodology and Experimental Setup 

2.1 Sample Preparation 

Figure 1 showed the research flow chart of this work. Polyurethane foam (PUF) 
consisted of two components, where Part A (VORACOR CD1095 Polyol) and Part 
B (PAPI 27 Polymeric MDI) in the mixing ratio of 1: 0.65 was prepared. Recycled 
paper pulps (RPP) were prepared from wet grinding, drying and sieving process. The

Fig. 1 Research flow chart RPP preparation 
(Wet Soaking, grinding and 

drying) 

Preparation of RPP/PUFs 
composite 

(Mixing with PUF components) 

Characterisation 
(Water characteristic & tear 
resistance characteristic)
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Table 1 Sample label and 
recycle pulp content 

Sample name Recycle paper pulp content (wt%) 

CS 0 

RS1 1 

RS2 2 

RS3 3 

RS4 4 

RPP/PUF composite were prepared by incorporating 0 wt%- 4 wt% RPP into the 
Part B, prior to the PUF foaming process. The mixture were allowed to foam and 
settle for a day before characterization. The samples were labelled as in Table 1.

2.2 Analysis and Testing of Polyurethane 

Microstructure 

The microstructure images of RPP/PUF composite were captured using optical 
microscope Olympus-BX51. Image analysis software Image J was used for image 
processing to obtain the morphology data. 

Tear Resistance Test 

Tear strength measurement of PUFs incorporated with RPP was conducted following 
the ASTM-D3574 Test F procedure. The RPP/ PUFs composite was cut into 
152.4 mm × 25.4 mm × 6 mm (L  × W × T). Then, both side of sample was 
clamp at respective jaw grips of machine symmetrically. A tear force of 46 kN and 
ramp speed of 500 mm/min was set. The results were recorded after the samples 
were torn completely. 

Water Absorption Test 

Water absorption test of PUFs incorporated with RPP was managed following 
ASTM-D570 procedure. The PUFs reinforced with RPP was cut into 42.5 mm (d) 
× 25 mm (h). Samples were pre-heated in oven at 60 °C to remove excessive mois-
ture prior to weight measurement. Then, the samples were submerged in water, and 
soaked for a day to weight the water content in the sample. Water absorption test was 
repeated daily up to 7 days. The water absorption percentage was calculated based 
on the daily changes of the wet samples over the pre-heated sample’s weight. The 
water absorption data on the 7th day was used in analysis. 

Water Retention Test 

The samples from the water absorption test were withdrew from the water and placed 
on net to dry naturally. The weight measurement was taken daily up to 7 days. The 
water retention percentage was calculated based on daily changes of water retained
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sample’s weight over the pre-dry sample’s weight. The water retention data on the 
7th day was used in analysis. 

3 Results and Discussion 

3.1 The Effect of Recycled Paper Pulp Loading On 
Polyurethane Foam Properties 

Microstructure 

The PUFs cell structure images of RPP/PUF samples were shown in Fig. 2. Cell size  
measurement was taken on the individual window of the PUF surface. The average 
cell size was tabulated in Table 2. From Fig.  2 and Table 2, it showed that the control 
sample (without filler) acquired highest average diameter and biggest in cell size. This 
is due to the low viscosity of the mixture in the absence of reinforcement material. The 
absence of RPP allowed cells to grow freely without any interference from viscosity 
[7]. It was noticeable that the cell size was reduced when the reinforcement material 
was incorporated into the system. This allowed the air bubbles to grow simultaneously 
and nucleated during the synthesis process. With increase of RPP content in PUFs, it 
changed the nucleation growth from homogenous to heterogeneous which reduced 
the nucleation’s barrier. 

With increase of filler content, the filler particles tends to agglomerate, distorted 
the cell growth hence resulting in cell dysplasia [8]. As a results, RS 4 with the 
highest filler content exhibited smallest cell size due to the rupture of structure in cell 
contributed by the high viscosity in the mixture. The agglomeration was found to be 
more exaggerated accumulate near the cell struts when higher RPP was incorporated. 

Tear resistance test 

The sample tear resistance results are displayed in Table 3. From Table 3, the  samples  
with higher RPP content experienced longer extension length before the sample 
break. RS 4 was recorded to have highest extension value in all samples. The higher 
extension length at break was attributed to the microstructure presented. RS 4’s 
microstructure displayed largest number of closed cells with smallest average cell 
size (Table 2). The existence of large number of closed cells with thick wall and struts 
highly enhanced the structure of PUFs [9]. Furthermore, RS 4 consists high filler 
content (4 wt%), it was found to have agglomeration distributed near the cell walls, 
possibly contributed positive mechanical reinforcement effects to the composite, 
resulted improvement in the sample’s tear resistance. In general, the tensile strength 
of fiber reinforced PUFs were increased with increase of fiber loading [8]. An evenly 
scattering of reinforced material within the fibre-matrix could strengthened the walls 
and struts resulting in greater mechanical properties [9]. However, it was found that 
the changes of filler content had no significant impact on the load at break for all
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Fig. 2 Microstructure of RPP/PUF samples: a CS, b RS1, c RS2, d RS3, e RS4, scale bar = 500 
(µm) 

Table 2 Average diameter of 
cells of fabricated samples 

PUFs Average size diameter (µm) 

CS 577.60 ± 78.43 
RS 1 397.50 ± 38.23 
RS 2 472.22 ± 100.54 
RS 3 435.56 ± 80.96 
RS 4 390.28 ± 136.20



332 K. K. Lee et al.

Table 3 Tear test of 
RPP/PUF samples 

Sample Extension (mm) Load at break (N) 

CS 19.397 46.739 

RS 1 21.895 46.552 

RS 2 21.896 46.451 

RS 3 32.730 46.715 

RS 4 34.396 46.612 

RPP/PUFs samples. It was suggested that the slippage of short fiber RPP occurred 
during tearing process, the load might not be sufficiently transferred between the 
fiber-matrix.

The Relationship between Cell Size and Water Absorption 

The relationship between cell size and water absorptivity rate of every reinforced 
samples shown in Fig. 3. It can be seen that increment of RPP filler content has no 
significant improvement in water absorption, where the incorporation of RPP showed 
lower water absorption rate, as compared to control sample. For closed cell structure 
PUFs, samples with cell size range between 400 and 500 µm, water absorptivity 
characteristics can be considered similar. There was a sudden hike in graph when cell 
size reached 577.6 µm, in which the water absorptivity rate increased significantly. 
The control sample acquired a larger cell size which allowed water to enter the cell 
structure easier [10]. This explains why control sample experiences highest water 
absorption uptake in comparison to other samples. 

From Fig. 3, the addition of RPP from 1 wt% to 2 wt% caused reduction in water 
absorption rate, whereas the addition of reinforcing material increased the water 
absorption rate. The results was in disagreement with Ibrahim et al. [11], where

Fig. 3 Cell size versus water absorption
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the water uptake rate of the empty fruits palm/recycle paper pulps increased with 
increase of recycle paper pulp content. This could be attributed to the reinforced 
material (RPP) acting as a barrier which stop water from entering the cell structure at 
low concentration. Nevertheless, with excess supply of reinforced material, it caused 
deformation in cell structure of PUFs which would eventually allow more water to 
store in voids created by the reinforcing material.

The Relationship between Cell Size and Water Retention 

The relationship between the cell size and water retention rate of each reinforced 
samples was shown in Fig. 4. From Fig.  4, with cell size ranged from 400 µm to  
500 µm, the water retention was fluctuating within a small range (i.e. 7–8%). There 
was a drastic decrement when the cell size reached 600 µm; the water retention 
rate decreased significantly. The genuine PUFs suffered greatest water loss among 
all the samples. From Fig. 4, the reinforced samples were recorded to have more 
favourable water retention rate compared to genuine PUFs. This could be due to 
the more compact and smaller cell size which increased the holding capacity of 
fluid in PUFs, the water molecules were encapsulated within the cell structure. As 
mentioned earlier, the absence of RPP as nucleation sites in genuine PUFs allowed 
cells to grow freely without interference from viscosity. This would cause genuine 
PUFs to acquire opened and bigger cell size. Thus, allowing water to enter and leave 
cell structure easily. The bigger cell size would form canals throughout the PUFs 
to ease the water drainage. Furthermore, RPP is a water absorbent which is rich in 
hemicellulose that help to retain more water [12], holding the moist within the cell 
structure thus delaying the evaporation process and drying rate process. 
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4 Conclusion 

Increment of RPP content improve the tear resistance, the samples experienced longer 
extension before break. The addition of RPP content has no signification improve-
ment in water absorption and water retention properties. This could be explained that 
close cell structure formation of the synthesized PUFs. Addition of RPP decreased 
the cell size of PUFs, limiting the water molecules to permeable through the close 
cell structure. For water retention properties, RPP reinforced samples showed better 
water retention properties than control sample due to encapsulating effect of the cell 
structure and water absorption effect of the RPP. Further work could be done on the 
open cell structure PUFs in order to improve water absorption properties. 
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Influences of the Gate System Design 
on the Plastic Injection Molding Process 

J. B. Saedon, Siti Sarirah Binti Mohamad Noh, and M. S. Adenan 

Abstract Many factors influenced the final product of an injection molding process. 
All the factors are needed to be optimized to able to use the most optimum choice 
and produce a defect-less product. In this study, a series of gate system designs on 
the syringe’s body was analyzed with a fixed dimensions and parameters values to 
obtain the most ideal design. The model was developed on CAD software, and the 
gate system was built in the CAE software. There were three different designs of 
the gate system; Design 1, Design 2, and Design 3. Then, a series of results were 
discussed and compared between all three designs. The main focused was how each 
design influenced the results, the whole process, and hence the final product itself. 
It was found that Design 2 was the most reliable gate system design. A design that 
has one injection location on each syringe and it’s located at a discreet point of the 
body’s surface. 

Keywords Plastic injection molding · Gate system design · Gate location 

1 Introduction 

The plastic injection molding process is a commonly used process among plastic 
materials. It is a 300 billion market in the world that produces up to five million tons 
globally each year [1]. Although the process is costly at the beginning, it is already 
balanced out with having a low running cost for many years to come [2]. Thus, the 
process is preferably used across many industries in the world. 

Plastic injection molding like many other processes has many factors that needed 
to be considered. A lot of past papers done in optimization analysis were to find 
optimum parameters for the product intended. Optimization is crucial to prevent
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unnecessary defects occurred on products. Warpage, shrinkage, and weld lines forma-
tion are among the common defects in the process. It is very essential to optimize 
the process to have a consistent product quality [3]. 

Some of the major parameters that significantly influenced most defects are 
melt and mold temperature, holding pressure, injection pressure, injection time, and 
cooling time [3]. An example of the connection between the parameters and the 
defects is when given a low injection temperature and pressures, it will result in 
incomplete filling of the polymer. In other words, it caused a short shot, where the 
incompleteness is due to air existence inside the mold [4]. Other than that, having 
too much of a clamping force will also lead to insufficient air not able to vent out of 
the mold and ended up with a short shot defect as well [5]. 

Conversely for thin-walled products, injection speed, melt temperature, mold 
temperature, and injection pressure are insignificant factors to aid the warpage defect 
[6]. Warpage is mainly caused by the shrinkage variations on products during the 
injection process. A bad setup of the sprue-runner-gate system also can affect the 
part to warp excessively [7]. Unsuitable use of the size and geometry of the runner 
and gate system also can affect the internal and external parts of the product [8]. 

Many overlook the importance of having an optimized design of the gate system 
too. According to Mehdi Moayyedian, the cross-section of the gate is important to 
minimize the visible blemishes on the product and also to have a better flow of the 
molten pallets into the cavities [8]. The gate cross-section should also be small in size 
to prevent it from leaving a visible mark when demolding. Also, to avoid overfilled 
and underfilled in the mold, the runner dimensions must always be larger than the 
part attached [9]. 

Thus, this study aims to find the influences the gate system designs have on a 
disposable syringe’s body. The gate system will be developed using a CAE software; 
Autodesk MoldFlow Insight and all dimensions and parameters will be fixed since 
the main aim is to observe the influence of the designs. The analysis results will show 
how each defect varies in each gate design and select which design is better among 
the three designs. 

2 Methodology 

2.1 Phase I: CAD Development 

In this phase, the syringe’s body was developed using CAD software; CATIA V5R21. 
This 3D model as shown in Fig. 1 was drawn out using the dimension from an existing 
disposable syringe. The syringe’s body is only 70 mm in length with a thickness of 
1 mm and a volume capacity of 5 ml. 

The material used for this disposable syringe’s body is Polypropylene (PP). It is 
a very common material to be used for disposable syringes and many other medical 
applications like pill containers, specimen bottles, etc. PP also was chosen because
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Fig. 1 Developed 3D Model 
of Syringe Body 

Table 1 Mechanical 
Properties of Polypropylene 
(PP) 

Parameter Value 

Melt temperature (°C) 200–300 

Injection mold temperature (°C) 10–80 

Heat deflection temperature (°C) 157 

Tensile strength (MPa) 55.2 

Shrink rate (%) 1.5–3.0 

Density (kg/m 904–908 

Young modulus, E (MPa) 3520 

of its good in bacterial and high chemical resistance. Table 1 shows some of the 
mechanical properties for the used material; polypropylene. 

2.2 Phase II: Developing the Gate System 

The current research will have three types of runner designs, each with a different 
injection location. All three designs have the same dimensions throughout the simu-
lation which are shown below in Table 2. The gate used in this research was the 
tunnel gate shape. The dimensions for the gate system were chosen based on the 
consideration of the gate shape which the tunnel gate usually acquired 50–80% of 
the injected wall. While the runners were kept in union dimension despite in Design 
1 and 2 have branch runners. This is to easier dictate which design has the most influ-
ence on the process wholly. The gate system was developed using a CAE software; 
Autodesk MoldFlow Insight. 

Table 2 Gate system dimensions 

Sprue Runner Side Gates 

Orifice diameter 2.5 mm Diameter 5 mm Orifice diameter 2.5 mm 

Included angle 3° Included angle 7.07 mm 

Length 30 mm Angle 15°
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A gating suitability analysis has been done before positioning the injection loca-
tion on all three designs. The analysis result was shown in Fig. 2. The deep blue color 
remarked the best position to place the injection sprue. While the red color remarked 
the worst position to place the injection point. 

As shown in the figures, Fig. 3a shows Design 1 of the gate system. In this design, 
the syringes were positioned in one horizontal line and were placed at the worst point 
area for injection location. Each syringe was connected by the runner and had each 
side gate on both sides of the plunger hole. This design was to test out the efficiency 
of using two side gates on each syringe instead of one. Although the gating suitability 
analysis has marked the area in. 

Meanwhile, Design 2 and Design 3 are shown in Fig. 3b, c respectively, they 
were stacked in parallel, and the side gates were reduced to one at each syringe. The 
Design 2 injection location was also situated at the worst point area which was at the

Fig. 2 Gating suitability analysis 

Fig. 3 Gate system design: a design 1; b design 2; c design 3
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Table 3 Parameters value for 
the analysis 

Parameters Unit Values 

Mold Temperature °C 50 

Melt temperature °C 220 

Flow rate cm3/s 50 

Injection pressure Mpa 9 

Cooling time s 20 

end corner of the barrel. For Design 3, the injection location was placed at the best 
location using a simple runner design that connected both syringes in the middle of 
the barrel.

Both Design 1 and 2 have been placed in the red zone location, although it was 
marked as the worst area. This is to fulfill the purpose of aesthetics features in the 
product. Since the best injection location would disturb the labeling on the barrel 
part of the syringe’s body, Design 1 and 2 will be testing out the gate design in a 
more discreet position on the syringe’s body. While Design 3 will be used to observe 
gate position on said best injection location. 

2.3 Phase III: Simulation Process on CAE Application 

Last but not least, for the third phase, the simulation analysis on those three designs 
had taken place. The simulation was also done in the same software to develop the 
gate system; Autodesk MoldFlow Insight. 

All the simulations were done in the Fill + Pack + Warp sequence. The syringe 
has meshed with 123,703 elements. The parameter values which had the same values 
throughout three design analyses were filled on the process settings tab. The values 
can be referred on Table 3. 

3 Experimental Results and Discussion 

3.1 Fill Time 

For this fill time result, it will show the time duration of the design took to become 
a finished product through the injection molding process. 

As shown in Fig. 4, those are the results taken from each gate system design. For 
Design 1, the fill time was at 0.0267 s while for Design 2 was the longest among 
them was at 0.0323 s and the least one was Design 3 at 0.0233 s having a slight 
difference with Design 1.
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Fig. 4 Fill time results: a design 1, b design 2, c design 3 

From the results, it can be observed that Design 3 has the shortest fill time. That 
shows a good sign for using a gate design that has a simple and forward runner 
connecting the syringes. Similarly shown by the result comparison done in the past 
paper by Yathish Kumar, whereby using a direct sprue for the type of gate produces 
the fastest fill time than the others tested [10]. 

A faster fill time is what to be achieved for in manufacturing mass products. 
Although having a slight difference of 0.001 s, it could make a huge difference in 
the total product produced in a day. Thus, for the gate system, the design should be 
taken in mind to be as simple as it could to achieve a good and least fill time. 

3.2 Air Traps 

Next is about air traps result. Air traps can cause short shot defects which usually 
occurred around the corner of a thin-walled product. These air traps are air bubbles 
that are stuck in between the product wall. 

The air traps that occurred in the three designs can be seen circled in red in Fig. 5. 
All three designs showed that the air bubbles were on a similar area which was on the 
corner tip of the hub and at the corner of the plunger hole. However, only on Design 
3 that the air bubbles were visible on some part of the barrel part of the syringe. 

In comparison, all three designs have quite severe air bubbles trapped on the corner 
of the syringes’ wall. Although air traps in inevitable, having the right gate system 
design could impose a great difference on the product [11].
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a) b)

c)

Fig. 5 Air traps result: a design 1; b design 2; c design 3 

Design 3 had the most air bubbles on the syringe’s body, despite having the fastest 
fill time among the three designs. This is due to the placement of the injection location 
where only Design 3 had the location on the barrel part of the body instead of on the 
area of the plunger hole. Thus, this can be said that injection location is important in 
reducing unnecessary air bubbles. 

3.3 Weld Lines 

Weld lines are one of the common defects in the injection molding process. This 
defect happened when two molten plastic injected intercept each other. It also easily 
occurs on a weak spot area of a product [12]. 

As shown in Fig. 6, weld lines in red circles occurred the most in Design 3. The 
corner had become the weak spot for the syringe because of the presence of air 
bubbles. Meanwhile, Design 2 has the least weld lines among the three. 

Weld lines can also easily occurred when there is more than one injection loca-
tion [12]. This explains why Design 2 has slightly fewer weld lines than Design 1. 
Although Design 3 has only one injection location on each syringe, the corner around 
the plunger hole has become a weak part due to the existence of air bubbles.
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a) b) 

c) 

Fig. 6 Weld lines results: a design 1, b design 2, c design 3 

In Design 2 and Design 1, the effect of using one or two injection locations can 
be seen around the plunger hole. In Design 2, the weld lines were spotted only on 
the opposite of the injection location whilst on Design 1 there were three spots of 
weld lines along the ring. 

3.4 Sink Marks 

In this result of sink marks, it is to observe at which part that will have a coagulated 
surface due to internal part of the wall had solidified first before the surface does. 
Sink marks usually occurred on the thick wall and are also detrimental defects for 
aesthetic products [13]. 

Based on Fig.  7, all three results showed the sink marks in the red circles occurred 
similarly at the corner that connects the syringe’s barrel and the plunger hole. Designs 
1, 2, and 3 had sink marks shaded at 0.0115 mm, 0.0121 mm, and 0.0246 mm each 
respectively. 

Since sink marks are visible on the surface of the product, it is crucial to minimize 
them down to none. The sink marks position will affect the plunger to function 
properly with the syringe’s body. Based on the results, Design 1 has the smallest sink
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a) b) 

c) 

Fig. 7 Sink marks results: a design 1; b design 2; c design 3 

marks on the syringe’s surface, while Design 3 has the most among the three. This 
shows that having a two-injection location helps to reduce the sink marks better than 
one injection location. 

3.5 Warp: Deflection All Effects 

Last but not least for the result is the deflection or warp analysis. Warpage can be 
meant as a deformation of the product. It is the most common defect that happened 
in the plastic injection molding process. 

For these three gate system, it can be seen as that the deflection occurred were 
not that significant. Based on Fig. 8, the worst reading in red-colored for Design 1, 
Design 2, and Design 3 were 0.1272 mm, 0.1285 mm, and 0.1246 mm respectively. 
Whilst for the minimum reading in deep blue color was 0.0225 mm, 0.0356 mm, and 
0.0007 mm. 

As seen in the results above, all three designs showed a very minimal deflection. 
Design 3 has the most minimal deflection of them all. All the readings were almost 
similar to each other and the pattern shown on the figures showed most of the least 
reading of deflection only.
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a) b) 

c) 

Fig. 8 Warp results: a design 1, b design 2, c design 3 

Thus, from the result, it can be gathered that the gate system design does not affect 
significantly the deflection results. 

4 Conclusion 

In a nutshell, Design 1 has the least sink marks while Design 2 has fewer air bubbles 
trapped in the syringes and fewer weld lines among the other two. Design 3, has the 
fastest fill time and also the least deflection occurred on the syringe’s body. 

However, even though Design 3 may be the fastest in fill time, it has one other 
detrimental defect and that is on the gate system design itself. Although it was placed 
in the best position of injection location, the runner will leave out an obvious mark 
on the barrel surface after demolding. A simple runner is what to be achieved but a 
smooth body surface is crucial for syringes to have labels print out on their surface 
later on. 

For Design 2, although not having the least fill time among the three, it triumphed 
on having the least air traps and weld lines. On the design side, although it is situated 
on the worst point for injection location, the position is much more discreet in having 
the inevitable mark from the gate system design.
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Thus, this concludes that Design 2 is a more reliable gate system design and 
influenced a better-produced product for this simulation study. Any future works can 
be done in actual experimental work to proof the simulations studies done in this 
research. 
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Optimization of Quick Release Hanging 
Hook Design and Fabrication Using 3D 
Printing 

K. Saptaji, M. A. Prayogo, H. N. Fauzah, L. A. Nugroho, C. L. Chan, 
and F. Triawan 

Abstract 3D printing technology has been widely applied for academic research 
and industries. The 3D printing can be used for reverse engineering purpose such 
as to produce an existing object, components, or products. It can also be used to 
modify product development, such as improving simple or complex designs with 
higher endurance for its function. In this study, a quick release hanging hook design 
was developed and a prototype was fabricated using 3D printing with a thermo-
plastic material such as PLA. The quick release hanging hook needs to fulfill some 
requirements such as ease to be inserted and released from the bottom side of the 
pegboard, fit into 12.7 mm diameter of the hole and 3.81 mm pegboard thickness, 
and being able to carry and hold a minimum of 7 kg load. The 3D design was built 
and simulated to determine the strength. The simulation result by ANSYS software 
shows the maximum stress was not exceeded the yield strength of the PLA material 
and has a safety factor of 1.7. The proposed design was 3D printed using the FDM 
process and successfully achieved the 7 kg minimum load. 

Keywords 3D printing · Finite element simulation · Fused deposition modeling 
(FDM) · Design optimization · Quick release hanging hook 

1 Introduction 

Additive manufacturing or 3D printing is widely used for fabricating complex geome-
tries or structures from 3D model data [1, 2]. 3D printing is becoming a popular 
fabrication method to produce various plastic products ranging from small to large
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sizes, especially in the innovation stage [3–5]. This “layer-by-layer” additive manu-
facturing technique allows customized products [6] and minimizes material use [7]. 
For instance, it has been applied for rapid prototyping purposes in robotics, medical, 
and vehicle components [8–10]. The application of 3D printing becomes broader 
due to the sharply decreased of cost in the past five years, while its performance has 
notably increased [11]. In addition, many developments of new 3D printing machines 
using various mechanisms have been performed such as using H-Bot [12]. Therefore, 
the 3D printing machine is suitable for product prototyping. 

One of the products that can be produced by 3D printing is a custom quick release 
hanging hook used in a pegboard. In recent years, the combination of a pegboard 
and the hook is a popular choice to hang a variety of objects. It is space-saving, 
displayable, affordable, portable, neat, etc. Fused Deposition Modelling (FDM) is 
one of the additive manufacturing methods for printing 3D-designed objects layer 
by layer which having low-cost and can be conducted with various materials, such 
as Polylactic Acid (PLA), Acrylonitrile butadiene styrene (ABS), thermoplastic 
polyurethane (TPU) [13]. 

This paper aims to design and optimize quick release hanging hooks and fabricate 
the prototype using a 3D printing. The proposed hanging hook is specified for a heavy-
duty pegboard installed on the ceiling. The requirements of the hook design can be 
installed and removed in few seconds, released from the pegboard bottom side only, 
and capable of holding a minimum of 7 kg weight. Each hole of the pegboard has a 
12.7 mm diameter and 3.81 mm thickness. The present work can be used as a case 
study in learning the manufacturing processes course, mainly additive manufacturing 
topics and its application in rapid prototyping for engineering students. 

2 Methodology 

The method to produce a quick release hanging hook can be divided into the following 
stages, (i) concept design, (ii) finite element simulation, (iii) 3D printing, and (iv) 
load testing. The designing process was conducted by a literature review study from 
various resources. The designing process was conducted using SolidWorks software. 
Subsequently, a stress analysis simulation of the design was conducted to obtain and 
understand the distribution of stress when the load was applied to the object. The 
hanging hook design was then fabricated using 3D printing. Once the prototype was 
ready, load testing was conducted by installing the 3D printed proposed quick release 
hanging hook onto the ceiling pegboard dan applying the load on the hanging hook. 
The testing performed to confirm that the proposed quick release hanging hook can 
fulfill the requirements and validate the simulation results.
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Fig. 1 Design candidate 1 (left) and candidate 2 (right) of the quick release hanging hook 

2.1 Concept Design 

There are specific requirements of the design for the hanging hook used for the ceiling 
pegboard. As the pegboard is installed at the ceiling, the hanging hook can only have 
access from the bottom, which means it can only be installed or uninstalled from the 
bottom side of the pegboard. Moreover, it also must fit into a 12.7 mm diameter of 
hole and 3.81 mm pegboard thickness. The hanging hook must be easily inserted and 
released from the pegboard (quick release hanging hook). In addition, this hanging 
hook must carry and hold a minimum of 7 kg load. 

In this study, the iterative process of designing was conducted in which resulted in 
two design candidates. The 3D model of the hook was developed using SolidWorks 
software. The two design candidates are shown in Fig. 1. 

The proposed design was inspired by the letter “J.” However, it was added with 
additional features for the ease of installation and removal from the pegboard. In 
addition, the elements were also added to make sure the hanging hook can carry 
the required load. Each design has a diameter of 8.0 mm, which met the design’s 
requirement, where it has to be fit into a 12.7 mm pegboard’s hole, while the additional 
features have a diameter of 6.0 mm. However, design candidate two is selected 
as the final design due to its simplicity, and also it is expected to be easier for 
fabrication using 3D printing. Figure 2 shows the detailed dimensions of the design 
candidate 2. 

2.2 Finite Element Analysis 

The finite element simulation was conducted using ANSYS workbench software. 
The static structural analysis was used to determine the capability of the design to 
hold at least 7 kg of load. Polylactic Acid (PLA) is selected as the material for the 
hanging hook, similar to the material for 3D printing. The material properties of 
Polylactic Acid (PLA) are shown in Table 1.
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Fig. 2 The dimension of the design candidate 2 (in mm) 

Table 1 Material properties 
for PLA 

Properties Value Unit 

Density 1.25e − 06 kg/mm3 

Poisson’s Ratio 0.3 – 

Young’s Modulus 3.45 GPa 

Thermal Conductivity 0.000144 W/mm °C 

Specific heat 1.19e + 06 mJ/kg °C 

Tensile Yield Strength 54.1 MPa 

Tensile Ultimate Strength 59.2 MPa 

The simulation setup with the boundary conditions and applied load is shown in 
Fig. 3. The top part is set to be fixed since the actual application of the upper part is 
placed into the pegboard hole. At the same time, the load applied at the bottom part 
with a force of 68.67 N or equal to 7 kg. 

2.3 3D Printing Process 

The fused deposition modeling (FDM) 3D printing method is used to fabricate the 
proposed hanging hook design prototype. Anycubic I3 Mega is used for printing 
the design with the filament material selected is Polylactic Acid (PLA) (Fig. 4). In 
order to fulfill the requirements, the 3D printed heavy-duty hanging hook was made 
of 100% PLA. PLA, a biodegradable thermoplastic, is made out of fermented plant 
starch [14, 15]. This material was chosen because of its commonness and had high 
tensile strength [16, 17]. Even though build orientations and heat treatment also affect 
the mechanical properties of 3D printed PLA material, especially the yield strength,
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Fig. 3 Boundary conditions used for static structural analysis 

Fig. 4 Anycubic I3 Mega

ultimate strength, and elastic modulus [18]. In addition, PLA can also be recycled 
and be used again as a 3D printing filament [19]. It is known that the price of plastic 
3D printing materials such as PLA and ABS is considered to be low around $21.00 
per kg. Then, the design file created in Solidworks and simulated in ANSYS had 
then converted the format to .stl to be used for 3D printing. Subsequently, CURA 
software was used to set the 3D printing parameters. 
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Fig. 5 Pegboard used in this experiment (left), pegboard positioned vertically to represent when 
installed in the ceiling (middle) and 7 kg load (right) 

2.4 Load Testing 

Experimental work conducted to examine the performance of the 3D printed quick 
release hanging hook. The hanging hook tested to observe the easiness during the 
insert and release from the bottom of the pegboard as one of the design requirements 
(quick release). In addition, once the hanging hook settled in the pegboard from the 
bottom, a load of about 7 kg was hanged at the bottom part of the hanging hook for 
testing the hanging hook’s strength. Figure 5 shows the pegboard and load used in 
this experiment. 

3 Results and Discussion 

The selected design candidate, design candidate two, was analyzed using ANSYS 
workbench, fabricated using 3d printing process and load testing. 

3.1 Finite Element Simulation 

The static structural simulation result presented in Fig. 6. As can be seen in Fig. 6, 
the maximum stress occurred is 31.423 MPa. The maximum stress is at the elbow 
located at the upper section of the hanging hook. The maximum stress occurred at 
that location because this elbow has a right angle (90°) and located at the upper side 
and periphery of the pegboard hole. This position can be considered as critical and 
high-stress concentration. In addition, the maximum stress value does not exceed 
the tensile yield strength value of the PLA material. It implies that this design can 
withstand the 7 kg applied load.
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Fig. 6 Static structural simulation result 

The safety of factors can also be calculated using ANSYS software. The safety 
factor is presented in Fig. 7. The safety of factor value obtained from the simulation 
is approximately 1.7 with attaching a load of 68.67 N. It implies that the proposed 
design can hold 7 kg + 70% of 7 kg or equal to 11.9 kg load. However, the simulation 
performed in the ideal condition with no defect or internal crack during the printing 
process. The defect or internal damage may affect the strength of the hanging hook. 
Hence, the maximum allowable load for the hanging hook is less than 11.9 kg, but 
it can still hold 7 kg of load. 

Fig. 7 Safety of factor analysis of the design
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3.2 3D Printing Process 

The 3D printing process using Anycubic I3 Mega is shown in Fig. 8. The printing 
parameters used are layer thickness of 0.2 mm, infill density of 70%, infill pattern 
zig zag, print speed of 50 mm/s, time of 44 min, and temperature of 200 °C. The 
selection of parameters can affect the hanging hook capability in carrying the load. 
Increasing the layer thickness could affect the strength, modulus elasticity, and loads 
that can be accommodated by the hanging hook [20]. The density determines the 
mechanical strength and stiffness of the design and the material filling in making 
the layers [16, 21]. The higher the value of density, the more compact and solid the 
object. However, the weight of the hook would be higher and decrease the design 
effectiveness; therefore, the density chosen to be 70%. Figure 9 shows the 3D printed 
hanging hook. The hook has a “J” letter with dimensions of 8 mm of thickness and 
9 g of weight. 

Fig. 8 Printing process 

Fig. 9 Result of 3D printing



Optimization of Quick Release Hanging Hook Design … 355

Fig. 10 Pegboard position during the test (left), installation of hanging hook onto the pegboard 
from the bottom (middle), load testing applied on the hanging hook (right) 

3.3 Load Testing 

After the printing process, a load testing experiment was conducted. The load testing 
was performed to confirm the design fulfilled the requirements and hung with a load 
of about 68.67 N or 7 kg. Figure 10 shows the experimental setup. The pegboard 
was positioned horizontally, and then the hanging hook was inserted from the bottom 
hole of the pegboard. Practically, during the insertion and removal, the 3D printed 
hanging hook was considered a quick and convenient process without effort. The 
insertion and removal time for the hanging hook is around 2 s. It proves that the 
proposed design fulfilled the requirement of “quick release.” 

Figure 10 also shows the proposed quick release hanging hook was tested with 
the 7 kg load. The load was applied by tying up the cylindrical weight to a rope. 
Another end of the rope was used to tie up to the hanging hook. The hanging hook 
was able to carry the required load without failure. Hence the design of the quick 
release hanging hook was successful in fulfilling the strength requirement. 

4 Conclusion 

In this work, a prototype of a hanging hook that can quickly be inserted and released 
from the bottom part of the horizontal pegboard was developed and fabricated. The 
proposed design was able to fulfill the requirements defined as (i) can be easily 
inserted, and release from the bottom side of the pegboard (quick release hanging 
hook), (ii) fit into 12.7 mm diameter of a hole, and 3.81 mm pegboard thickness, and 
able to carry and (iii) hold a minimum of 7 kg load. The simulation result shows the 
maximum stress does not exceed the yield strength of the PLA material and has a
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safety factor of 1.7. The proposed design was 3D printed using the FDM process and 
successfully achieved the 7 kg minimum load. In addition, the present work could 
also be helpful for lecturers in demonstrating the application of 3D printing in rapid 
prototyping to mechanical engineering students. 
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Prediction of the Creep Behavior of P91 
Steel at 873 K Using Continuum Damage 
Mechanics Model 

Imam Ul Ferdous, N. A. Alang, and J. Alias 

Abstract Creep deformation is one of the life-limiting factors for the high-
temperature components. As a result, there is a considerable amount of interest in 
predicting the creep rupture life of the high-temperature component during the design 
stage. The present paper intends to predict the creep rupture behaviour of the P91 steel 
using the Kachanov’s continuum damage mechanics (CDM) at 873 K. The uniaxial 
creep rupture test was conducted at 873 K using three specimens, extracted from a 
commercial P91 steel pipe. Two different sets of material parameters for short-term 
and long-term creep prediction were determined using experimental data and NIMS 
data, respectively. Using the estimated material constants, creep behaviour in terms 
of creep strain–time and time to rupture at different stress levels have been predicted. 
In the case of lower stress level (long-term creep), Kachanov’s CDM model underes-
timates the creep rupture life, whereas, for higher stress levels (short-term creep) the 
predicted data showed a good agreement with the experimental data except for the 
stress of 145 MPa which may attribute by the transition of creep damage mechanism. 
It is worth to be noted that, all the predicted lives are fall within a factor of two. 

Keywords Continuum damage mechanics · Creep · Creep strain rate · P91 steel ·
Rupture 

1 Introduction 

Numerous material design innovations have resulted from the urge for more efficient 
power generation. Because of the high creep and fatigue strength, adequate oxidation 
resistance, and reasonable price, the usage of martensitic 9–12% Cr steels for thermal
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power plant components has expanded dramatically in recent decades [1]. P91 or 
T91, which contains 9% chromium and 1% molybdenum, is one of these steels. It 
contains alloying elements such as Nb and V, which combine to generate fine, stable 
carbides and carbonitrides precipitates [2]. By interrupting dislocation movement 
and delaying plastic deformation by blocking grain boundary sliding [3], preserving 
finer grains during austenization [4, 5], and prolonging the initiation of tertiary creep 
stage [6], these improve its high temperature creep strength. 

In the thermal and nuclear power generation industries, P91 steel is a significant 
structural material for steam generator applications. The steel has been chosen for 
manufacturing the major components like a tube, steel pipe, and thick section tube-
plate in the steam generators for having high-temperature mechanical properties [7]. 
It exhibits better creep, tensile and low cycle fatigue than the conventional steels 
containing Cr content up to 9% i.e., plain 9Cr-1Mo steel and other steel like 2.25Cr-
1Mo [8]. P91 steel shows some degree of creep strength degradation at very long 
creep duration, thus high and low-stress regimes in terms of stress dependence of 
minimum creep strain rate and rupture life is usually observed [9]. 

The creep deformation of a material in its creep area is inevitable after a certain 
time. Ultimate material failure due to creep deformation cannot be avoided in this 
case but can be controlled through correct system design and regular monitoring. 
For that reason, it is necessary to establish a prediction model to predict the rupture 
life of the component’s material for avoiding abrupt accidents and ensuring flawless 
operation of the plant. In the recent past, different approaches have been made to 
describe the creep behavior in martensitic steels. The approach based on the CDM 
model was made by McLean et al. [10], Yin et al. [11], and Semba et al. [12] to  
describe the creep behavior. But it is worth to be noted that, though it offers an 
obvious advantage for the computation; it can offer poor extrapolation if there were 
more than one damage mechanism are operating in the stress/temperature regime 
because it requires a large number of parameters to predict the rupture life. 

In the present study, the Continuum Damage Mechanics approach has been imple-
mented to predict the rupture life of P91 steel. The necessary material parameters 
are determined by plotting the best fit curve for minimum creep strain rate against 
stress (A and n) and rupture life against stress (M and V), and matching the predicted 
creep curve with the experimental curve. The results are compared and the reasons 
for possible deviations are investigated.
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Fig. 1 Detailed dimension of plain creep specimen 

2 Methodology 

2.1 Material and Specimen 

Three plain specimens were extracted from the commercial P91 steel pipe in the 
longitudinal direction. The detail of the specimen’s geometry, which is used for in-
house creep testing is shown in Fig. 1. Additional plain bar creep rupture data is 
taken from the literature [13, 14]. 

2.2 Creep Rupture Testing 

The creep rupture test was carried out according to the suggested test procedure 
enlisted in the standard ASTM E139 [15]. A dead-load creep testing machine was 
used to carry out the tests, which had a lever ratio of 1:50. Figure 2 shows the 
accessible uniaxial creep testing machine in Universiti Malaysia Pahang and its inte-
grant parts. The machine was equipped with a furnace and a temperature controller 
to provide a controlled high-temperature environment around the specimen. The 
specimen was placed inside the furnace using lower and upper grip (Fig. 2b). The 
elongation of the material in the longitudinal direction was measured using LVDT 
(Linear variable differential transformer), which was installed using a clamp holder. 
There were three K-type thermocouples, which were embedded in the furnace at 
three suitable locations; top, middle and bottom to measure the temperature of the 
specimen. The specimen was heated to 600 °C and ensured the uniform temperature 
distribution for the entire specimen. Then the pre-defined load was applied through 
the lever. It was taken care of that the deviation between all thermocouples should 
not exceed 2 °C during the test. The creep displacement data were collected every 
2 min during the primary stage and during the secondary stage, the increment was 
for every 10 min. The test was continued until the specimen gets ruptured (Fig. 3). 
Table 1 shows the test matrix for the creep test.
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Fig. 2 Experimental setup: a overall and b close-up on creep specimen 

Fig. 3 Fractured specimen of P91 steel 

Table 1 Test matrix for 
creep rupture testing 

Specimen type Temperature, T 
(°C) 

Net stress, σ (MPa) 

Plain 600 100 [13] 

110 

120 

145 [14] 

160 

170 Experimental data 

180 

190
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2.3 CDM Approach 

In this study, an empirically-based CDM model has been used to predict the rupture 
life of the P91 steel. The model was first introduced by Kachanov [16] and Rabotnov 
[17] to quantify the tertiary stage of creep in the 1950s. 

The term creep damage is coined by engineers to explain the progressive loss 
of load-bearing capacity under the influence of high stress and temperature which 
manifests itself as a tertiary creep. However, the reduction of the strength of the 
material can be initiate due to various mechanisms of degradation (grain boundary 
cavitation, dynamic subgrain coarsening, and mobile dislocation multiplication), but 
the engineering solution introduced by Kachanov [16] was to implement a single 
empirical parameter which attempts to address all these damage mechanisms. In 
the model, he incorporated a power-law creep rate formulation with a power law-
dependent damage evolution equation. 

Under the domination of secondary creep, the overall deformation of the material 
can be described by steady-state creep strain rate or minimum creep strain rate, ε̇m 
and is expressed by: 

ε̇m = Aσ n (1) 

Equation (1) is also known as Norton power law. The deformation mechanisms 
are different in the short- and long-term creep. For that reason, bi-linear power-law 
lines are suitable to describe the minimum creep strain rate versus stress data. In such 
a case, two-regimes Norton law relation can be expressed by Eq. (2). 

ε̇m = Aσ n
⎧
A = AS and n = nS if σ >  σ  ∗ 

A = AL and n = nL if σ ≤ σ ∗

⎫
(2) 

Here, σ ∗ is the stress at the transition between the two linear lines. The subscript S 
and L denote short and long-term creep, respectively. Within the creep regimes, a 
similar form of bi-linear power-law representation of the creep deformation can be 
applied to relate the rupture time to applied stress and is expressed as: 

tr = Mσ −v

⎧
M = MS and v = vS if σ >  σ  ∗ 

M = AL and v = vL if σ ≤ σ ∗

⎫
(3) 

The values of M and v can be obtained by plotting the rupture life data against 
applied stress in the double-logarithm scale and the slope of the linear best fit line is 
v and the intercept is log (M). 

Incorporating the creep damage parameter, ω with the Norton power law, 
Kachanov described the tertiary creep behavior of the material. The creep strain 
rate and the damage rate based on Kachanov’s CDM model can be expressed by 
Eqs. (4) and (5), respectively. When the damage parameter, ω = 0, the Norton power 
law creep relation takes place and Eq. (4) reduces to Eq. (1).
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ε̇c = A
(

σ 
1 − ω

)n 

(4) 

σ χ 

(1 − ω)φ
'ω̇ = B ' (5) 

Here, B', φ', and χ are material constants. Now, considering constant stress, inte-
grating Eq. (5), assuming the rupture life, tr as a function of applied stress, σ and 
applying the proper limits, Eq. (7) can be obtained. 

ω=1∫ 
ω=0 

(1 − ω)φ
'
dω = 

t=tr∫ 
t=0 

B 'σ χ dt (6) 

tr = σ −χ 

B '(1 + φ') 
(7) 

Comparing Eq. (7) with Eq. (3), the following relations are obtained: 

χ = v (8) 

M = 1 

B '(1 + φ') 
(9) 

Furthermore, for constant stress, integrating Eq. (5) and applying t = 0, ω = 0 
and t = t, ω = ω the following equations can be obtained: 

ω=ω∫ 
ω=0 

(1 − ω)φ
'
dω = 

t=t∫ 
t=0 

B 'σ χ dt (10) 

ω = 1 − ⎡
1 − B '(1 + φ')σ χ t

⎤  1 
(1+φ') (11) 

Now, substituting the value of ω into the Eqs. (4) and (12) can be obtained by 
further integration: 

εc = Aσ (n−χ ) 

B '(n − φ' − 1)

(⎡
1 − B '(1 + φ')σ χ t

⎤  (φ'+1−n)/(φ'+1) − 1
)

(12) 

The creep curves are first predicted according to the Eq. (12) and the determination 
of material parameters are discussed in Sect. 2.4. In this CDM model, for determining 
the long-term creep, material parameters are derived from the long-term creep data 
from the literature, because in-house long-term creep testing is impossible to be 
conducted.
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It is worth to be noted that, in the present approach, microstructural parameters 
such as Z-phase coarsening, change in MX (precipitates) growth, damage caused by 
dislocation network, and subgrain coarsening, etc. have not been considered. 

2.4 Initial Parameters 

There are two sets of material parameters are needed to be calibrated to predict 
the rupture life of the material using the CDM model. One set for short-term creep 
rupture life (σ >125 MPa) and one set for long-term creep rupture life (σ < 125 MPa), 
where σ < 125 MPa is the transition between two creep mechanisms. It is considered 
that the creep deformation obeys the Norton power-law relation as given in Eq. (2). 
The mean data curve was plotted for minimum creep strain rate against stress data 
and the corresponding value of A and n has been determined (Fig. 4). Similar bi-
linear law was applied to determine the value of M and v by fitting the mean data 
curve for rupture time against stress data (Fig. 5). A total of 43 NIMS [18] creep 
data were analyzed to determine the long-term creep constants. On the other hand, 3 
experimental creep data were used to determine the short-term creep constants. The 
value of φ' was determined by the trial-and-error method. The creep curves were first 
determined using an arbitrary value of φ'. This value was varied until the predicted 
curve fitted to the experimental creep curve. Table 2 tabulates the material constant 
for the CDM model. 

Fig. 4 Minimum creep strain rate vs stress of Grade 91 steel
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Fig. 5 Rupture time versus stress of P91 steel 

Table 2 Optimized material parameters 

CDM Parameters M (MPaχh) A (MPa−nh−1) B (MPa−χh−1) n χ φ'

Optimized Value 
(short-term) 

3.89 × 1044 3.93 × 10−54 1.35 × 10−46 22.4 19 18 

Optimized Value 
(long-term) 

4.99 × 1012 1.32 × 10−18 4.01 × 10−14 5.84 4.14 4 

3 Results and Discussion 

Figures 6, 7 and 8 compares the predicted creep rupture life obtained using the 
CDM model to the experimental creep rupture life. The experimental creep strain 
vs. time for 100, 110, and 120 MPa along with the predicted creep strain-time data 
has been shown in Fig. 6. From the figure, it can be observed that the prediction 
underestimates the rupture life. In that case, the material parameters are obtained 
using literature (NIMS) data [18], because it is inconvenient to perform the long-
term test (which may take several years) in the university laboratory. In the literature 
(NIMS) data, different material conditions (different chemical composition, different 
heat treatment, different batch, etc.) are considered, which may lead to the deviation 
to the prediction. Creep strain-time data has also been predicted using short-term 
material parameters at 145 and 160 MPa and compared with the corresponding 
experimental data in Fig. 7. The proposed CDM model predicts quite well for the 
stress level 160 MPa but overestimates the rupture life for the stress level 145 MPa. 
Noted that when the stresses decrease or approaching the long-term creep, as in the 
case of stress 145 MPa, the CDM model overestimates the creep strain which may
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Fig. 6 Comparison of predicted and experimental creep strain–time data for 100, 110, and 120 MPa 
at 873 K 

Fig. 7 Comparison of predicted and experimental creep strain–time data for 145 and 160 MPa at 
873 K
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Fig. 8 Comparison of predicted and experimental creep strain–time data for 170,180, and 190 MPa 
at 873 K 

imply the transition between two creep mechanisms. Prediction of creep strain-time 
has also been determined for relatively high stresses. Figure 8 compares the prediction 
and experimental data for the stress level 170,180, and 190 MPa. It can be observed 
from the figure that, the prediction showed a good match for 170 MPa and 190 MPa 
but significantly underestimate the rupture life for the stress level of 180 MPa. Table 
3 shows the ratio of the predicted rupture life to the experimental rupture life. It can 
be noticed from the table that; the ratio doesn’t exceed 2. Figure 9 compares the 
predicted rupture life to the experimental rupture life. All the predicted life data are 
within the factor of ±2 of the experimental value. Zhao et al. [19] applied the scatter

Table 3 
Prediction-experimental ratio 

Stress level (MPa) Prediction/experiment 

100 0.74 

110 0.83 

120 0.92 

145 1.80 

160 1.42 

170 1.08 

180 0.71 

190 0.97
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Fig. 9 Comparison between CDM predicted and experimental rupture life of P91 steel 

band factor of ±2 to observe the accuracy of the prediction method to investigate 
the creep rupture behavior of notched P92 steel. In another study, Chen et al. [20] 
applied the same scatter band factor to compare the accuracy of the prediction to the 
experimental results.

As mentioned before, in this CDM approach, microstructural parameters are 
excluded during analysis. There is a considerable amount of effort made by many 
researchers to include these parameters to predict the rupture life more accurately. 
Ashby and Dyson [21] came with the idea of a physically-based CDM model in 
with the mechanism of microstructural degradation was induced into the mathemat-
ical framework of CDM. The physically-based CDM model followed four steps: (i) 
Damage mechanism identification. (ii) Defining the mechanism using a dimension-
less variable. (iii) Adding each variable within a kinetic equation. (iv) Evaluating each 
equation for each variable. In another study [22], for 9–12% Cr steel, nucleation and 
growth of laves phase were considered during implementing the CDM model. Yadav 
et al. [23] predicted the rupture life of P91 steel using a hybrid concept, coupling 
physical model (microstructural evaluation) to CDM approach. In another study, 
Nandi et al. [24] used the CDM model proposed by Hore et al. [25] and added addi-
tional microstructural parameters to evaluate the rupture life of P91 steel. Christopher 
et al. [8] also used the physically-based CDM model to predict the creep behavior 
of P91 steel. In his study, coarsening of dislocation networks and precipitates were 
considered and kinetic creep law containing microstructural parameters was used to 
calculate the total creep damage. Considering all these microstructural parameters 
into the CDM model is likely to improve the overall prediction, however, the model
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becomes relatively complex and the determination of every parameter may lead to a 
calculation error. 

4 Conclusion 

An empirical Kachanov’s CDM model has been employed to predict the creep 
behaviour and rupture life of P91 steel. Different material parameters had been imple-
mented to predict the rupture life at different stress levels; short- and long-term creep. 
For predicting short-term creep rupture, the material parameters were optimized 
using experimental data. On the other hand, data from literature was employed for 
long-term creep rupture prediction. The deviation between the predicted and experi-
mental values have been observed for both higher and lower stress level, which may 
indicate the transition between damage mechanism. Overall, the predicted life for 
all cases considered in the present study is within the factor of ±2 of experimental 
result. It is worth to be noted that in this approach, microstructural parameters were 
excluded during prediction. 
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The Impact of a Decrease in Energy 
Reserve to Production Ratio 
on Malaysia’s Energy Security 

Saleh Shadman , Christina Chin May May , Novita Sakundarini , 
and Eng Hwa Yap 

Abstract With the rapid growth of population and increase in energy demand, there 
is a high demand for fossil fuels to meet the supply needs. In this research, the 
decreasing impact of fossil fuels reserves to the production ratio (R/P) is studied 
using the system dynamics approach of modelling. A total of 3 dimensions, namely, 
availability of energy, socio-economy, and environmental sustainability, was studied 
with their relevant indicators. Three causal loop diagrams (CLDs) were combined to 
form one final CLD, followed by converting the CLD to a stock and flow diagram 
(SFD). The SFD is simulated to draw the significant findings of this research. The 
decreasing reserves of fossil fuels can threaten the economic growth subsequently 
the nation’s social well-being. Per this, it is vital to understand how energy security is 
impaired if such a scenario arises. The simulation results suggest that there will be a 
decrease in energy consumption, growth in economic health, and energy intensity due 
to a decrease in the R/P ratio. Energy efficiency seems to improve due to more careful 
use of lower supply in this scenario; however, it is not an indication of improved 
technological applicability or energy-efficient technologies. Energy policies such as 
the national depletion policy need to be curated to control the current usage of fossil 
fuels and introduce renewable energy sources faster to the energy mix to reduce 
dependency on fossil fuels. 
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1 Introduction 

This research continues the work done by Shadman et al. [1] to quantify the impact 
of energy shortage on Malaysia’s energy security (ES). This study created a system 
dynamics model based on 3 dimensions of Malaysia’s ES, namely availability of 
energy, socio-economy, and environmental sustainability. These 3 dimensions have 
been critical in the ES research of Malaysia and have been discussed in several ES 
studies that were based on Malaysia e.g. [2–7]. The model comprises 3 causal loop 
diagrams (CLDs) that have been combined to form the final CLD and followed by 
the formation of the stock and flow diagram (SFD) to quantify the desired indicators. 
In this study, the impact of decreasing reserve to production ratio for different fuel 
types has been studied to draw policy implications and recommendations to ensure 
this scenario can be tackled well in the future. 

The scenario selected in this study is the reduction of energy reserve to produc-
tion ratio by half of its original value to understand how and to what extent it can 
affect Malaysia ES. This is a hypothetical scenario based on the assumption that 
energy reserves will deplete eventually if alternative sources of energy especially 
renewables are not included at a faster rate in the energy mix for total primary energy 
supply (TPES) and power generation. The studies of Chatri et al. [8] and Foo. [4] 
have discussed the importance of the existing oil, natural gas, and coal reserves for 
Malaysia. Khattak et al. [2] have stated that Malaysia’s oil reserves are maturing and 
oil production within the country is declining at a steady rate due to an increase in 
consumption in economic activities within the nation. Hamzah et al. [9] have stated 
that Malaysia coal’s reserves and production in 2016 were 1938.37 Mt and 2.414 
million Mt consecutively where most of the coal mining activities are located in 
Sarawak, Sabah, and Selangor. The national depletion policy was introduced in 1980 
to safeguard the existing natural resources especially the natural gas and oil reserves 
of Malaysia [10–12]. The manufacturing of crude oil was restricted to 630,000 barrels 
per day (BPD) and the consumption of gas in peninsular Malaysia was restricted to 
32,000 million standard cubic feet per day. 

This paper firstly discusses Malaysia’s ES dimensions, and the indicators by 
creating a causal link between the indicators in the Vensim SD tool. The data 
collection method consists of a questionnaire survey that asks true/false questions 
to develop causal relations between the dimensional indicators. The overall results 
are discussed based on the simulation of the model that gives quantitative results 
for energy consumption, energy efficiency, growth in economic health, and energy 
intensity. In the end, policy implications are recommended to ensure that the existing 
reserves can be safeguarded for a longer period by the sustainable use of the existing 
reserves and the addition of RE sources at a faster rate in the energy mix.
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2 Methodology 

This study employs a mixed-method approach that has been conducted from the past 
study by the same researchers [13]. The methods have been discussed in-depth and 
adopted and followed for this research as well [13]. The qualitative data collection 
was conducted by surveying 117 participants from the energy and sustainability 
sector in Malaysia with a total of 33 questions. While quantitative data was collected 
from the energy statistics handbook published by the regulatory bodies of energy 
in Malaysia [14], energy reports by the Energy Commission, and the International 
Energy Agency (IEA) [15, 16]. 

The CLDs are created in Vensim by developing the causal relation between the 
indicators through the qualitative data collected. The CLD is then converted into an 
SFD where the quantitative data are given input in the respective chosen variables: 
reserve to production ratio, energy wastage, energy cost, and energy efficiency. The 
respective indicators in the model have been defined by equations and units in this 
case to standardise the units have been converted to a percentage for all the indicators. 
There are two assumptions according to Morecroft and Sterman (1994): (1) flows 
within processes are continuous, and (2) flow does not have a random component 
[17]. With these two assumptions in mind, one can consider any stock and flow system 
hence, the following SFD was created from its respective CLD. The following section 
illustrates and explains the CLD and SFD generated in this research. 

3 Causal Loop Diagram and Stock Flow Diagram 

This section illustrates the CLDs created based upon the questionnaire survey 
conducted with 117 participants. The CLD was categorized into three segments to 
better understand the causal relationship between each of the dimensional indicators 
of ES in this research. 

3.1 Causal Loop Diagram (CLD) 

The CLD in Fig. 1 comprises of 3 balancing feedback loops with energy reserve to 
production ratio and imported energy as common indicators in 2 different loops. The 
loops give a clear indication here that imported energy does have an impact on the 
energy reserve to production ratio and hence the short-term ES. Also, energy import 
increases energy dependency hence, it can impair the growth in economic health and 
country’s unemployment. Figure 1 is very critical to this research as it defines most 
of the key indicators within the energy availability and socio-economy dimension. 

Figure 2 shows how energy cost is related to energy consumption, energy inten-
sity, growth in economic health, and country’s unemployment. These variables are
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Fig. 1 CLD of energy availability and energy efficiency 

Fig. 2 CLD of energy cost and the indicators that are directly affected by the energy cost 

simulated using SFD in Fig. 5. This figure shows a single balancing loop with 5 
variables in it, where ‘ + ’ shows the positive influence in the relation between the 
variables and vice versa for ‘-’ sign. 

While Fig. 3 shows the CLD of environmental and social impact and this CLD 
also holds a very key role in this research. It comprises 2 balancing loops and 1 
reinforcing loop in with environmental impact, energy consumption, and RE in the 
energy mix as the common indicators in the 3 loops. The environmental and social 
impacts are often neglected or given lower priority in ES assessment for developing 
nations. In this research, these dimensions have been given equal importance and 
defined in detail as per Fig. 3.
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Fig. 3 CLD of environmental and social impact that the increase of RE has on other indicators 

3.2 Stock and Flow Diagram (SFD) 

In SD modelling, the equations that define the indicators, units, and input values are 
very important thus need to be defined accurately. Stocks in SFD are also known as 
‘levels’ which represent accumulation in a system that determines the current state of 
the system [18]. SFD in Fig. 5 was a conversion of Fig. 4 by assigning these stocks, 
flows and by equating the variables. There are 2 assigned stocks, energy production 
to reserve ratio, and environmental impact in the SFD. Imported energy, short-term 
ES, land needed for energy production, and negative social impact are the flows. 
The unemployment rate, energy intensity, percentage of vulnerability, percentage 
of renewable energy, initial GDP are the external variables. The validation of the 
model is conducted by engaging stakeholders through semi-structured interviews 
(SSI’s). Input from each of the 16 stakeholders interviewed collected are modelled 
and modified according to the most common changes suggested throughout this 
validation process. 

4 Simulated Scenario, Results, and Discussion 

This section discusses the reason behind the selection of the scenario and the results 
of the simulation. The overall discussion of the results is also presented in this section.
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Fig. 4 Combination of CLD’s 1, 2, and 3 to create the overall CLD 

Fig. 5 SFD conversion from CLD simulating different scenarios
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Fig. 6 The inputs and output variables measured using the SD model 

4.1 Reduction in Energy Reserve to Production Ratio by 50% 

This is a hypothetical scenario created is based on the assumptions of decreasing 
reserves in the nation. The dependency on energy imports and the usage of fossil 
fuel makes up over 90% of the energy mix in Malaysia which can be threatening 
to the availability of energy in the future. To avoid this scenario to come to reality 
there must be a consolidated policy on the prudent use of fossil fuels and adding 
alternative RE sources in the energy mix. It is of utmost importance to do so, as 
the reserves are not going to be everlasting and at some point in time there would 
be added pressure on the nation’s reserve margins. This is not desirable from the 
R/P point of view which impairs the energy availability dimension of ES severely. 
Figure 6 below shows the input variables and the expected output variables that have 
been quantified through the simulation. 

The input values are taken from the quantitative data from the energy statistics 
of Malaysia [14]. These input variables gave the simulated results for the 4 output 
variables depicted in Fig. 6. The results are discussed in the following section. 

4.2 Scenario Results 

Figure 7 represents the results of the simulation of the SFD. These graphical repre-
sentations depict how the 4 output variables change over a period of 5 years from 
2015 to 2020. The input variables for the SFD and the values are extracted from 
Table 1. 

4.3 Discussion 

The reduction of the energy reserve to production ratio has caused energy consump-
tion to decrease drastically. This is because with a decreasing reserve the usage must 
be constricted to ensure that it supports the existing reserves longer. As the energy 
reserve to production ratio decreases, the energy cost increases to a great extent since
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Fig. 7 Graphs for the 
desired output variables of 
the research
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Table 1 Value of input 
variables for SFD 

Input (2015) Value (%) 

Reserve to production ratio 600.9615 

Energy efficiency 89.49 

Energy cost 31.23 

Energy wastage 10.51 

a 50% reduction is set. This increase in energy cost will reduce the energy consump-
tion to the minimum point set from the simulation. Energy cost and consumption do 
have direct causation of effect as affordability is impaired with higher cost, hence 
reducing the usage. Energy efficiency is expected to hit its maximum limit in a year. 
The energy cost which had increased drastically due to the reduction of the reserve 
to production ratio has indirectly caused lower energy wastage. It has caused the 
energy efficiency to increase drastically, but this is not necessarily an indication of 
improved efficiency due to the improved applicability of technology or efficiency in 
handling the existing reserves. This indicator signifies the careful use of energy due 
to low reserves and hence low supply within the different sectors which improves 
the efficiency.

Whereas the true definition of improved efficiency has to come from more 
energy-efficient technological advancement within various industries e.g., manu-
facturing processes, efficient and energy-saving vehicles, household appliances, etc. 
The growth in economic health is expected to hit a low point of 3%. This in which is 
expected due to the decrease in energy consumption, energy intensity, and increasing 
energy dependency due to the increase in imported energy. Energy intensity has seen 
a decrease from 88% (2015) to only an approximation of 70% (2020). The effect 
of the decrease of energy reserve to production will harm the economic health of 
Malaysia by putting Malaysia’s energy supply in a more vulnerable state. A reduc-
tion in supply will only be detrimental to the growing demand as explained earlier 
due to the growth of population and increase in economic activities. Not fulfilling 
the demand for energy needs will not only affect the economic health of the country 
but equally the consumer confidence. 

5 Conclusion 

The results of this study suggest that a decrease in the R/P ratio to half of its current 
value can have a drastic impact on energy consumption due to a decrease in reserve 
and also energy intensity. Out of the 4 output indicators that have been studied 
energy consumption and energy intensity will deteriorate the most while growth in 
economic health is not impaired to great extent but it still shows a decline. The key 
policy implications that can be suggested from this research are;
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i. The efficient use of existing natural resources i.e. coal, oil, and natural gas 
will be crucial for the sustainability of these resources. This can be controlled 
through policies like the 1980 National Depletion Policy that can be modified 
and curated to meet the current needs. 

ii. The addition of RE at a faster rate in the energy mix will be crucial to take 
the load off the fossil fuel sources. There are several challenges in integrating 
RE in the energy mix especially the intermittency to integrating RE in the 
national grid [19]. Despite these, the Malaysian government is implementing 
new approaches and policies to tackle and ensure a total of 31% RE can be 
added to the TPES by 2025 [20]. 

iii. ES needs a separate policy profile or section in the future “Malaysia Plan or 
RMKE” to ensure that these challenges can be highlighted, the measures to 
tackle them can be discussed robustly and through a data-driven approach. 
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Abstract The aim of the paper is to study a distribution of ions inside a zinc oxide 
(ZnO) target during sputtering process using different gases. The plots of ion distri-
bution were obtained from the simulation results using Stopping and Range of Ions in 
Matter (SRIM)-2013 software. Generally, the SRIM software is utilized to calculate 
a variety of parameters related to ion beam implantation and ion beam processing 
of materials. Simulation of ion beam sputtering is a necessary to analyze the ioniza-
tion characteristics of different ions from different gases inside ZnO target during
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sputtering process for a thin film deposition. The results show that Radon, Krypton, 
and Xenon gases were the best gases to sputter high density of ZnO target in this 
simulation. The depth of ion during sputtering process is shown and discussed. The 
result indicates that depth of ion diffused into the target material decrease as the 
density of the target increases. These results are important to find suitable gases for 
ZnO sputtering and at the same time prolonging the target lifespan. 

Keywords ZnO · Thin film · Ion range · Sputtering · SRIM 

1 Introduction 

Zinc oxide (ZnO) widely known for its uniqueness properties as a material that can 
be used to different technological application purposes. Due to extensive research 
and studies, ZnO materials have been known to have a lot of functionalities such 
as sensors, solar cell, and many other semiconductor device [1–7]. ZnO has a lot of 
advantages including high energy band gap (3.37 eV), high exciton binding energy 
(60 meV), and can be prepared by various fabrication processes at low cost [8, 9]. The 
solutions-based growth, chemical vapor deposition, physical vapor deposition, and 
thermal evaporation processes have mostly been used to prepare ZnO nanostructure-
based devices [10–15]. The use of composite and doping materials will enhance the 
performance of the device significantly, which can be achieved by various techniques 
including sputtering process [16–18]. 

Many nanotechnological applications and electronic industry use a sputtering 
process for their device fabrication [19, 20]. The sputtering process is not only 
popular and used in nanotechnology industries but also used in aviation and medical 
applications [21, 22]. The sputtering is a process of ejecting atoms from a solid or 
liquid target by bombarding it with energetic particles, generally ions. Collisions 
between incident energetic particles and/or the resulting rebound atoms and surface 
atoms initiate the sputtering process. The sputter yield is the ratio of the number of 
expelled atoms by sputters to the number of incoming particles and is a measure 
of the rate at which surface atoms are removed. The sputter yield determines the 
number of atoms released from the surface per incident ion and it is a key indicator 
of the sputtering process’ efficiency. The energy of the incident ions, their masses, 
and the masses of the target atoms, as well as the solid’s bond energy, are amongst the 
important factors that influence the deposition of thin film using sputtering method. 
The sputtering process is described in Fig. 1. 

In this paper, ZnO target was bombarded with ions from different gases and 
the ionization characteristic of the gas inside the target during sputtering process 
was observed by The Stopping and Range of Ions in Matter (SRIM) software. In 
General, the Monte Carlo simulation code SRIM (originally Transport of Ions in 
Matter (TRIM) software) is utilized to calculate a variety of parameters related to 
ion beam processing of materials. The behavior and performances of different ions 
based on different gases could be analyzed using this software. SRIM is a complex
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Fig. 1 Schematic of the sputtering process 

programmed that not only describes the range of ions that can enter matter, but also 
many other aspects of the damage done to the target throughout the slowing-down 
process. It displays the ions penetration into the target in full animation, as well 
as recoil cascades and target atoms mixing. The sputtering process normally uses 
argon gas or mixture of gases to deposit ZnO thin films. However, the impact of the 
ion’s bombardment on the ZnO target is rarely studied. Consequently, the ZnO target 
is easily damaged due to excessive ions bombardment and uncontrolled ionization 
process of the gas inside the target. Therefore, the simulation of ion beam sputtering 
is a necessary to analyze the ionization characteristics of different gases inside ZnO 
during sputtering process. The simulation results will guide an actual fabrication 
process on the use of appropriate gas for the deposition process for the ZnO target 
density given. Therefore, the objectives of this paper are: (1) to perform simulation 
of ions bombardment on the ZnO target using different gases base on SRIM-2013 
software and (2) to study the ionization characteristic of different gases inside ZnO 
target with different ZnO target densities during sputtering process. 

2 Experimental Procedure 

2.1 Software Setup 

The simulation software used to analyze the ionization characteristic of different 
gases was SRIM. Ziegler developed a program, which was initially released in 1985 
[23]. SRIM is a collection of computers programmed that calculate ion-matter inter-
actions. The program transport of ions in matter forms the basis of SRIM (TRIM).
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SRIM calculates the interactions of energetic ions with amorphous targets and 
displays them statistically and graphically, making the ion beam process more under-
standable. The simulation of the ions was done using SRIM-2013 software. To use 
this software, there were three things need to be considered: 

1. Which ion data will be use? 
2. What the density of target material? 
3. Will the target be amorphous after the implant? 

The simulation had been carried out by the following steps:

• Steps 1: The type of ion data is selected. The ion data used for sputtering with 
ZnO target were set to 8 types, which are Argon, Helium, Xenon, Neon, Krypton, 
Radon, Nitrogen and Oxygen.

• Steps 2: Name the target layers as ZnO and set the width to 1000 Å.
• Steps 3: The density of ZnO was varied from 0.4283 g/cm3 to 4.283 g/cm3.
• Steps 4: Zinc element and Oxygen element were selected to the layer.
• Steps 5: The input parameters were saved, and the simulation of sputtering using 

SRIM software was conducted.
• Steps 6: After a few moments, the ionization characteristics were analyzed. Then, 

the calculated parameters were displayed, and all the data were collected. 

The results of the simulations are presented and discussed in this paper. The results 
were collected for 8 types of gas ions with differents ZnO target density. However, 
the ion energy was fixed for each simulation process at 10 keV. Therefore, the results 
are only discussed based ion range and depth of ion diffusion. 

2.2 Data Collecton and Analysis 

The software produces the distribution of ion inside ZnO target during sputtering. 
From the simulation results, there were data that successfully collected including 
ion range, straggle of ion, backscattered ion, transmitted ion, ionization energy and 
ionization recoils energy. From this data, the sputtering process using different ions 
could be analyzed. 

3 Result and Discussion 

Figure 2 shows projected longitudinal range of ions for different gases versus ZnO 
target density. The results show that different ions give different ionization charac-
teristics inside ZnO target in form of ion range values. The ion range plot for ions 
produced by Neon, Oxygen, and Nitrogen gases show almost identical patterns with 
ion range value increases when the target density increases from 0.4283 g/cm3 up to 
1.2849 g/cm3. However, the ion range value decreases as the target density is further
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Fig. 2 Projected longitudinal range of ions for different gases versus ZnO target density 

increased to 4.283 g/cm3. For Argon, Radon, Krypton, and Xenon gases, the ion 
range shows decreased value when the target density increases from 0.4283 g/cm3 

to 4.283 g/cm3. Meanwhile, for Helium gas, no ion range was recorded at the low 
ZnO target density up to 0.8566 g/cm3. However, the ion range increases gradually 
when the target density increases to 2.1415 g/cm3 and become almost constant when 
the target density increases up to 2.1415 g/cm3. From the plot in Fig. 2, it could be 
observed that the longitudinal range of ion almost constant for all gases with the 
value less than 500 Å at the ZnO density of 4.283 g/cm3. The Radon ion shows 
the highest longitudinal range at target density of 0.4283 g/cm3 but decreases as the 
density of ZnO increases. The radon ion also shows the lowest longitudinal range 
at the highest target density of 4.283 g/cm3. Meanwhile, the helium ion shows the 
lowest longitudinal range at target density of 0.4283 g/cm3 but the longitudinal ion 
range increases as the density of the ZnO target increases. Generally, for all gases 
except Helium, it could be sumarized that the longitudinal range of ion decreases as 
the target density increases. 

Table 1 shows the result of the range of ion that diffused into ZnO during sputtering 
process for Radon and Xenon. These two gases had the highest diffused depth in the 
target material at ZnO density of 0.4283 g/cm3 but subsequently reduced as the target 
density increased up to 4.2830 g/cm3. Generally, the commercially available ZnO 
target has the theoretical density of approximately 5.61 g/cm3. However, this study 
aims to investigate the condition of gas ionization characteristics inside ZnO target 
that has lower density compared to commercial target. The low target density often 
found in the self-made ZnO target, which prepared using limited lab facility and less 
controlled environments. Therefore, this study is important to investigate the impact 
of ions bombardment on the ZnO target at low density particularly for self-made 
target.
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Table 1 Longitudinal ion 
range for Radon and Xenon 
ions at different ZnO target 
densities 

ZnO target density (g/cm3) Ion range (Å) 

Radon Xenon 

0.4283 735 676 

0.8566 412 399 

1.2849 271 266 

1.7131 206 200 

2.1415 164 160 

2.5698 136 134 

2.9981 117 115 

3.4264 102 100 

3.8547 92 88 

4.2830 82 80 

The ZnO target material has been bombarded with different gases ions but in this 
result only Radon gas is discussed as it has the highest value for longitudinal ion 
range for the lowest density of ZnO target. Figures 3a–j show the simulation results 
of sputtering process using Radon gas on ZnO target with different density values. 
For the first simulation in Fig. 3a, the density of ZnO was set to 0.4283 g/cm3 and 
the result of the simulation was the range of ion diffused into ZnO with the value 
of 735 Å. Diffusion of Radon ion during sputtering process recorded as the highest 
due the mass of the ion of 222 amu, which is the heaviest compared to other gases. 
From this result in Fig. 3a–j, it is shown that the density of target material has inverse 
relation with the depth of the ion diffusion. The higher the density of target material, 
the shorter the diffusion of the ions inside ZnO target. Theoretically, energy also play 
significant role for sputtering process and have a direct relationship with ion depth 
but as the energy of ions was set to constant (10 keV), it will not be considered in 
this simulation results. 

The ions must have a material-dependent minimum energy to evict an atom from 
the target (typically 30–50 eV). The sputtering yield rises over this point. At low 
target density, gas ions at high energy are diffused much deeper into the target and 
hardly accumulated on surface. Therefore, during this condition, the yield of the 
sputtering is not in the optimum condition. The achievable momentum transfer is 
determined by the mass ratio of the ion and target atom. When the mass of the target 
and the ion are almost equal, maximum yield is reached for light target atoms. The 
maximal yield changes to ever greater mass ratios between the ion and the target 
atom as the mass of the target atoms grows. 

Based on these results, the best gases for sputtering process would be Radon, 
Krypton, and Xenon at high density ZnO target. This is because the projected ion 
range for these gases decreases a lot as the density of the target increases. As the 
projected ion range are lower, it will preserve the target material after the sputtering 
process. By looking at the pattern of projected ion range of Radon Krypton, and 
Xenon gases, the ion range decreases more with the increase of target density and
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Fig. 3 The depth of Radon ion diffused inside various densities of ZnO target during sputtering 
process (Inside ZnO target with density of a 0.4283 g/cm3, b 0.8566 g/cm3, c 1.2849 g/cm3, d 
1.7131 g/cm3, e 2.1415 g/cm3, f 2.5698 g/cm3, g 2.9981 g/cm3, h 3.4264 g/cm3, i 3.8547 g/cm3, 
and j 4.283 g/cm3)
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only touch the surface of the target material, which is necessary to protect the ZnO 
target from damage and prolonging lifespan of the target. In addition, these gases also 
have small kinetic energies which are beneficial to produce smooth and high quality 
ZnO thin film. Nagata et al. reported that ZnO thin film deposited using Xenon plasma 
shows better quality and smoother surface compared to those deposited using Argon 
plasma [24]. They reported that Xenon plasma has lower electron temperature than 
that of the Argon plasma. Moreover, the recorded ion density in the Xenon plasma 
is higher than the ion density in the Argon plasma. These characteristics enables the 
deposition of high quality of ZnO thin film on the substrate.

The results produced by the SRIM simulation may differed to that of simulated by 
other software due to the different model used. The SRIM uses the Ziegler-Birsack-
Littmark (ZBL) interatomic potential model [25]. Other software such as OKSANA 
and MARLOWE use screened Coulomb potential model [26]. The limitation of this 
software probably to get the good and accurate results at low energies of sputtering 
process (below 1 keV), where the surface effects are vital. However, this research 
conduct at high energy sputtering of 10 keV, in which the surface effects suffer the 
loss of their impact, particularly at normal incidence. Therefore, these results could 
be used as a guide to conduct a physical experiment on ZnO sputtering at high energy. 

4 Conclusion 

This simulation confirmed that the density of ZnO target and depth of projected ion 
have an inverse relationship. The lower the density, the deeper the ion will diffuse into 
the target. The deeper the diffusion, the worse effect would be received by the sput-
tering target. The sputtering process is a physical process that causes a solid material 
to vaporize by blasting it with energized ion bombardment. The ion beam processing 
is a common technique for forming thin films on materials, engraving processes, 
white material erosion, and analytical techniques. In conclusion, the Radon, Krypton, 
and Xenon gases were identified as the best gases for sputtering process for high ZnO 
target density in this simulation, which shown by low ion ranges to indicate high ion 
accumulation on the target surface. 
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Abstract Pristine zinc oxide (ZnO) has various limitations that severely limit the
development of ZnO as humidity sensors. However, doping, co-doping, and the
implementation of composite structures are excellent methods for improving ZnO
nanostructures’ structural, optical, and electrical properties. This review will reveal
anddiscussedvarious dopant impurities and effects of composite formation employed
by preceding researchers to enhance the performance of humidity sensing of resistive
type humidity sensor based onZnOas sensingmaterial.We are inspired to present this
study and evaluate the improvement in humidity sensing performance considering
there are limited review papers that address this topic.
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1 Introduction

As natural occurrence, humidity occurs as a result of the presence of moisture in
the air. An excellent humidity sensor can be specified centered on criteria such as
higher sensitivity, dependency on operating temperature, minimum response time,
good repeatability, and lower hysteresis, longer shelf life with sufficient durability,
capacity to handle pollutants, and low production cost [1]. Typical humidity sensors
are constructed from a variety of materials, with metal oxide semiconductors being
one of the most prominent. This is due to substantial ratio of surface-to-volume, non-
toxicity, minimal cost, superior sensitivity, simplicity in fabrication, fast response
with improved sensitivity, and decent thermal and chemical stability.

Zinc oxide (ZnO) has drawn a lot of attentions from researchers that study its
potential as a sensing material due to its availability and configurable surface struc-
ture, wide resistivity range, and excellent chemical and thermal durability [2]. ZnO is
an inorganic semiconductor of the II-VI typewith ionicity that exists on the boundary
between covalent and ionic semiconducting materials. At room temperature (T =
300 K) ZnO exhibits a wide and directly energy gap of 3.37 eV and 3.437 eV at low
temperature (T = 4 K) with 60 meV of relatively significant exciton energy [3].

Various parties are doing experiments and analysiswith the objective of improving
the performance of ZnO-based resistive humidity sensors, primarily in terms of sensi-
tivity, response/recovery time, and stability, with varying degrees of success. Doping
is an intriguing and realistic method for modifying various semiconductor materials.
Doping is a mechanism by which extrinsic components are inserted into the intrinsic
structure to enhance and change their basic properties, such as structural, optical, and
electrical properties. Principle of doping is shown as in Fig. 1. Composite, in another
way, is coupling two types of semiconductor materials that owns dissimilar energy
band gaps which permitted recombination of electron–hole pairs that directly modi-
fied material properties. Nevertheless, a review on effect of doping and formation of

Fig. 1 ZnO doping with gold (Au) impurity [4]
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composite strategy to improved ZnO-based resistive type humidity sensor remained
scarce. Herein, recent progress on the ZnO-based resistive type humidity sensor
on effect of doping impurities and formation of composting strategy is presented,
reviewed, and discussed.

2 Effect of Doping

The pristine ZnO possess a minimal specific surface area, poor electron mobility and
deficiency of hydrophilic functional groups on its surface, thus, strictly limits ZnO
progression as suitable material for humidity sensing [5]. Doping is the act of adding
specific amount of impurity into a host material. The doping process will alter the
structural properties, surface morphology, electrical conductivity properties of ZnO
through integration with transition and post-transition metals [6, 7]. In other words,
doping is an optimal solution to address these deficiencies and to enhance the nature
of pristine ZnO.

2.1 Single Doping Strategy

For instance, ZnO was reported to be doped with numerous kinds of elements, but
several impurities such Al, Sn, Cu, Au, W and F reported to have a significant
impact on ZnO-based humidity sensor. Table 1 summarized the performance and its
improvement of ZnO based humidity sensing at various doping impurities element.

Kundu et al. developed a highly responsive resistive humidity sensor constructed
from porous aluminum-doped ZnO (Al: ZnO, AZO) thin films [8]. In this study, the
doping concentration varying from 0 to 5 at.% and then the thin films are calcined
500 °C to optimize crystallinity, electrical and optical features. According tomorpho-
logical analysis, the samples are porous, and the surface porosity increases as the Al
doping concentration increases. The nanoporous structure is crucial in the aggre-
gation and adhesion of foreign particles on the film’s surface. The analysis for
humidity sensing performance found that the highest responsivity value of 733 and
sensitivity of 0.3 MΩ/%RH are obtained from a 5 at.% AZO sample. In regards
of response/recovery time, the 5 at.% AZO samples perform the best in terms of
humidity response across the whole relative humidity range. The response peaks in
each cycle are nearly identical, indicating that the AZO sensor has good repeatability.

Humidity sensing based on aluminum oxide (Al2O3) doped ZnO nanomaterials
synthesized through solid state chemical route has been successfully studied byMisra
et al. [9]. According to their studies, samples in pellet form containing Al2O3 doped
ZnO nanocrystalline powders with different weight percentage (wt.%) of Al2O3 in
ZnO were prepared and upon exposure to humidity, the pellet resistance reduced
when relative humidity (RH) continued to increase. The best sensitivity of 14.98
MΩ/%RH is achieved with the sample containing 15 wt.% of Al2O3 in ZnO and
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Table 1 ZnO based humidity sensing performance and its improvement at various doping
impurities element

Doping
technique

Doping
impurity

Response/recovery Sensitivity Sensitivity
calculation

Refs.

Single dopant
element

Aluminium 250 / 202 0.3 (↑8%) ΔR/Δ%RH [8]

Aluminium
Oxide

85 / 286 14.98
(↑15%)

ΔR/Δ%RH [9]

Tin 250 / 35 3.36 (↑25%) Ra /Rrh [10]

Tin Oxide 74 / 212 32.16
(↑62%)

ΔR/Δ%RH [11]

Copper 32 / 47 39.14
(↑47%)

ΔR/Δ%RH [12]

Gold 28 / 118 20.73
(↑80%)

ΔR/Δ%RH [13]

Tungsten 45 / 105 1.44 (↑42%) ΔR/ Rrh [14]

Fluorine 8 / 25 226 (↑20%) Ra /Rrh [15]

Co-dopant
element

Al+F 7 / 24 247 (↑25%) Ra /Rrh [16]

Y+Al 15 / 50 15 (↑5%) Ra /Rrh [17]

annealed at 700 °C. In term of response and recovery time, the sample with 15 wt.%
of Al2O3 in ZnO response/recovery time were clocked at 85 and 286 s, respectively.
They also indicate, in a span of 6 month, the sensing element sensitivity are within
2% different in cyclic repeatability.

Sensing film based on tin (Sn) doped zinc oxide (TZO) for humidity sensing
application were successfully fabricated by Ismail et al. [10]. These nanorod arrays
of Snwere synthesized at various Sn concentrations varying from 0.6 to 3 at.%. Upon
exposure to humidity absorption and desorption process, the humidity sensor doped
with Sn up to 1 at.%, its sensitivity increased from 1.55 to 3.36 and plummeted to
1.36 as concentration reached 3 at.%. Based on their experiment, all of these findings
revealed that TZO has a significant potential for humidity-sensor applications and
optimizing doping element concentrations is critical.

Pallet samples containing various wt.% of SnO2 dopant element in ZnO were
prepared by solid-state reaction route for humidity sensing studies by Misra and his
co-workers [11]. According to morphological studies, as the annealing temperature
increased, porosity of the material increases, resulting in clusters of SnO2 doped in
ZnO. The large pores link the inter-granular pores and this arrangement facilitates
water vapour adsorption and desorption process.As for humidity sensing experiment,
compared to sensors based on pure and other concentration of SnO2-doped ZnO
nanomaterials, the sensor based on 15 wt.% SnO2-doped ZnO nanomaterials had the
superior sensing behaviour. The response and recovery time for 15wt.%SnO2-doped
ZnO were clocked quicker (74/212 s) compared to other samples with the sensitivity
of 32.16 MΩ/%RH. Apart from that fabricated sensor possess feature such lower
hysteresis, less ageing impact, and excellent repeatability.
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Other works byMisra and Pandey, using copper sulphate as dopant source, copper
(Cu) doped ZnO nanomaterial were prepared for humidity sensing analysis [12].
According to evidence frommicrograph images, as the temperature rises, the porosity
of the material increases, resulting in the formation of clusters for Cu doped ZnO. At
600 °C annealing temperature, grains of nanocomposites produced are distributed
all over the substrate, forming a network of pores. They found that Cu-doped ZnO
thin films annealed at 600 °C surpass all other prepared samples, with a sensitivity of
39.14 MΩ/%RH and quick response time of 32 s and a recovery time of 47 s. They
conclude when compared to pristine ZnO, Cu-doped ZnO nanomaterial has higher
adsorption and desorption rates, which results in higher sensitivity, lower hysteresis,
faster response/recovery time, and superior reproducibility.

Using hydrothermal method at low processing temperature, pristine and Au
nanoparticle-modified (ANM) ZnO nanorods were successfully prepared by Young
and Lai [13]. According to micrograph analysis, the surfaces of the ANM ZnO
nanorods, were rough because the Au nanoparticles were adsorbed on the surfaces of
the ZnO nanorods. As for humidity sensing analysis, the structures of both humidity
sensors displayed strong photo-to-dark current contrast ratios and rapid response and
recovery times. According to their experimental findings, the ANM ZnO nanorods
humidity sensor outperformed the pure ZnO nanorods humidity sensor in terms
of humidity sensing performance with the contrast ratios of photo-to-dark current,
response time, and recovery time were 20.73, 28 s, and 118 s, respectively. They
conclude that deposited Au nanoparticles might significantly improve humidity
sensing.

By varying differentmolar ratio of sodium tungstate dihydrate as source of dopant,
Verma and his workfellow efficaciously synthesized pure and tungsten (W) doped
ZnO nanocrystals through the co-precipitation procedure [14]. Based on morpho-
logical studies, the nanostructures are distinguished by interconnected inter-necked
grains and capillary pores that provide a large specific area and available sites for
water molecule infiltration. As for humidity sensing performance, the humidity
sensing characteristics are strongly reliant on the W concentration. In the 10 to
90%RH range, a nano-sensor doped with 1.75 mol.% W exhibits the highest sensi-
tivity of 1.44 with considerable swift response and recovery times of 45 and 105 s,
respectively. All of these features contribute to the credibility ofW-doped ZnO-based
humidity sensor for usage in a practical context.

Algun studied the effect of varying the fluorine (F) doping concentration on the
humidity sensing properties of F-doped zinc oxide (FZO) structures that were synthe-
sized using a combination of the sol-gel and dip coating method [15]. Nevertheless,
the crystallinity of the FZO thin films is increased with 2 mol.% of F dopant concen-
tration which due to the probability of filling oxygen vacancies with F anions. Based
onmorphological study, homogeneous and uniform surfaces consisting of nano-sized
grains and capillary pores. In term of electrical characteristic, the resistance of all
samples decreases as the relative humidity level rises. With 2 mol.% the amount of
F doping, this sample displays a remarkable superior sensitivity (226) compared to
the other FZO sample and an undoped ZnO. Other humidity sensing performance,
such as stability, reproducibility, response/recovery time, also indicate an excellent
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result in contrast to undoped ZnO. F doping reduces response time, and response and
recovery times for 2 mol.% sample is the best recorded at 8 s and 25 s, respectively.

2.2 Co-doping Strategy

Co-doping is a potential method for effectively tuning dopant populations, electronic
attributes, and magnetic properties. It can improve the solubility of dopants and the
stability of targeted defects [18].

Based on the results of previous studies [15], Algun andAckay study the humidity
sensor performances of aluminum (Al) and fluorine (F) co-doped zinc oxide (AFZO)
nanostructured thin filmswith varyingAl concentrations bymaintaining the F doping
concentration at 2 mol.% [16]. According to micrograph image, the formation and
presence of capillary pores will help promote the process of water molecule adsorp-
tion on the surface of an AFZO film. At a concentration of 1 mol.% of Al dopant, the
crystallinity of AFZO film improved. The electrical properties of an AFZO nanos-
tructured suggest a significant improvement compared to FZO films. They revealed
that with 1 mol.% of Al, the sensor had the highest sensitivity of 247. Apart from
that, all AFZO sensors demonstrated outstanding resistance measurement stability
over time with insignificant quantity of hysteresis. The recorded response/recovery
time were 7 and 24 s, respectively. They observed that aluminum doping improves
the humidity sensor properties of the previous FZO nanostructured thin films.

Uzar et al. in their work were successfully prepared Yttrium/Aluminium (Y/Al)
co-doped zinc oxide-based humidity sensor [17]. The Al concentration was kept
constant at 0.5%, while the Y element was varied from 0.5 to 2%. According to
micrograph images, Al and Y co-doped ZnO are in tiny clamped rectangular and
dot-shaped structures with free of cracks and uniform in appearance. According to
the humidity sensing testing, the resistance of a Y/Al-doped ZnO sample changes
as the %RH being changed from 25 to 95%. According to the experimental results,
the resistances of AZOY thin films rise and response time shortened when the RH
percentage increases. They summarized, as Y concentration increases, the electrical
changes of AZOY films against humidity become more noticeable.

3 Effect of Composite

The formation of ZnO composite is another way to increase the performance of
humidity sensors. Compositematerials are assembled bymerging and combining two
or more materials with different and unique characteristics. The different materials
in the composite work together to give the unique composite properties such superior
physical and chemical capabilities when compared to the individual materials.

On work related to tin oxide, Velumani et al. synthesis and grown SnO2 thin films
and ZnO/SnO2 composite thin films on cleaned soda-lime glass substrates [19]. For
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the characterization of the humidity sensing performance, compared to pure SnO2,
the improvement in impedance is related to the adsorption of water molecules at
both the ZnO and SnO2 surface sites, resulting in a cumulative impact. In term of
response time, the composite ZnO/SnO2 based sensors exhibit faster response time
which recorded at roughly 21 s. Compared to composite structure, the pure SnO2

based humidity sensors possess nearly three-time better sensitivity calculated at (1.10
± 0.079) kΩ/%RH. Finally, the stability of the composite sensor was analyzed shows
the negligible variation in the impedance over the tested period.

In their most recent works, Velumani and his colleague further their investigation
on pure and composite thin films based on ZnO and SnO2 [20]. For humidity sensing
performance analysis, the result exhibits that ZnO/SnO2 based composite films show
a greater shift in impedance with regard to the RH levels which offer greater humidity
sensing characteristics compared to pure ZnO based sensors. Compared to their
previous works [19], the prepared composite films had the fastest response time of
17 s. However, they found that the prolonged desorption of water molecules from
the sensing surface accounted for the poor recovery times recorded at 65 s. The ZnO
rich composite sensors possesses better sensor response of 95% and sensitivity of
8.6 ± 0.5 kΩ/%RH with acceptable hysteresis of 2.9%. Apart from that, the result
shows that the hysteresis for sensing mechanism prepared via sol-gel method is far
better compared to sample prepared with reactive magnetron sputtering (4.3%).

Using gold (Au) nanoparticle to modified ZnO nanosheets structure, Yu et al.
synthesis and fabricated humidity sensor [21]. They indicated, with 0.5 mM of
chloroauric acid as Au source, Au/ZnO composite based humidity sensor displays
nearly 5 orders of magnitude fluctuation in impedance manifestation with better
linearity compared to pure ZnO when tested in a range of RH from 11 to 95%. Apart
from that, the response time and recovery time of Au/ZnO composite based humidity
sensors recorded at 16 s and 28 s, respectively and observed faster compared to pure
ZnO as well as constricted hysteresis loop (~3.0%). The Au/ZnO based humidity
sensor possess a good repeatability, fast response, and identical response curves over
four cycles. In terms of resistance stability, minimal changes in resistance might be
seen over time and suggest thatAu/ZnOnanosheets could improving the performance
of ZnO humidity sensors.

At low temperatures, coral-like CuO nanostructures were hydrothermally synthe-
sized by Zainelabdin and his co-workers via selective growth on ZnO nanorods [22].
As for humidity sensing performance characterization, the humidity sensing proper-
ties of the nanocoralCuO/ZnO-basedhumidity sensor showa significant linear reduc-
tion in direct current resistance. They also found that the nanocoral based humidity
sensor disclose the highest sensitivity factor of ~6045 among available data for the
constituent materials and demonstrates fast dynamic response to humidity variations
with response and recovery time recorded at 6 s and 7 s, respectively. However, the
CuO/ZnO NC RH sensor has a comparatively substantial hysteresis effect of 21%,
implying that the NC RH sensor requires additional design improvement.

Jagtap et al. in their works reported the synthesis of ZnO nanoparticles through
ammonium zincate bath and sodium zincate bath [23]. In term of humidity sensing
performance, they discovered that films made with sodium zincate bath have higher
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sensitivity than films made with ammonium zincate bath. They conclude that by
varying TiO2 percentage, sensitivity toward humidity is found to increased signif-
icantly. The sensitivity recorded for 10 wt.% TiO2 added ZnO films prepared via
sodium zincate bath were 11.34 MΩ/%RH with response and recovery time logged
at 10 s and 60 s, respectively. Finally, they concluded the prepared humidity sensor
has good repeatability, low hysteresis, and good reproducibility.

Pandey and his co-worker prepared the nanocomposite powder pellets by mixing
TiO2 pure powder with pure ZnO powder [24]. Based on their humidity characteriza-
tion analysis, they discovered that as the relative humidity rises the pellets resistance
decreases significantly. Moreover, they conclude with addition of TiO2 to ZnO, the
overall sensitivity decreases. On the other hand, for the sensing element with the
15 wt.% of TiO2 in ZnO produces best results with a sensitivity of 9.08 MΩ/%RH.
However, the sensitivity for pure ZnO-based humidity sensor are much higher (12.89
MΩ/%RH). In contrast, the hysteresis for the prepared humidity sensor with the 15
wt.% of TiO2 in ZnO produces the lowest of all, which is within 2%, with less
effect of ageing and good reproducibility. The logged response and recovery times
of this sensing element are the lowest at 84 s and 396 s, respectively. They observed
that the respond and recovery time for ZnO–TiO2 nanocomposite are shorter than
humidity sensor based on pure ZnO sensing elements (128 s, 452 s), but higher than
ZnO–Cu2O nanocomposite based humidity sensor (76 s, 196 s) [25].

ZnO–WO3 nanocomposite pallet were synthesized by Shakya and his associates,
and their humidity sensing characteristics have been studied and reported [26]. They
observed that the resistance of the sensing materials was found to decrease with
increase in relative humidity. They observed the humidity sensor with 5 wt.% of
ZnO showed highest sensitivity recorded at 20.95 MΩ/%RH. Compared to other
sample at different ZnO weight percentage annealing temperature, the response and
recovery time is far better for 5 wt.% ZnO-doped WO3 composites that have been
annealed at 600 °C. They finally conclude that 5 wt.% of ZnO–WO3 composite also
shows better stability and reproducibility, lower hysteresis, and less reaction to aging.

Zhang and his colleague have been successfully developed and fabricated
resistive-type humidity sensor based on coated hierarchical ZnO/MWCNTs/ZnO
nanocomposite film [27]. Based on their analysis, the measured resistance of the
sensor is ranging from 5.94 to 8.10 kΩ with a sensitivity of 24.8 Ω/%RH. They also
found that that the sensor demonstrated small hysteresis, acceptable repeatability
over five exposure/recovery cycles repeatedly, and swift response-recovery charac-
teristics (4 s and 34 to 74 s). They also suggested the potential sensingmechanism for
the produced sensor was credited to the ZnO/ MWCNTs/ZnO nanostructures itself
and interlayer swelling effects. The research data showed that the suggested film
sensor is extremely sensitive toward RH and have potential material for humidity
sensors.

The effect of the hexamethylenetetramine (HMT) on theUVand humidity sensing
capabilities of nanocomposite consists of ZnO and cellulose (ZCN) were studied
investigated by Sahoo and his co-worker [28]. As RH was increased, they identi-
fied a considerable variation in ZnO-cellulose nanocomposites impedance. With 0.9
wt.% of HMT concentration of synthesized ZCN sensor, the impedance declined
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to 2.888 × 105 Ω in 90%RH from 2.24646 × 108 Ω in 40%RH. As a result, the
calculated sensitivity of the nanocomposite to humidity was 4.487 MΩ/%RH. Aside
from that, the ZCN humidity sensor exhibited impressive repeatability and little
fluctuation in impedances, indicating that the ZCN sensor device is stable over time.
According to these findings, the ZnO-cellulose nanocomposite can be utilized to
construct humidity sensors.

Tomer et al. synthesized ZnO-SiO2 nanocomposites for purpose of detecting rela-
tive humidity (RH) at room temperature [29]. Based on their experimental findings,
the sensor utilizing in situ loading process exhibits superior impedance changes along
with excellent linearity, and good repeatability. The sensor exhibits rapid response
and recovery time recorded at 15 s and 16 s, respectively with sensor marginal to
negligible hysteresis of 1.2%. In over a span of 30 days, the sensor shows outstanding
consistency, stability and a satisfactory variation in impedance is measured. To
conclude, they suggested that their study will pave the way for the fabrication of
high-performance RH sensors using ZnO–SiO2 hybrid nanocomposite.

4 Conclusion

A study at the most recent improvements and development of ZnO resistive type
humidity sensors has been presented. According to the reported results, the doping
and formation of composite strategy is relevant for enhancing the favorable char-
acteristics of the pristine ZnO structure. An enhancement such reduced crystallite,
high-quality surface structure and porosity, an abundance of oxygen-containing func-
tional group sites, lower surface resistance to alleviate higher electromobility, and
a high concentration of free carrier all contribute to the improved performance of
ZnO-based resistive humidity sensors. Obviously, thanks to the excellent efforts of
researchers on this subject, ZnO has a tremendous potential to become a very effi-
cient humidity sensing material. However, there are still voids to be filled in order to
increase the device’s performance even further.
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Abstract Coconut shell charcoal is a reliable and eco-friendly agro waste material 
in order to produce carbon materials due to it containing a high percentage of carbon 
at more than 50%. Smaller particle size of graphite based coconut shell formed a 
high quality graphene oxide by reducing oxidation time during chemical synthesis. 
Coconut shell charcoal (CSC) powder was produced by mesh using mortar, then ball 
milled using for four different speeds of 250 rpm, 350 rpm, 450 rpm and 550 rpm at 
low ball milling time, 1 h. Particle size analysis of graphite from CSC powder was 
measured using Particle Sizer and Micro-Raman spectroscopy was also utilized. The 
particle size of carbon particle synthesize via ball mill at 250 rpm mill was observed 
to have z-average of 1466 nm compared to particle size before ball mill which is 
z-average 2759 nm. Milling speed at 550 rpm shows the smallest particle size at 
z-average 1355 nm with existence of D-peak, G-peak and also highest 2D-peak from 
Raman analysis. All samples of CSCp were graphitize coconut shell charcoal due to 
the existence of a broad Raman resonance peak of D band at 1339 cm−1, G band at 
1589 cm−1 and 2D region. 
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1 Introduction 

For many years, Coconut has been planted in almost every country in Asian region 
due to its use especially in the food industry. However, it becomes an agro wastes from 
household and food processing industries when the outer parts of the coconut fruit 
were peeled and thrown [1]. This agro waste can turn into environmental pollution 
as it can get incinerated and lead to release large amounts of carbon dioxide (CO2). 
Coconut shell (CS) is a very reliable and eco-friendly material, can be transformed 
to powder form structure and synthesis into natural carbon source by heating it in 
high temperature, thus pyrolysis to turn it into coconut shell charcoal [2]. Coconut 
shell charcoal (CSC) is a renewable natural resource and C-amorphous material 
which can be turned into natural carbon. Natural carbon which contains the highest 
oxygen to carbon ratio influences the properties of Graphene oxide, thus affecting the 
application in future (GO) [2, 3]. In natural carbon such as CS, the oxygen percentage 
were around 30% compared to carbon at more than 50% [4]. Graphite is known to be 
in three forms which are amorphous structure at around 70–80%, another structure 
which is crystalline flakes at 90–98%. It also can be in formed of crystalline lump, 
or vein at 90–99% [5, 6]. Furthermore, graphite from agro waste has been chosen as 
starting material to be used in order to form graphene oxide because it is low cost, 
more structured, higher strength and others [7, 8]. 

The process of turning bulk CS into CS powder, then synthesis into graphite, 
top down method has been suggested nowadays by researchers around the world. 
Ball milling, which is one of the top down approaches, produces three types of 
species that can be distinguished in different forms such as nanoparticles, flakes/slabs, 
and unground micro-sized particles [9]. The top-down method can reduce material 
particle size with an initial size of a few micrometers into nano-particles with a 
size in the range of 40–200 nm [10]. Ball milling (BM) is a simple, reproducible, 
and eco-friendly method for converting bulk materials to the nanometer range [9]. 
Nanomaterials have a great advantage because the small size of particles leads to 
large surface area which affects applications in device performance. 

The advantage of reducing particle size and shape of carbon powder is because 
its application affects the oxidation time of graphene oxide formed by hummer’s 
method. Based on research done by Shojaeenezhad et al., oxidation time for synthesis 
of graphene oxide decreases with the reduction of particle size [11]. The particle size 
also significantly altered the characteristic of coating material in its application [12]. 
Synthesis of nanomaterials through mechanical milling are dependent on the charge 
ratio, rate of rotation of vial, brittleness of materials used, milling duration [13], size 
of the milling balls and materials of which the balls are made. In this research, we 
study systematically the influence of ball milling speed to reduce the particle size of 
local coconut shell charcoal.
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2 Materials and Method 

The experimental methodology consists of two processes which are the preparation 
of graphite nanoparticles and also the characterization. 

2.1 Preparation of Graphite Nanoparticle 

Coconut shell charcoal (CSC) was obtained from east coast Malaysia. Coconut shell 
charcoal powder (CSCp) was produced by meshing the CSC using mortar. The CSCp 
were ball milled using planetary ball mill, model: PM 200 RESTCH for four different 
speeds which are 250 rpm, 350 rpm, 450 rpm and 550 rpm. In this research, ball 
milling was using a zirconia ball with weight of 4.81 g at 1 h milling time. 

2.2 Characterization 

Particle size analysis of graphite from local CSCp was measured using ZETA 
NANO SIZER-S. Micro-Raman spectroscopy was utilized using Jobin Yvon (model 
DU420A-OE-325). X-ray diffraction analysis was done to study the structural prop-
erties of CSC powder before and after ball milled using model brand PANanalytical 
X’pert PRO. 

3 Results and Discussion 

The particle size distribution can be observed as in Fig. 1 for all four samples. From 
Fig. 1, it can be observed that the particle size distribution was non-homogeneous. 
However, there is an improvement in particle size distribution as the ball milling 
speed increases to 400 rpm. The particle size distribution in Fig. 1 was observed 
to be approximately at micrometer range. This will be discussed in more detail in 
Table 1. Collisions between steel ball and particle inside the ball mill grinding jars 
can generate particle friction which gives rise to abrasion or particle breakage that 
will lead to particle fragmentation [14]. However, due to the extent collision between 
particles is dependent on various factors such as material structure which is either 
its crystalline or amorphous, thus affecting the particle size distribution of CSCp. 

Table 1 tabulates the particle size of mesh CSCp and varied speed CSCp from 
250 rpm, 350 rpm, 450 rpm and 550 rpm. There was some reduction of particle 
size about 1674 nm between samples of CSCp mesh and CSCp after the ball milled 
at a low speed of 250 rpm. It was observed that an increase of ball milling speed 
from 250 to 450 rpm caused the particle size of CSCp to increase. Increasing ball
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Fig. 1 Particle size analysis for graphite from local coconut shell charcoal (CSCp) a control sample-
mesh b 250 rpm c 350 rpm and d 450 rpm and e 550 rpm 

Table 1 Coconut shell charcoal particle size analysis after initial mesh and ball mill using steel 
ball for different speed 

Speed (rpm) Weight (g) Time (min) Z-Average (d/nm) 

Mesh – 5 1 h 2790 

Ball mill 250 1466 

350 1720 

450 1577 

550 1355

mill speed resulted in deterioration of the agglomeration of nanoparticles [15]. The 
kinetic energy of the steel ball inside the jar is proportional to the rotation speed [16]. 
As the rotation speed increases, the kinetic energy of the steel ball increases. The 
decrease in particle size happens as a result from the complicated dynamic interaction 
of the steel balls and turbulent slurry inside the grind jar during the ball mill process
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Fig. 2 Particle size analysis for graphite from local coconut shell charcoal (CSC) 

compared to CSCp mesh. At a certain size of ball used, a higher rotation speed (rpm) 
yields a finer average particle size because of the higher number of rotations within 
a given period of milling time (12 h). Based on research done by H. Shin et. al, the 
optimized rotation speed of the mill using ~2 mm will achieve average particle size 
(d50) around 840 nm at 153 rpm [16]. However, the milling time to achieve such 
average particle size was longer which is 12 h compared to our study, 30 min.

Figure 2 shows the graph of particle size analysis from CSCp by meshing process 
and CSCp after ball mill. From Fig. 2, the reduction of particle size obviously 
appeared after the CSCp were ball milled at 250 rpm speed. It can be observed 
that decreasing in particle size as there is an increment in milling speed led to an 
increase in surface area (high surface energy) of the coconut shell charcoal particle 
[17]. However, the z-average of sample 250 rpm seems to have smaller value than 
the next milling speed at 350 rpm and 450 rpm. This is due to light scattering during 
particle sizer analysis where more to a small portion of large particle size hence give a 
higher z-average for sample 350 rpm. One or two individual large particles may scat-
tered more light than a distribution of smaller particle [18]. Corresponding to Fig. 1c 
which shows that sample 250 rpm particle size distribution is non-homogeneous. 
Higher speed of ball milling at a short time gave a smaller particle size [9]. This 
situation can be observed as the milling speed increased to 550 rpm, the particle size 
decrease to the smallest z-average at 1355 nm. Size reductions were observed to stop 
and particle size increases because of aggregation particles due to the effect of Van 
der Waal force and Coulomb electrostatic force acting on particle [19]. 

In order to investigate the existence of the stone-like shape of carbon particles, 
a non-destructive measurement of Raman spectroscopy was performed for all five 
samples. Figure 3 shows Raman spectroscopy analysis of CSCp after mesh which 
shows the existence of D peak, G peak and 2D peak at 1339.65 cm−1, 1589 cm−1 

and 2681 cm−1. G peak is corresponding to the ordered sp2-hbridized carbon bonds 
in the lattice, while D peak indicates the presence of the edge basal defects or other 
impurities in the carbon materials. Raman spectroscopy was done to prove that CSCp
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Fig. 3 Raman spectroscopy of CSCp control sample (mesh) and ball milling at milling speed 
250 rpm, 350 rpm, 450 rpm and 550 rpm 

is a carbon material based on the existence of the Raman resonance peak of D, G and 
2D peak [20]. The broad D peak and G peak reveal that it is an amorphous carbon 
[21]. Conversion of a particle to a smaller size by using mechanical exfoliation 
will promote a high number of crystalline defects [22]. This can be observed as 
the milling speed increases, the D-band peak increases gradually. The increment of 
D-peak intensities indicate the transformation of in-plane sp2 carbon to disordered 
tetrahedral sp3 carbon domains [23]. 

Table 2 tabulated data on the intensity and also the Raman shift of five different 
samples. In this research, milling at 550 rpm shows less disordered carbon structure 
at ID/IG of 0.7937 compared to others milling speed. ID/IG, the intensity ratio between 
the D-peak and G-peak is used to characterize defect content of the ball mill carbon 
based CS. As the milling speed increases, there is a formation of nanosized particles 
with a less disordered structure [24]. There is an increase of 2D peak of samples 
that was milled compared to the MESH sample which shows a better exfoliation of

Table 2 Raman spectroscopy analysis on reducing size of carbon particle based coconut shell from 
ball milling 

Speed (rpm) Intensity Raman shift 

ID IG ID/IG D-peak G-peak 

Mesh 60.102 77.419 0.7763 1358.140 1601.550 

250 213.922 263.837 0.8108 1358.136 1588.372 

350 192.275 226.071 0.8505 1358.136 1589.982 

450 220.543 274.533 0.8033 1358.139 1595.348 

550 675.127 850.594 0.7937 1364.341 1588.372
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carbon based CSC [25]. It can be observed that there is a large difference at 153.82 for 
the ID value of mesh compared to ball milling. Based on Mendoza et.al, intensity of 
D peak can exhibit an amount of defect in carbon structure because of the vibrational 
modes that comes from the disorganized region near particle edges, lattice defects 
and vacancies [24].

4 Conclusion 

In this paper, graphite microparticles were successfully synthesized using ball milled 
at different milling speeds. Particle size analysis was done successfully and it can 
be concluded that at 550 rpm is the optimal ball milling speed for sample CSCp as 
it has the smallest particle size. CSCp, which is a mesh reduces the particle size and 
and shows as an amorphous graphites particle proved by Raman spectroscopy as the 
existence of three bands which are D, G and 2D. For future work, more parameters 
suggest to be done in order to achieve nanoparticle size of CSCp. 
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Abstract Shock absorber failure can be easily detected during shock absorber 
utilization in the vehicle. The failure usually happened due to crack propagation 
under fatigue life of compress and extend operation. To prevent any failures during 
utilization it is preemptive to detect any possible fault during manufacturing quality 
check inspection process. However, it is very difficult to do full check to all finished 
product due to high time consumption they require. In order to shorten the time, 
automated checking method are desire. In this study, automotive coil spring health 
are recognized using signal processing analysis to enable automated line quality 
check inspection. Fatigue testing machine was use to excite the spring in order to 
create signal needed in the processing analysis. The analysis was carried out using 
excitation signal detected along cycle time. Output data for both healthy and faulted 
springs (pre-inserted cracked) were processed and compared using signal processing 
analysis. This method shown an accurate consistency for fault detection of crack 
occurred in automotive spring where the number of peaks and valley of the signal 
as well as their maximum values not only able to show defective characteristics but 
also the severity degree of the defect where higher number and frequency density 
are more severe than not. This method will definitely able to shorten time needed 
for quality check inspection of cracks when applied in fabrication line compared to 
conventional method using naked eyes where micro cracks are very hard to detect. 
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1 Introduction 

The automobile suspension systems have received a considerable amount of interest 
from the academicians and automotive industries for their performance character-
istics. It includes study the relationship among road handling, against suspension 
comfort and stability. The automobile suspension mechanism is a system that is 
commonly implemented to automobiles that mechanically prevents the vehicle body 
from ground shocks in order to minimize the longitudinal harmful vibration conveyed 
to the passenger and to retain continuous interaction with the road wheel [1, 2]. 

Shock absorbers are one of the many parts of an automobile. Its primary aim is not 
only to have the best efficiency, but also to last longer lifespan of the product. Shock 
absorbers minimize the movements of a vehicle and car wheels by eliminating the 
energy stored in the springs or torsion bars. Therefore, the car and the driver would 
not be impacted by this transportation disruption. Shock absorbers channel kinetic 
energy from the suspension by generating heat and dissipate them. The majority of 
new shock absorbers are susceptible to velocity. The shock absorber’s resistance is 
calculated by the caster angle, suspension rpm, and number and scale of the piston 
hole. Passive dampening happens when the suspension accelerates which ensures 
the shock absorbers produce passive dampening [3, 4]. 

The shock absorber spring is an essential and indispensable safety device. The 
basic idea of the shock absorber work depends on facing the vibration of the car’s 
body while driving, thus ensuring that the car does not swing. It also ensures that 
there is good adhesion and traction to the road surface so the car does not deviate 
from the lane [5, 6]. In essence, the automobile’s drivers are subjected to a great 
level of vibrations. They work consistently numerous hours on the car, particularly 
during the bustling working time. These working conditions not just mischief the 
wellbeing state of the driver, yet in addition make early exhaustion and diminish his 
effectiveness. Then again, present necessities for lower cost in car manufacturing 
prompts a significant prerequisite for better manufacturing method [7]. Under these 
conditions, improving the ride comfort and ride safety of autos is a requirement. This 
improvement might be accomplished by designing a system for detecting fault on 
shock absorber helical springs at a higher efficiency. 

Faults of the vehicle suspension system directly affect the stability and safety 
of the vehicle consequently endangering passenger’s life. Over the last few years, 
researchers have researched the process of detecting and diagnosing faults in suspen-
sion components. Xiaoyi Hu has studied how to apply a fault diagnostic approach 
based on a vehicle dynamics model and dynamic response signal processing tech-
nology to locate and identify faults in vertical damping components [8]. Shock 
absorber spring will eventually wear out over time. Proportionally to how much 
it wears, shock absorber spring will not function as well as it did at the beginning 
[9, 10]. 

Currently, inspection for cracks on coil spring are done manually. This would 
not only be time consuming, but additionally due to that only randomize sampling 
can be done. Thus increasing the risk of faulted spring to be overlooked. This may
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compromise comfort of the passenger and eventually leading to more severe problem 
with vehicle handling and safety. It would mean that the driver will lose control of 
the vehicle and crash into accidents. In this paper, study on possibility of automated 
inspection method to detect faulted spring with cracks with higher frequency and 
accuracy. The method will enable us to recognize them before they reach to their 
critical points of complete failure. 

2 Methodology 

This study was done using SAE9254 spring steel. It is manufactured for automotive 
suspension which were supplied by our industrial collaborator. It is commonly used 
material for suspension due to its properties of high resistance to stress and heat. With 
heat treatment its tensile strength increased to 2018 N/mm2. This shock absorber 
coil springs is specifically for the use of mid-size compact town car. Its chemical 
composition is shown in Table 1. 

Table 2 shown the spring’s detail specification. Vertical-type push-pull based 
Fatigue testing machine as shown in Fig. 2 was used in this study to force spring 
subject into compressions and tensions to intentionally imitate the automotive vibra-
tion motion on the road. Springs were initially compressed from its original length 
of 275 mm to its full bound at 126.3 mm. Then, pull to full rebound at 246.9 mm. 
The cycle of spring excitation was done for about 100 cycles per set and maintained 
at 1 Hz constantly throughout the test. Experimental settings used in the study is 
shown in Table 3. It is required to create the appropriate vibration motion for the 
shock absorber springs at several compressions and tensions. Coil spring samples

Table 1 Chemical 
composition of SAE9254 
spring steel (wt %) 

Element wt % 

C 0.58 

Mn 0.63 

P 0.009 

S 0.008 

Si 1.37 

Cr 0.62 

Table 2 Spring 
specifications 

Wire diameter (mm) 14.3 ±0.06 

Mean coil diameter (mm) 101.7 ±2 

Effective no. of coil (turns) 6.3 ±0.05 

Spring rate (N/mm) 63 

Free height (mm) 
Average Hardness (HV) 

275 
585–615
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Table 3 Experimental 
settings 

Spring 
condition 

Displacement 
(mm) 

Stress (MPa) Load (N) 

Full bound 
(maximum) 

126.3 994 8858 

Full rebound 
(minimum) 

246.9 140 1260 

in three different health conditions prepared for this study. The first one is healthy 
without any cracks and in good condition. One small size crack was intentionally 
inserted into the second spring sample using super drill. While the third spring has 
two cracks that can be seen with naked eye. Figure 1 shows the spring sample and 
the location of the cracks made in the second and third springs at the second last turn 
as indicated.

Fig. 1 Shock absorber coil 
spring 

2nd spring’s 
crack is at 
red 

3rd spring’s crack 
is at red and yellow 

Sensor PCB352c33 
are placed here on 
the upper die 

Fig. 2 Fatigue testing machine
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Fig. 3 Sensors placement 

Data Acquisition (DAQ) is used for measurement that is electronic or physical 
such as voltage, current, temperature, noice, vibration and tone. Two different sensors 
used were accelerometer sensors (PCB352c33) with sensitivity of 100 mv/g and a 
dynamic range of peak, and accelerometer sensor (PCB356B21) with a sensitivity 
of 10 mv/g and a dynamic range of peak to determine the vibration of the coil 
and vibration of the jig. They are placed into position as shown in Fig. 3. All data 
will be shown in acceleration, velocity and displacement against time (s). It will be 
displayed as original output data to match real time estimation for real application. 
The analysis outcome of this study will be use as reference and validation purposes 
when this quality checking method is applied into one of the steps for finalizing 
finished products. 

2.1 Data Analysis and Calculation 

Data gathered were analysed and displayed using LabVIEW software. By plotting the 
filter block to filter the signal, the signal will be accelerated by connecting the accel-
eration to the Fast Fourier Transform (FFT) block to obtain frequency. Additionally, 
FFT functions was used to calculate velocity and displacement: 

X (ω) = 
1 

2π 

∞∫

−∞ 

x(t)e−iωt dt (1) 

And 

(t) = 
∞∫

−∞ 

X(ω)e−iωt dω (2)
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To obtain velocity from equation: 

v = 
t∫

0 

adt (3) 

To obtain displacement from equation: 

s = 
t∫

0 

vdt (4) 

3 Results and Discussion 

3.1 First Shock Absorber Spring (Healthy Condition) 

This spring is in healthy condition without any cracks. The acceleration signal, 
velocity and displacement of this spring are as follow. Figure 4 shows the accel-
eration of the spring in time domain. As shown in the figure, maximum acceleration 
peak response of the spring does not exceed 200 m/s2 while high density responds 
are uniformly kept under 50 m/s2. Figure 5 shows the Velocity of the first spring in 
Time domain. As shown in the figure the velocity is stable and uniform at all cycles 
and has no obvious peak disturbance. The velocity range for peak is 1250 mm/s and 
valley is −750 mm/s. 

Fig. 4 Acceleration in time domain (s) 

Fig. 5 Velocity in time domain (s)
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Fig. 6 Jig displacement in time domain (s) 

Fig. 7 Spring displacement in time domain (s) 

Figures 6 and 7 show the displacement of the machine Jig and the spring in Time 
domain. Displacement of both Jig and spring shown a similar pattern of simple 
harmonic motion where there was no peak disturbance. The maximum displacement 
is 125 mm. The amplitude shown in the output are very closed to the full bound 
displacement of the coil spring. These output will be our based reference to compare 
the other springs with it. 

3.2 Second Shock Absorber Spring (with One Crack) 

This spring has one crack. The acceleration signal, velocity and displacement of this 
spring are as follow: Fig. 8 shows the acceleration of the spring in time domain. The 
acceleration shown noise with high density averagely at about 250 m/s2. Compared to 
healthy sample, it has shown an increase of 500% for high density region. Maximum 
acceleration of the spring is peak is around 400 m/s2, while valley is about −300 m/s2. 
Figure 9 shows the velocity of this spring in Time domain. While the amplitude for 
velocity’s second sample for peak is averagely the same as healthy output while valley 
shown a deeper value of −1200 mm/s, line density was observed to be thicker. This is

Fig. 8 Acceleration in time domain (s)
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Fig. 9 Velocity in time domain (s) 

Fig. 10 Jig displacement in time domain (s) 

Fig. 11 Spring displacement in time domain (s) 

due to higher resistance from the unstable excitation of the coil spring. The maximum 
velocity which come from one of the peak located at about 13 s is 3000 mm/s and 
valley is −3000 mm/s. Figure also shown two obvious peaks and three valleys. 
Figures 10 and 11 show the displacement for jig and spring in time domain. As 
we have in healthy sample, both output data displayed an almost similar pattern to 
one another. The average amplitude is about 200 mm which increase 200% from 
healthy displacement motion. Displacement output displayed 3 peaks and 3 valleys 
located at 13 s, 43 s, and 96 s. First peak at cycle 13 with compression 600 mm and 
tension 400 mm, second peak at cycle 43 with ±400 mm and lastly at cycle 96 with 
compression 200 mm and tension 400 mm. The maximum peak valley shown and 
increase of at about 300% compare to full bound and rebound actual height.

3.3 Third Shock Absorber Spring (Severely Cracked 
Condition) 

This spring has two cracks. The acceleration signal, velocity and displacement of 
this spring are as follow: Fig. 12 shows the acceleration of the spring in time domain.
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Fig. 12 Acceleration in time domain (s) 

Fig. 13 Velocity in time domain (s) 

Acceleration’s high density region shown an average of range in between ±300 m/s2. 
It increases a bit compared to sample no 2. However, the maximum peaks and valley 
increase by 180% to show values up to 650 m/s2. Figure 13 shows the Velocity of 
this spring in Time domain. It is averagely ranging about ±2000 mm/s with denser 
line compared to sample no 2. We can observe 8 peaks with maximum velocity about 
6000 mm/s forward and 7 valleys with maximum value of −7000 mm/s. Comparing 
these to sample no 2, we have an extra 6 peaks and 4 valleys which could be translated 
to severity of defect in third samples. Figure 14 and 15 show the displacement for 
jig and spring in time domain. Displacement shown an average values of ±200 mm. 
This is comparable to sample no 2. Meanwhile, the motion shows 6 peaks with 
maximum value of about 1000 mm and 5 valleys with maximum value of −800 mm.

Fig. 14 Jig displacement in time domain (s) 

Fig. 15 Spring displacement in time domain (s)
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Table 4 Comparison of the coil springs in term of acceleration 

Spring High density region 
(m/s2) 

Maximum peak value 

(m/s2) 
Maximum valley 

value (m/s2) 
Sample No 1 
(Healthy) 

±50 200 −200 

Sample No 2 (1 
Crack) 

±250 400 −300 

Sample No 3 (2 
Cracks) 

±400 650 −650 

The increase in number of peaks and valleys as well as their maximum values are 
due to the two cracks. Therefore, owing to previous statement, we can safely assume 
undoutedly that health conditions and the level of defects severity of the coil springs 
could be determine using these sets of data. This are also agreed by Liu et al. [11].

3.4 Summaries and Discussion 

All the observation mentioned above are summarized in Tables 4, 5 and 6. They  
show the differences between the acceleration, velocity and displacements of the coil 
springs. To summarize our findings, healthy springs displayed low noise signal even

Table 5 Comparison of the coil springs in term of velocity 

Spring No of peaks Maximum peak 
value (mm/s) 

No of valleys Maximum valley 
value (mm/s) 

Sample No 1 
(healthy) 

n/a n/a n/a n/a 

Sample No 2 (1 
crack) 

2 3000 3 −3000 

Sample No 3 (2 
cracks) 

8 6000 7 −7000 

Table 6 Comparison of the coil springs in term of displacement 

Spring No of peaks Maximum peak 
value (mm) 

No of valleys Maximum valley 
value (mm) 

Sample No 1 
(healthy) 

n/a n/a n/a n/a 

Sample No 2 (1 
crack) 

3 400 3 −600 

Sample No 3 (2 
cracks) 

6 1000 5 −800
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for high density region for acceleration amplitude. For both velocity and displacement 
signals, they shown a simple harmonic motions without any singularity in the signals. 
On the other, sample no 2 shown a significant increase in acceleration, velocity 
and displacement signals in term of maximum peak and valley number, as well as 
their values. Furthermore, sample no 3 shown a consistency in data value because 
the enhancement in terms of peak and valley numbers and its maximum values 
can be plainly observed. According to B. Liu, the peaks and valleys occurs in the 
signals can be related to resonance frequency [11]. When peaks and valleys occurs 
in displacement, velocity and acceleration, frequency that occur during push or pull 
force are almost equivalent to resonant frequencies of the systems, and the frequencies 
would be significantly larger compare to nonresonance frequencies as suggested by 
Donskoy and Sutin [12]. Due to their characteristics of overloading stress and load 
into certain focus point, instead of essential desired function for coil springs to 
evenly distributing forces and energies while converting them from and to kinetics 
and potential energies to maintain stability and safety of the vehicle, the resonance 
can be said to be the undesirable elements that should be avoided at all cause. They 
would also lead to accidents in worse cases.

4 Conclusion 

Finally, the objectives of this study have been successfully achieved. The system 
to detect the fault on shock absorber coil springs has been introduced. Using this, 
cracks availability including micro-cracks on coil spring surface which are very 
difficult to detect can be easily have been detected based on differences from signal 
observed. Additionally, since the data output from jig and spring shown an almost 
100% similarities, for future application, there will be no need to attach sensors onto 
coil springs. Thereby enhancing the easiness of quality check inspection and even 
decreasing time consumption required. 

As conclusion, by measuring the vibration of the coil springs and analysing their 
signal, springs health conditions can be evaluated. The more severe their faults, it 
will show denser response compare to healthy sample. The results of this study will 
definitely help early detection during final quality check at productions lines. Conse-
quently, will help keeping only the healthy suspension system in good condition are 
released. This can be achieved by doing a higher frequency inspection with higher 
precision despite shorter time required. This will definitely lead to better quality of 
shock absorber in the market. As a results, the safety and wellness of driver and 
passengers’ life can be ensured. 

For further studies, it is recommended to study more into cracks propagation due 
to repeated action of compress and tensile of the coil springs during its utilization. 
This will further enhance the accuracy of analysis.
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Simulation of Stress and Deflection 
in Cutting Tool of End Milling Using 
Finite Element Analysis 

Haslina Abdullah , Muhammad Nur Ariff Zulkifli, 
Mohamad Shukri Zakaria , and Norfazillah Talib 

Abstract Excessive stress in a machining process will lead to the failure of the 
cutting tool. In addition, it will cause the deflection of the cutting tool. In this paper, 
a simulation procedure based on Finite Element Method has been performed to 
analyse the stress distribution and deflection in the cutting tool of the end milling 
process. A three-dimensional model of a 2-flute flat end milling cutting tool has been 
developed using Solidwork software, and Abaqus software has been used to simulate 
the cutting tool. Static analysis has been implemented, and a concentrated force has 
been applied at the tip of the cutting tool. The value of deflection is determined by 
the magnitude of the total displacement. Based on the simulation, the result shows 
that the maximum stress occurred at hthe cutting tool’s edge. The maximum value 
for stress is 3.11 × 103 Pa and While the maximum value for total displacement is 
3.546 × 10−7. In conclusion, by applying the finite element method, the deflection 
of the cutting tool can be predicted by analyzing the stress and displacement. 

Keywords Stress distribution · Tool deflection · Finite element method 

1 Introduction 

End milling is a valuable tool and one of the most popular metal removal operations 
throughout the milling process. It is frequently utilized in industrial industries such as 
automotive and aerospace, where quality is critical in producing slots, dies, pockets, 
and slots. The cutter in end milling revolves on an axis vertical to the workpiece 
[1]. As a result, one of the most significant elements influencing cutting cost is the 
appropriate selection of cutting parameters for the milling process [2]. Predictions
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of numerous parameters such as cutting pressures, stresses, and temperature are 
crucial in selecting tool material and design prior to production to guarantee an 
effective machining process. To ensure the machining process’s efficiency, many 
things need to be considered, for instance, tool deflection, cutting force, and chatter. 
The production of tool deflection and high cutting force will cause the failure of 
the machining process [3]. Many methods are employed to estimate tool deflection 
and cutting forces, such as developing a cutting force model, simulation using FEM, 
and experimental work. For example, Moges et al. [4] and Huo et al. [5] have been 
developed of cutting force model to predict the cutting force and tool deflection. This 
model has been developed based on the two-dimensional condition of the machining 
process and been verified by using experimental work. Nghiep et al. [6] use Taguchi 
method to predict and improve the tool deflection in end milling based on several 
machining parameters. Based on the experiments, it is found that tool deflection can 
be decreased by adjusting the levels of factors which is lubrication, radial depth of 
cut, axial depth of cut, and feed of cut. On the other hand, the Finite element method 
is also one of the methods to predict the cutting tool deflection by analyzing the stress 
distribution in the cutting tool. This method has been widely used in the machining 
process neither in the milling nor turning process. The FEM provides findings to the 
actual values and, therefore, it is now a well-accepted numerical method [7, 8]. 

Guo et al. [9] has applied FEM to predict the effect of deflection on the temper-
ature of the cutting tool. Then, the results were validated using experimental work. 
Ismail and Tajalla [10] also use FEM to investigate parameters such as cutting speed 
and rake angle on stress and temperature. Pratap and Patra [11] claimed that an accu-
rate prediction of cutting forces in micro-end milling is necessary to increase the 
efficiency of the machining process. Therefore, a finite element method has been 
applied using ABAQUS/Explicit software to predict the cutting forces in micro-end 
milling by consideration of tool edge radius effect, thermo-mechanical properties, 
and failure parameters of the workpiece material. Like Ozel and Altan [12], a finite 
element method has been used to study the cutting process and predict chip flow, 
cutting forces, tool stresses, and temperatures. However, the simulation is focused 
on side milling using a flat end milling operation. While Mebrahitom et al. [13] was  
performed a finite element analysis to predict the cutting forces using Finite Element 
Analysis on two flute HSS flat end mill. The finite element analysis was performed 
based on the interaction between the Aluminum workpiece and high-speed steel tool 
cutter. However, the model of the cutting tool is in 2-Dimensional, and the flute 
model has been disregarded. 

Generally, there are many simulations of two-dimensional (2D) model has been 
conducted using finite element method have been proposed and verified due to 
challenges that exist in constructing 3D numerical cutting models [14–16]. In this 
research, FEM will be utilized to study the stress distribution and deflection on the 
three-dimensional of the cutting tool in the end milling machining process. Typi-
cally, end milling deflections were measured in proportion to force, resulting in 
static deflections [17, 18]. Cutting forces during the end milling process causes tool 
deflection and machined surface form inaccuracy. This study aims to develop a simu-
lation procedure to determine the deflection and stress in a cutting tool of the milling
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(a) (b) 

100 mm 

14 mm 

67 mm 

2 Flute 

Fig. 1 Flat end mill cutting tool a front view b three-dimensional view 

process. The simulation on cutting force and tool deflection of cutting tool for milling 
process has been performed using Abaqus software based on Finite Element Method 
(FEM). 

2 Methodology 

2.1 Development of Three-Dimensional Cutting Tool 

This study has constructed the flat end milling cutting tool using Solidwork software, 
as shown in Fig. 2. The type of cutting is a two flute end mill cutting tool. This cutting 
tool is used in the process of roughing end milling process. Even though [19, 20] has 
stated that the number of the flute had influenced the stress distribution in the cutting 
tool, this study only focused on the two flute only. Then, this cutting tool model has 
been saved as STEP for the importing process in Finite Element software (Fig. 1). 

2.2 Simulation Using Finite Element Method 

In this study, Abaqus software has been implemented to analyze the stress and deflec-
tion in the end milling cutting tool. The model that has been saved in Step format 
has been imported in Abaqus because it contained more 3D data and part geometry
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(a) (b) 

Condition of force 
at the tip of tool. 

Force applied at 
the tip of tool. 

Boundary 
condition 
at the top 

Fig. 2 a Condition of force in end milling b force and boundary condition applied on cutting tool 

than IGES. The STEP format is adaptable, practical and should remain a trusted 3D 
CAD. The next step is defining the material properties of the cutting tool. The mate-
rial cutting tool is High-Speed Steel. Table 1 has illustrated the material properties 
for the cutting tool, which is based on stainless steel material. In Abaqus, the material 
has been defined as the Elastic mechanical behaviors. 

A concentrated loading force has been applied at the tip of the cutting tool To 
analyze the stress distribution and the deflection of the cutting tool. The value of 
force has been obtained based on the experimental work conducted by Jiang et al. 
[21]. Figure 2 shows the applied loading on the tip of the cutting tool, consisting 
of concentrated force in 3 directions: Fx, Fy, and Fz. The value for Fx, Fy, and Fz 
are 167.34 N, 161.05 N, and 77.35 N, respectively. This loading is applied with the 
assumption that the cutting tool has touched the workpiece during the end milling 
process, as shown in Fig. 2a. Then, the boundary condition has been applied on top 
of the cutting tool based on encastre boundary condition. This condition is ensuring 
the top of the cutting tool constrains all active structural degrees of freedom in the 
region specified. The boundary condition acts as a spindle to hold the cutting tool 
at the top surface. For the meshing process, the tetrahedral type, which is 0.01 has

Table 1 Material properties 
of the cutting tool 

Parameters Value 

Modulus of elasticity, E(GPa) 200 

Poisson’s ratio, v 0.33 

Density, ρ (Kg/cm3) 7870
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Fig. 3 Tetrahedral meshing 
of cutting tool 

been chosen suitable with the structure of the tool, as shown in Fig. 3. The selection 
of meshing parameters was consistent with this research in a FEM simulation [22].

3 Results and Discussion 

In this research, a linear static analysis has been implemented to study the stress 
distribution and deflection of the cutting tool under concentrated forces. It is essential 
to know the magnitude of stress. When the value exceeds the tool material fatigue 
strength, it will cause the failure of the cutting tool. So, it is crucial to predict the 
location and modes of the failures. A path has been created called trued distance 
along with the cutting tool in order to determine the magnitude and the location of 
the maximum stress, as shown in Fig. 4. Based on the graph, the maximum stress 
has occurred at the tip of the cutting tool with the magnitude 3.11 × 103 Pa and the 
value is constant when the length of the cutting tool is about 3 mm. This simulation 
found that the critical location that has experienced the higher stress is the tip of the 
cutting tool. Similar results were also obtained by Wu et al. [23]. Generally, many 
factors influence the stress in the cutting tool, such as the parameters of the cutting 
parameters, which are axial dept of cut, radial depth, spindle speed, feed per tooth, 
and the workpiece material [24]. Though, in this study, these parameters are not 
considered. The stress distribution is only focusing due to the concentration applied 
on the tip of the cutting tool. However, the simulation procedure developed in this 
study can still predict the stress distribution and the location of the maximum stress. 

Figure 5 shows the total displacement along the true distance based on concen-
trated forces at the edge of the tool. The true path distance is similar to the path 
to obtain the magnitude of stress. The highest displacement is occurred at the tip 
with the magnitude 3.54 × 10–7 mm. Then the displacement is gradually decreased 
when the length of cutting too is increasing. A comparison of displacement has been 
made to observe the magnitude in each axis. Based on the Fig. 6, it can be seen 
that the highest displacement has occurred on the x-axes. This is due to the highest
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Maximum 
stress 

Minimum 
stress 

Maximum 
stress 

Minimum 
stress 

Fig. 4 Stress distribution along path true distance 

Maximum 
displacement 

Minimum displacement 

Maximum 
displacement 

Minimum 
displacement 

Fig. 5 Displacement distribution along path true distance

magnitude of force has been applied. The tool deforms elastically under a cutting 
load, and this is satisfies the conditions of small deflection, Hooke’s law, and the 
superposition principle [9]. Based on Kiyak et al. [25], the deflection of cutting tool 
is expressed by the value of cutting force, tool overhang, modulus of elasticity, and 
the scalar moment of inertia. Based on the analytical method, “If an elastic structure 
is subjected to n loads �Fc1 �Fc2 �Fc3, . . . �Fcn , the deflection xj of the point of applica-
tion of �Fcj  ; measured along the line of action of �Fcj  , can be expressed as the partial 
derivative of the strain energy of the structure with respect to the load �Fcj  ” [26].
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Fig. 6 Comparison displacement distribution along path true distance 

Therefore, to analyze the deflection in the cutting tool of milling, the displacement 
has been considered in this study.

In order to analyze the magnitude of deflection in the cutting tool, the results 
of simulation FEM has been compared analytically with the formulation of tool 
deflection that has been proposed by Guo et al. [9] and Budak [17], as shown in 
Eq. 1. The location of boundary condition and applied loading at the end mill in the 
model are demonstrated in Fig. 7. However, in this study, the magnitude of the force is 
defined by the total force acting on the tip of the cutting tool. To predict the magnitude 
of tool deflection, Budak [17] defined Eq. (1) to predict deflections of tools for given 
geometric parameters and density. The constant C and N for the 2-flute end mill are 
7.93 and 0,974, respectively. Based on the comparison, it has been found that the 
percent error between the value of calculating tool deflection using the formula with 
the magnitude obtained from FEM is 24.54%. The percent error occurred because 
the simulation is based on three-dimensional while the formula of the tool deflection 
does not specify all the force acting on the cutting tool. Furthermore, the meshing 
of the cutting tool is not tiny that cause the result obtained are not optimum. It can

Fig. 7 Deflection model of 
end milling of cutting tool 
[17]
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cause the difference of value obtained from the Abaqus software with calculation 
using formula.

de f lectionmax = C 
FR 

E

[
L13 

D14 
+

(
L23 − L13

)
D24

]N 

(1) 

where is; 

D1 mill diameter 
D2 shank diameter 
L1 flute length 
L2 overall length. 

4 Conclusion 

A Finite Element Analysis simulation procedure has been performed to study the 
distribution of stress and displacement in the cutting tool for the end milling process. 
Based on the simulation, it has been found that the stress distribution is highest at 
the tip of the cutting tool due to the application of concentrated force. Similar to 
displacement, the magnitude is decrease proportional to the length of the cutting 
tool starting from the tip of the cutting tool. Though some parameters were not 
considered during the simulation, such as cutting speed, feed rate, and axial depth, 
the static analysis can still predict the stress and displacement distribution. 
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The Effect of Heat Treatment to Additive 
Manufacturing Material AlSi10Mg: 
A Review on Microstructure 
and Mechanical Properties 

S. P. Tan, M. S. Shaari, Akiyuki Takahashi, and M. R. M. Akramin 

Abstract Additive Manufacturing (AM) ameliorates the traditional techniques in 
the manufacturing process. The focus of the material used in this technique is 
AlSi10Mg. This is because the AlSi10Mg alloy has a low density and high-
performance characteristic. The material used for AM to fabricate an end product 
has gained attention from both industries and researchers. This is to develop a 
completely novel technique in studying and optimizing material properties. Hence, 
this technique’s maturity needs strong literature support on mechanical properties 
affected by post-process for wider customized application. Meanwhile, the change 
of microstructure affected by post-process is also essential to understand the proper-
ties of the changed factor. Therefore, the post-processes, which are often applied to 
conventional cast aluminium alloy, are investigated. This paper reviews the effect of 
the post-process on microstructural behaviour and material properties. The tensile 
and ductility are the main concern for the mechanical properties and the effect of 
fatigue crack growth of AM material. This paper aims to understand the changes 
in properties and the relationship between microstructure and mechanical properties 
that are affected by post-process. This is because AM technology will revolutionize 
the manufacturing of goods and markets in future. 

Keywords AlSi10Mg ·Metallic additive manufacturing · Heat treatment 

1 Introduction 

Three-dimensional (3D) printing is getting popular nowadays, better known as addi-
tive manufacturing (AM). AM is defined as “a process of joining materials to make
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objects from 3D model data, usually layer upon layer, as opposed to subtractive 
manufacturing methodologies” [1]. The AM process fabricates a 3D object by 
progressively adding material layer by layer from a computer-aided design (CAD) 
model, which is why it is called additive manufacturing [2]. AM is totally a different 
method compared to traditional machining in 3D printing. Here, casting and forging 
processes, where the material is removed from a stock item (subtractive manufac-
turing) or filled and shaped into a mold and dies, compresses and hammers [3]. 
The study has shown that AM brings more convenience and cost efficiency to 
manufacturing industries. 

Additive Manufacturing has to progress from fast prototyping and quick tooling 
to assembling applications [4]. The benefits of AM consist of (i) allowing new 
manufacturing design parts with flexible, uncommon and complex geometric for 
internal structures [4, 5], (ii) high strength to low weight ratios [6], (iii) near-zero 
material waste and (iv) reduction of expensive tooling and less material lost [2]. 
The AM process also fabricates the model with high quality and low defect risk of 
complicated parts without geometrical constraints [7]. Therefore, the AM process is 
nowadays becoming a more and more popular trend in industrial applications. AM 
process is commonly applied on fabricating freedom and near-net-shape lightweight 
components [8]. 

There exist a few AM processing systems such as direct metal laser sintered 
(DMLS), selective laser melting (SLM), electron beam melting (EBM), selective 
laser sintering (SLS), laser engineered net shaping (LENS) and laser metal deposition 
(LMD) [9]. The laser processes heating alloy metals, which consolidate through a 
rapid solidification process. The materials used for these manufacturing techniques 
are strictly con-trolled. Several types of metals are routinely applied in the AM 
process such as titanium [10], stainless steel [11], nickel [12] and aluminium alloys 
[2]. 

Aluminium alloy is of great interest for powder bed fusion (PBF) AM manu-
facturing. In the AM material range, the common metal used is AlSi10Mg alloy. 
This is because the material is readily cast with good mechanical properties such 
as high strength and low density [13]. In addition, Al–Si alloy has good mechan-
ical properties, lightweight metal, high corrosion resistance, abundant material, and 
cost-effectiveness. Therefore, Al–Si alloy is commonly used in aviation and automo-
tive industries and is available for powder-bed fusion AM [14]. However, numerous 
common Al-alloys are not accessible for the powder-bed fusion AM process. This 
is because of high thermal conductivity, poor flowability, wide solidification range 
and a strong tendency to form oxide scales [15]. 

The reason industries holding AM process back and do not prefer 3D printing is 
due to the investing cost versus output yield in the long run. The cost of outputs is 
highly dominated by initial machined cost. Then, the costing will only be marginally 
trended down as more and more parts are printed over a long period of time. It takes 
time to print a single piece to scale up the manufacturing, which implies that the 
manufacturer needs to buy additional machines, which helps in cost reduction. This 
turns our traditional economies of scale on their head. Therefore, if the price of raw 
material and 3D printer machine costs could be reduced with constant supply, the
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manufacturer can lower the cost and be accessible for more parts by 3D printing. As 
mentioned, a complicated hollow structure is now possibly created by AM process 
with near-zero material waste and less material loss. Therefore, some researchers 
studied the performance of products by comparing virgin and recycled AM material 
powders, which is AlSi10Mg. The studies were studied on microstructure, mechan-
ical properties, and characterization such as chemical and phase composition, surface 
oxide content, as well as crystal size. The result showed that the characteristics and 
microstructure of samples manufactured from virgin and recycled powders had an 
almost very high similarity. This slightly different strengthening mechanism in iden-
tical samples was due to a slightly different microstructure [16, 17]. Observed that, 
the particles of AlSi10Mg are getting more spherical and particle size getting smaller 
after several times reused. 

Development and proper post-processing for AM product may improve the capa-
bility of AM components [18]. Meanwhile, conventionally cast AlSi10Mg alloy 
normally contains coarse needle-shaped silicon as well as magnesium that contains 
precipitates. The size of silicon precipitates is affected by the material’s ductility and 
needs to be refined [19]. This is due to the distance between Si–Si particles, which 
increases after post-process. Therefore, the strength is reduced, but the ductility 
increases [20]. At the same time, Li et al. [21] reported the localized stress and strain 
reduction induced by the increase in the size of Si particles. Subsequently, the AM is 
powder-based before the manufacturing process. Therefore, solution heat treatment 
is needed to reduce the stress concentration of the AlSi10Mg due to laser sintering. By 
manufacturing products with AM technology, the process involves numerous poten-
tial effects due to microstructure and residual stresses. This study presents the review 
on the effect of microstructural behaviour and material properties of AlSi10Mg by 
heat treatment. 

2 Effect of Heat Treatment Process 

The heat treatment process is the common post-process applied to end products 
in aluminium industries. This process is to enhance or customize the character of 
the end product to particular specifications according to the application. The treat-
ment consists of heat treating, quenching and natural or artificial ageing [22]. These 
processes are usually applied to different types of heat treatment processes, which 
are T4 to T6. Somehow, the stress relief process (TS) was also applied before the 
heat treatment process. This annealing treatment is to reduce the residual stress from 
the internal structure. The most common post-process for Al–Si–Mg alloys is cate-
gorized at T6 heat treatment. T6 is often performed to products of AlSi10Mg to 
disintegrate the anisotropy due to the progressive layer by layer building method. 
Basically, these processes are applied to conventional aluminium alloy products for 
enhanced performance on the mechanical properties of end products [23]. 

The heat treating process can simultaneously change the structure of AlSi10Mg 
alloy into homogenized, spheroidized Si phase and dissolve soluble phases containing
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Mg or other trace elements [24]. In heat treating of AlSi10Mg alloy, the heating 
temperature is commonly set at the range between 450 and 550 °C. Then, the 
quenching process is applied, which submerged AlSi10Mg alloy into an agitated 
liquid to rapid cool down to around 200 °C. Quenching can hold the transformed 
structure resulted during high temperature and inhibit the structure into precipitation. 
Next, the natural or artificial ageing process is applied after quenching in the T6 heat 
treatment process. Ageing provides a uniform dispersion of precipitates to the alloy. 
Natural ageing occurs at room temperature, while artificial ageing is performed at a 
higher temperature, 150–210 °C. Meanwhile, a few types of heat treatment processes 
have been studied for AlSi10Mg alloys, such as annealing, in which the temperature 
applied is between 200 and 500 °C [18, 25, 26]. Overall, the time taken for the T6 
heat treatment of AM material is similar to the cast component [27–29]. Neverthe-
less, the peak hardening during the ageing process applied in AlSi10Mg alloy is 
seldom reported. Therefore, the relationship between the post-process effect of the 
mechanical properties and microstructure behaviour on AlSi10Mg alloys is important 
to powder-bed fusion AM material. The following will discuss the microstructural 
behaviour and mechanical properties changed by the heat treatment process for a 
better understanding. 

2.1 Microstructure 

The heat treatment process is able to refine the grain structure and homogenous 
AlSi10Mg alloy in microstructure [29]. Li et al. [6] reported that, the calculated 
solubility of Si particles in an aluminium matrix is rated to be 8.89% for the as-built 
specimens. The solubility of Si particles in the Al matrix decreases rapidly when 
solution temperature increases. Moreover, the solubility appears to further decrease 
after going through artificial ageing. Heat treatment changes the microstructure by 
rapid precipitating Si particles forming a spheroidized Si. This formation caused a 
reduction in interfacial energy [22]. 

In a study by Zhou et al. [31], Si particles’ precipitation gets coarser and increases 
in size after heat treatment. At the same time, the boundaries of melt pools have 
obscured after heat treatment [32]. After Si particles get coarser, the distance between 
Si particles increases and the Si content in Al decreases. Figure 1 showed the 
microstructure change on AlSi10Mg alloy in terms of an as-built, annealed, and 
heat-treated process. Figure 1a, c compared melt pools’ size and observed that 
the size gets coarser after annealing. This also happened to Si particle size and 
formed precipitate, as shown in Fig. 1d. After heat treatment, melt pools disap-
peared (see Fig. 1e) and found a formation of Fe-containing intermetallic phase (see 
Fig. 1f). During the additive manufacturing process, AlSi10Mg alloy is fabricated 
with fast solidification of the cooling rate that can reach up to 107 °C/s [33]. Mean-
while, the traditional manufacturing process is around 102 °C/s or even lower [34]. 
This rapid solidification process caused the Si particle in AlSi10Mg alloy to form 
spherical eutectic silicon, with a tiny scale that is nano in size [35]. Therefore, the
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Fig. 1 a, c, e Optical micrographs and b, d, f microstructure images of the AlSi10Mg alloy samples 
under SEM: a, b as-built, c, d annealed at 300 °C for 2 h, e, f heat-treated at 530 °C for 6 h [30] 

AM process produces an ultrafine microstructure, which causes the as-built alloy to 
perform in high mechanical properties. This as-built alloy also found a high volume 
of grain boundaries capable of preventing the dislocation effect [36]. Furthermore, 
the progressive layer by layer stacking manufacturing method caused the alloy to 
undergo a “self-quenching” treatment. The alloy cooled down rapidly, then formed a 
small melt pool. Then, the subsequent layer deposition reheats the alloy, acting like 
an artificial ageing; thus, encouraging precipitation of Mg2 Si formed [20, 37]. 

In Fig. 2, the Al is a domain material with Si particles located in the Al matrix. 
After heat-treated, Mg is more distributed compared to Si. Meanwhile, the content of 
Mg is higher than Si. This is due to the formation of Mg2Si precipitate. As mentioned, 
heat treatment is a common post-process to enhance microstructure and mechanical 
properties. Therefore, the change of microstructure affects mechanical properties and



442 S. P. Tan et al.

Fig. 2 Microstructure of heat treated AlSi10Mg alloy under EDX analysis a SEM image and 
corresponding EDX maps of b Al; c Si; and d Mg [6] 

performance of AlSi10Mg alloy after heat-treated to be discussed in the following 
section. 

2.2 Mechanical Properties 

In the meantime, to achieve demanded quality, output capacity, and capability of the 
product, cost-efficiency is also crucial in this modern market world to ensure the 
manufacturer’s sustainability. However, AM is currently known as a high-cost tech-
nique compared to the traditional machining or casting method [38]. Therefore, the 
manufacturer wishes to optimize the mechanical properties to achieve the optimized 
performance of AlSi10Mg alloy. 

Several mechanical properties of AlSi10Mg alloy fabricated by the AM process 
have been studied, such as tensile behaviour, hardness, and fatigue performance. For 
example, Read et al. [39] and Tradowsky et al. [29] highlighted that AM process 
fabricated higher tensile strength AlSi10Mg alloy than the casting manufacturing 
method. Some research put efforts to improve AM material on refining microstructure 
to enhance the mechanical properties of AlSi10Mg alloys between as-built state and 
proceeded heat treatment [6, 40, 41]. The as-built Al–Si alloys usually show a “fish-
scale” arrangement structure on build-direction and columnar pattern opposite the
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built direction. This “fish-scale” structure occurs due to the formation of a melt pool 
[29]. From the previous study, Li et al. [21] found that the mechanical properties such 
as tensile and elongation of AlSi10Mg alloys can be manipulated by controlling the 
size of Si with specific heat treatment. 

Furthermore, Li et al. [6] also revealed that the mechanical properties could be 
enhanced when AlSi10Mg alloy consists of fine cellular grain Al with nano-sized 
Si produced by high cooling rates. Yet, some studies found that heat treatment is 
no longer guaranteed to improve tensile strength. After heat treatment, the result of 
tensile is decreased [23, 28, 32, 42] but ductility of AlSi10Mg was improved [6, 
21, 39]. This is because the number of Si particles decreases, causing the distance 
between Si particles to increase, which reduces localized stress and strain [21]. Hence, 
the effect of heat treatment for AM material is significant to be determined since it 
might lead to the improvement of fatigue crack growth. This is due to heat treatment 
modifying the mechanical properties of the material’s strength and ductility. 

2.3 Fatigue 

Most of the structural failures occur due to the growth of fatigue crack [41]. There 
are two phases which are the initiation period and propagation period in fatigue 
life. Figure 3 shows the typical fatigue life phases. Fatigue is a type of progressive 
process. Once defected, the process is initiated within the initiation period. Then, 
this process accelerates rapidly until it fails. There are several methods of studies 
carried out by the researchers in predicting fatigue life. The process of choosing the 
fatigue life model is an important decision where each of the models has its own 
function. Moreover, further research is needed to determine the integrity of the AM 
materials based on the microstructural and fatigue crack growth behaviour of AM 
materials. This is to ensure the safety and the reliability of the AM technology to be 
used as an end-product. The fatigue property of a model changes mostly due to the 
transformation of microstructure [26]. As previously mentioned, the heat treatment 
process of spheroidized and discontinuities of Si particles reduces fatigue strength.

Fig. 3 The typical fatigue life phases
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Fatigue life is also affected by other factors such as porosity, manufacturing platform 
parameters, building directions and stress ratio of cyclic loading [42].

In addition, further research is needed to determine the integrity of the AM mate-
rials based on the microstructural and fatigue crack growth behaviour. This is to 
ensure the safety and the reliability of the AM technology to be used as an end-
product. The complex nature of the fatigue process makes it a challenge for engineers 
to analyze it using the conventional finite element method (FEM). A conventional 
fatigue computation has to remesh the whole geometry for each crack propagation. 
Therefore, S-version FEM is introduced into this study. S-version FEM is rather more 
of a method created as an alternative to solve the finite element problem. S-version 
FEM employs the superimposed FEM proposed by the local fine mesh onto the global 
mesh [43]. It creates a fine mesh at the locality of the crack tips. The benefits of using 
computational analysis help reduce the time, design cycle and cost of raw material. 
Therefore, this research is significant to determine fatigue crack growth behaviour 
for AM materials. 

3 Conclusion 

AM brings convenience and efficiency to manufacturing industries. Moreover, 3D 
printing brings convenience to manufacturing industries and no limits to creativity for 
a designer. The complicated involvement of many steps of the process is simplified 
into a single process to complete. Meanwhile, the end product of this technique 
may need a significant amount of post-processing, such as heat treatment. Therefore, 
the mechanical properties and microstructure behaviour of the AlSi10Mg alloys is 
currently essential to determine a better agreement of the post-processing of this 
alloy. However, the validity of the effect on the range of different heat treatment 
processes versus microstructure and mechanical behaviour on fatigue property has 
not been carried out. AM process allows the manufacturer to create a design that was 
once deemed impossible. This will be a fascinating meeting of material science and 
machines in the manufacturing industry. 
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Abstract Sustainability is an important issue, and there are growing concerns on 
what could be done to achieve it better. Beverage packaging materials have an 
important task to safely hold its content and allow for convenience in consuming 
drinks by the consumer. However, after consumption, it becomes an environ-
mental sustainability concern. This paper investigated university-educated young 
consumers’ awareness, and perception of the impact different beverage packaging 
material choices have on environmental sustainability through a mixed methods 
action research approach. Prospective participants of the study were invited through 
the students’ network and contact. The participants were requested to complete a 
survey with multiple choice answers and an opinion scale on various areas related to 
the environmental sustainability of beverage packaging. Conventional plastic-based 
beverage packaging materials were in the opinion of the majority of the surveyed 
consumers, to be most detrimental to the environment. However, that might not 
be the real case, as evident from the results of life cycle analysis (LCA) studies on 
several different beverages and packaging materials. It was noted that the students and 
alumni do care about environmental sustainability. However, there is some confusion 
among the respondents on how they could contribute effectively in their daily activi-
ties to the sustainability goal. Some still lack practical knowledge that can guide their 
purchasing decisions and disposal practice for consumed packaging. Some propo-
sitions for future actions and research on improving awareness and actions were 
provided. 

Keywords Sustainability · Packaging materials · Engineering education · LCA

N. Y. G. Lai (B) · K. H. Wong · F. Zhu · T. Sun · R. Rivero · Z. Li 
Faculty of Science and Engineering, University of Nottingham Ningbo China, 199 Taikang East 
Road, Ningbo 315100, China 
e-mail: gavin.lai@nottingham.edu.cn 

L. J. Yu 
Faculty of Engineering, Technology and Built Environment, UCSI University, Kuala Lumpur 
Campus, No. 1, Jalan Menara Gading, UCSI Heights (Taman Connaught), 56000 Cheras, Kuala 
Lumpur, Malaysia 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 
A. S. Abdul Sani et al. (eds.), Enabling Industry 4.0 through Advances in Manufacturing 
and Materials, Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-19-2890-1_43 

447

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-2890-1_43&domain=pdf
mailto:gavin.lai@nottingham.edu.cn
https://doi.org/10.1007/978-981-19-2890-1_43


448 N. Y. G. Lai et al.

1 Introduction 

Sustainability is an important concept with increasing efforts seen by governments 
around the globe in implementing measures that will help the world grow more 
sustainably. Consumer personal consumption purchases directly impact a nation’s 
GDP and, more importantly, sustainability efforts [1]. Consumer purchase behaviors 
and actions have direct consequences on the quest for sustainability [2]. Consumers 
who have become aware of the importance of sustainability may choose to select 
products labeled with information implying “sustainability” or, in their opinion, 
will be able to help with the sustainability cause. In a context of sustainability and 
need of a circular economy, studies on consumers purchasing behavior on common 
goods and services has been an important research topic because any changes to this 
influencing factor would have a significant impact to the success of environmental 
initiatives that involves supply and demand [3, 4]. One of the prevalent initiatives 
is promoting sustainability in packaging materials usage and their waste control, as 
outlined in the European Union Directive on Packaging and Packaging Waste (Direc-
tive 94/62/EC). For beverage industry, packaging not only plays an important role 
in preserving the quality of the liquid it contains, but it is also a marketing tool and 
communication instrument between the industry and consumers. Aesthetical aspect 
of a packaging, such as shape, graphic design and color has been used for product 
promotion by differentiating its appearance from its competitors [5]. Packaging also 
conveys important information to consumers, such as shelf life, ingredients, nutri-
tional content and place of manufacture. Thus, the design of a packaging has a 
significant influence on consumer decision process. 

Considerable amount of new design guidance have been introduced to packaging 
industry, for example, several design frameworks for sustainable packaging have 
been proposed, with coverage ranging from efficient use of material, energy and 
water to the inclusion of life cycle analysis tool for assessment of environmental 
impact caused by the packaging material [6, 7]. Beverage industries have realigned 
their strategy toward the three pillars of sustainability, i.e. economic, environment 
and social, because by doing that they can gain competitive advantages to meet the 
demand of modern “green consumers”. Many beverage companies, such as PepsiCo, 
Coca-Cola and Nestlé, have published their goals to improve sustainability of their 
packaging materials. These goals are collectively listed in a database shared by the 
Sustainable Packaging Coalition [8]. To achieve these goals, such as “Making 100% 
of our packaging recyclable globally by 2025, Cola-Cola” [8], companies have to 
address multiple aspects of design issues simultaneously, which include sustainable 
sourcing, weigh reduction, increasing use of recycled and/or biodegradable materials, 
reusability and design for improved recovery. Inevitably, all these require substantial 
amounts of financial commitment and thus in return the companies expect increased 
market share and customer satisfaction within a reasonable timeframe. 

Consumer buying decisions have been modelled by many studies [9] and can be 
divided into several steps, which include need recognition, information search, eval-
uation of alternates, purchase and post-purchase behavior [10]. It has been reported
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that the design of a packaging, in particular its visual appearance, has a significant 
effect on such buying decisions and can influence consumer’s perceptions about 
the product quality and its appeal. Packaging imagery has been widely known to 
be one of the important elements that affects packaging visual appearance. A well 
designed image can attract consumer’s attention quickly and the information the 
image trying to transmit can be processed with less cognitive efforts, which is more 
efficient compared to textual printings [11]. Packaging color also has a strong positive 
correlation to consumer buying decisions [12]. Despite color psychology is complex 
and personal, a great deal of efforts have been directed towards understanding its 
contribution to brand identity and sale value [13]. Packaging material is another 
contributing factor to consumer buying decision, but in a quite unique way, as the 
perception is built mostly on haptic contact. A packaging with good visual appeal but 
made of flimsy material will not be pleasing to the hand and thus negatively affecting 
the buying decision [14]. 

Despite the beverage industry has devoted considerable efforts in promoting 
sustainable packaging, and substantial number of existing literatures on relation-
ship between packaging design and consumer buying decisions are available, there 
have been few studies investigate which features of sustainable packaging have the 
most influential effects on consumer buying decisions. In recent years, many envi-
ronmental labels have been proposed and used on beverage packaging, aiming to 
communicate the importance and benefit of sustainable practices. However, it was 
reported that some consumers still confused with the various environmental labels 
used and difficult to link their buying decision to sustainable packaging [15, 16]. 
In this study, we focused on university-educated young consumers’ awareness and 
perception of the design of sustainable beverage packaging. 

Universities attract and nurture talents that will have a profound impact on the 
world. Universities and institutions of higher learning have an important role in 
promoting the sustainable development cause, and more universities are embracing 
sustainability [17]. The institutions are teaching students about the importance of 
sustainability through their programs offerings and embed the principle of sustain-
ability in their operations, mission, and strategy [18, 19]. By including sustainability 
topics into its programs and demonstrating sustainability values in all that it does, 
the universities seek to influence their students and graduates to become aware and 
champion sustainability measures. 

University students are well educated and will have substantial purchasing power 
in the marketplace upon graduation. These young adults are a key market for beverage 
producers, and the consumption of all types of beverages is growing steadily. 
However, there is an important issue with the growth trend: the increased usage 
of packaging for the beverages and the disposal or treatment needed to handle the 
growing amount of waste. From the authors’ own experience, consumed drink bottles 
are among the most common disposals on campus litter bins. 

This study will assess the students’ perception of the environmental sustainability 
of different beverage packaging options commonly found in China. The study had 
also explored the participants’ choice of beverage packaging options and willingness 
to adjust their options in the interest of environmental sustainability through an online
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survey. A further in-depth interview was conducted with the participants to explore 
how they have learned about the importance of sustainability and how it has guided 
or influenced their purchasing decision of everyday goods like beverages. 

2 Methodology 

This study adopts the action research approach to study environmental sustainability 
concerns. Action research is a participatory method that is context-specific and 
problem-focused based on a partnership between action researchers and participants 
directly involved in the change process [20]. Action research is one of the three 
key research paradigms for insider research on own organization settings [21]. The 
authors (academics and students) are all part of the higher education community 
highly passionate about sustainability. The focus of the study on beverage packaging 
materials was initiated due to the authors’ observations on the growing consumption 
and disposal of takeaway beverage cups and bottles in higher education institutions. 
For data collection, the study had adopted mixed method research approach. Mixed 
method approach involves the collection of both quantitative and qualitative data in a 
single inquiry or study which is suited for answering a wide range of research ques-
tions [22]. Additionally it has been noted that the mixed method approach is aligned 
closely with that of action research [23, 24]. Quantitative research was carried out in 
the form of an online questionnaire survey, and qualitative research was carried out 
in the form of a face-to-face interview with participants. The advantages of using an 
online questionnaire include geographical reach, relatively low cost, and the ability 
to reach a considerable amount of respondents [25]. Although face-to-face interviews 
are time-consuming and laborious, the answers obtained were more detailed based 
on the open-ended questions [26]. Therefore up to 15 respondents were invited and 
participated in the follow-up interview sessions. 

The participants in this study were invited from the personal contact and 
networking of the students based on a convenience sampling approach. All of the 
participants were current or recent graduates of an institution of higher learning in 
China. The survey question was adapted from [27, 28] and supplemented with details 
that suit the locality of the study. The online questionnaire consisted of four sections. 
In the first section, five questions mainly investigate the participants’ awareness and 
perception of environmental sustainability. The second part investigates how strongly 
the participants feel about environmental protection when they purchase packed 
beverages. The third section of the online questionnaire explores the respondents’ 
awareness and knowledge of some common labeling information found on beverage 
packaging, particularly those related to its disposal instruction and environmental 
impact. The participants were required to choose the correct answer according to the 
meaning of the eleven different labels. The answer choices available to the respon-
dents were in two primary forms. When the questions relate to their perception or 
opinion on sustainability, they will choose the alternatives on a 1–7 scale, where 1 = 
completely disagree (very environmentally unsustainable) and 7 = completely agree
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(very environmentally sustainable). The other questions are in the multiple-choice 
format, where the respondent will need to select the best answer/s that represents their 
view. The questionnaire was hosted and distributed using the China popular online 
survey platform wjx (www.wjx.cn). A total of 243 valid and complete questionnaires 
were received in this study. 

The last part of the questionnaire covers the respondents’ demographics and back-
ground information and asks if they are willing to participate in a follow-up in-depth 
interview related to the topic. Further in-depth interview with a total of fifteen partic-
ipants was completed. The interview consisted of thirteen semi-structured questions 
related to the topic and was arranged to gain insights from the respondents. 

3 Results and Discussion 

The information collected from the online survey is analyzed, presented, and reflected 
along the four key components mentioned in the methodology. Further related inputs 
collected from the face-to-face interview sessions will also be included and linked 
to the survey findings. The key notable findings are presented as follows. 

3.1 Background Information of the Respondents 

The 243 respondents participated in this study age between 18 and 28 years old, where 
50.62% are male, and 49.38% are female. The respondents are currently students or 
have recently graduated from their undergraduate or post-graduate university educa-
tion. The following are some of the selected key responses to the questions covered 
in the questionnaire. 

3.2 Awareness and Views on Environmental Sustainability 

Figure 1 shows that about 68% of the respondent feels that the ecological environment 
around them was getting better. On the other hand, about 12% of the respondents 
did not have an opinion or is unclear about the condition. This clearly shows that the 
majority of the respondents believe that the ecological environment is getting better. 
It is not surprising as in the authors’ own experience, the environment and pollution 
in the local vicinity has improved over the years. There are continuous efforts by the 
local authorities and city government in improving cleanliness, reducing pollution 
activities, and minimizing littering in the streets. As mentioned by a number of the 
interviewees, they had participated and supported waste separation activities driven 
by their university and local government. However, as highlighted by the interview 
participants as well, the news and social media posting of environmental issues and

http://www.wjx.cn
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0% 20% 40% 60% 80% 100% 

How do you view the changing trend of the 
ecological environment around you? [n=243] 

Getting better Getting worse Nothing changed I did not notice. It does not matter 

Fig. 1 Opinion on the ecological environment 

disasters happening around the world is less pleasing and is of a concern to them. 
They periodically watch and read about the increasing impact of climate change, 
pollution, and disasters happening in different places around the globe. This has 
made them becoming more concerned about the environment. 

Figure 2 illustrates the participant’s awareness towards environmental protection, 
where the respondents are asked to rate their agreement on a scale of 1–7 on several 
environmental-related issues. The data shows that about 94% of the respondents 
agree that “Sustainable development is the most important factor in environmental 
protection.” Up to 78% of the respondents disagree with the notion of “The packaging 
design is more important than its environmental friendliness.” A further 63% of the 
respondent finds it challenging to classify and separate wastes. 

Interestingly about 72% of the participants had felt that packaging pollution 
imposes more severe problems than food waste. From the responses, it is evident 
that the respondents feel strongly about sustainability and the concept of sustain-
able development. However, they may find it difficult to sustain the activities needed 
to ensure sustainable living voluntarily. As mentioned in the interview sessions, the

0% 20% 40% 60% 80% 100% 

It is easy for me to classify product packaging waste [n=243] 

I am willing to pay more for products packed with 
environmentally friendly materials [n=243] 

The design of the packaging is more important than its 
environmental friendliness [n=243] 

Packaging pollution imposes more serious problems than 
food waste [n=243] 

I only care about the drink, environmental friendliness of the 
packaging does not matter [n=243] 

Sustainable development is the most important factor in 
environmental protection [n=243] 

How much do you agree in the following statements? 

Completely Disagree [1] Mostly Disagree [2] Slightly Disagree [3] Neutral [4] 
Slightly Agree [5] Mostly Agree [6] Completely Agree [7] 

Fig. 2 Agreement with environmental sustainability related statements
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students had participated, and some had volunteered to support the government initia-
tive of municipal waste separation at the source. Others have indicated that they are 
aware of the waste separation initiative and think it is good for the environment. 
However, they only comply and follow it as it is a strictly enforced requirement in 
their dorm or residential community. They might not have acted to separate their 
litter if not for the requirement set.

3.3 Beverage Packaging and Environmental Problems 

For the next research question, each respondent can select more than one option; 
hence a total of 993 responses was received from 243 respondents. As shown in 
Fig. 3, only 3.7% of respondents did not think that beverage packaging can cause 
environmental problems. 72.8% of the respondents chose water pollution. This shows 
that the respondents believe that the consumption of beverage packaging can cause 
various kinds of environmental problems. Many respondents had associated the use 
of plastic beverage packaging with the pile-up of plastic litter in the ocean and 
the micro plastic pollution of the seas. Likely this is due to the continuous media 
and environmental organizations coverage of plastics threat on the marine ecosys-
tems [29]. Other forms of environmental issues such as climate change, ozone layer 
destruction, and biodiversity reduction were also in the opinion of many respondents 
due to the increasing usage of beverage packages that are not properly managed. 
While some of these issues may be directly linked to the overuse and poor disposal 
of beverage packages, factors like ozone depletion may not be so. The respondent 
may have a general impression that the packaging is responsible for environmental 
issues but may not be so clear on the exact cause and mechanism of how damage
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Which of the following environmental problems can be caused by consumption of 
beverage packaging? [responses = 993, respondents = 243] 

Climate warming Ozone layer destruction 
Biodiversity reduction Acid rain 
Deforestation Desertification 
Air pollution Water pollution 
I do not think beverage packaging can cause these problems 

Fig. 3 Environmental issues related with the increase of beverage packaging use
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to the environment occurs, as seen in the in-depth interview responses. A notable 
comment shared by the interviewees relates to the fact that the increased usage of 
beverage packaging materials (and all materials) will burden the available resources 
in the world. There are only finite materials and resources available.

Figure 4 shows the perception of the respondent on some of the aspects that 
makes the beverage packaging material more sustainable. It was seen the majority 
of the respondents agree that all the listed features or characteristics will make 
beverage packaging more environmental friendly. The top choices of the respon-
dent are; beverage packaging that is compostable or biodegradable, material that can 
be recycled, and beverage packages that can be reused for other purposes. On the 
other hand, the option with minor support relates to beverage packaging that can 
be returned and refilled. The interview responses support the findings presented in 
this figure. Interviewees had shared that they least prefer the use of reusable bottles 
or cups as they feel the convenience of getting a drink on the go is important for

0% 20% 40% 60% 80% 100% 

Package is compact or light so that 
transportation will be more efficient 

[n=243] 

A minimum of energy is used for 
producing the packaging [n=243] 

The package can be used for other 
purposes [n=243] 

Package can be returned and refilled 
[n=243] 

Packaging materials as little as possible 
[n=243] 

Packages consist of as little kind of 
packaging material as possible [n=243] 

Package material is compostable or 
biodegradable [n=243] 

Packaging materials are recyclable 
[n=243] 

This feature is necessary for the beverage 
packaging to be environmentally friendly 

Completely Disagree [1] Mostly Disagree [2] Slightly Disagree [3] 

Neutral [4] Slightly Agree [5] Mostly Agree [6] 

Completely Agree [7] 

Fig. 4 Characteristics of more environmental sustainable beverage packaging
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them. They have shared that the use of their own containers usually is for drinking 
water, and many outlets that prepare drinks like milk tea do not offer the options 
to customers to bring their own cup or container. Although recyclability after use 
is listed as one of the top choices, some interview respondents had a cautious view 
of the practice. “It (recycling) is not as simple as many people think” was a quote 
from one of the respondents. Recycling is a complicated process, and many factors 
affect its viability and success [30]. It is even more complicated when recycling food 
and beverage-related packaging materials as there are stringent safety and health 
requirements. The recycling process also consumes energy, and this, as mention 
earlier, leads to the depletion of natural resources.

On which type of packaging material the respondents think is more environ-
mentally friendly, bio based plastic was listed as the clear choice as seen in Fig. 5. 
On the other far end, conventional petroleum-based plastic was rated as the least 
environmental friendly beverage packaging material. Glass, metal and Tetra Pak 
beverage packaging materials are in between the two extremes. The interview 
response provides further insights into the views of the students and graduates that 
participated in this study. Although they are not clear on the technical specification 
and process for biodegradable plastics, the interviewees had shared that they had the 
impression that bio based plastic is easily degradable and will return as nourishment 
to the earth. Therefore they feel it would be beneficial for the environment. Apart 
from the bio based plastic, the findings here actually diverge from an LCA study

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

Tetra Pak [n=243] 

Biobased plastic [n=243] 

Traditional plastic (petroleum based) [n=243] 

Aluminium [n=243] 

Steel [n=243] 

Glass [n=243] 

This material is environmentally friendly 

Completely Disagree [1] Mostly Disagree [2] Slightly Disagree [3] 

Neutral [4] Slightly Agree [5] Mostly Agree [6] 

Completely Agree [7] 

Fig. 5 Beverage packaging materials that is environmental friendly
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on several different packaging options for some of the common beverages available. 
According to the LCA study by Brock and Williams [31] PET and HDPE plastics 
were found to be listed in the middle in terms of harm caused to the environment 
for the use in a variety of common liquid beverages. The findings are in line with 
the earlier findings by Gujba and Azapagic [32] on a variety of packaging materials 
for beverages. Plastic has been branded to be evil, but that may not necessarily be 
the truth as it offers more benefits and is better for the environment than some of its 
alternatives [33]. A more recent LCA study compared the more sustainable material 
option for outdoor drinking bottles. It was determined that the single-use PET plastic 
bottles were a better choice than a refillable aluminum bottle with the appropriate 
cleaning and washing needs factored [34].

The next question presented the respondents with a selection of common bever-
ages. They were required to rate if the packaging is environmentally friendly and 
their willingness to purchase that beverage with the particular packaging using the 
scale of 1–7. The average scores of each beverage are presented in Fig. 6. It is evident 
from the response that the respondent’s motivation to purchase a beverage or drink 
is not predominantly affected by the type of packaging materials. The trend observes 
here is supported by further insights from the interview sessions. The interviewees 
mentioned that their drink preference, the convenience of purchase, and cost influence 
their regular beverage consumption when outside. The environmental impact of the 
type of packaging materials is not a critical consideration. According to the feedback,

1 2  3 4 5 6  7  

Glass Bottle Beer 

Aluminium Alloy Can Beer 

Tetra Pak Milk Tea 

Aluminium Alloy Can Milk Tea 

Plastic Cup Milk Tea 

PE and Paper Cup Milk Tea 

Glass Bottle Coke 

Aluminium Alloy Can Coke 

PET Plastic Bottle Coke 

PE and Paper Cup Coke 

How environmentally friendly do you perceive the beverage packaging 
shown below? And how willing are you to purchase the beverage 

Environmentally friendly Purchase Intention 

Fig. 6 Perceived environmental friendly qualities of the beverage packaging material and willing-
ness to purchase the beverage
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they would help to dispose of the bottles and package in the correct litter bin as part of 
their effort to protect the environment. However, most of the interviewees admitted 
that they do not know well about the technical details about the recycling process and 
how much the sorting of waste for recycling will impact sustainability. They have 
been encouraged to do it, so it must be good another student had mentioned.

3.4 Awareness on Beverage Packaging Label Logo 
Information 

Figure 7 shows that most respondents are familiar with the PITCH-IN (do not litter) 
symbol, followed by the Food Quality and Safety Sign and the Universal Recy-
cling Symbol, where 70.37%, 58.02%, and 54.32% of the respondents got it correct, 
respectively. Other than those three logos, the percentage of correct answers of other 
labels falls below 50%. This hints that most respondents still lack knowledge and 
understanding of environmental-related information presented on beverage pack-
aging. In comparison to an earlier study of the European general public [27], the 
number of correct identification for ecolabels and logo on beverage packaging is 
higher in this study. In China, it is not all beverages sold have logos or ecolabels in 
their products. Ecolabels are also not covered extensively in the educational system. 
This explains why most respondents do not know the meaning behind most of them. 
It is worth noting that some beverage producers with sustainability concepts in mind

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

Food packaging plastics [n=243] 

Recycled plastics [n=243] 

Reprocessing plastics [n=243] 

Reusable logo [n=243] 

Non-recyclable plastics [n=243] 

Resin Identification Codes [n=243] 

PITCH-IN Symbol [n=243] 

Degradable plastic identification [n=243] 

Food quality and safety signs [n=243] 

Safety drink sign [n=243] 

Universal Recycling Symbol [n=243] 

3 Ecolabel Symbol Survey 

Correct Don't Know Wrong 

Fig. 7 Beverage packaging label logo information
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do include ecolabels on their products. This might help in making their product to 
stand out and ideally to attract consumers with a strong sustainable living principal. 
The interviewees had mentioned that they have seen some of the logo on some of the 
drinks they have purchased before and have learned about it from various sources. 
However, they are sometimes confused by the logo as they are rather “small” on 
print, and some of the information provided is not directly beneficial for them.

Participants to this study were also probed on their willingness to pay more for 
beverage products which are deemed more sustainable. These beverages can be 
packed using more environmental friendly packaging material and have the infor-
mation clearly labelled on them on the possible environmental impact. Majority of 
the interviewees have indicated that they are willing to spend a little more if it will 
help environmental sustainability through their purchases. However, it was empha-
sized that the amount must be small relative to their purchase amount and it must 
not be a noticeable burden to their finances. Not everyone will want to pay more 
for their products and how much more will depend on the segment of customer or 
background [35]. 

4 Conclusion and Reflections 

Sustainability is an important issue to be addressed, and higher learning institutions 
can influence their community to contribute better and support its success. This 
mixed-methods action research had explored the university students’ and graduates’ 
awareness and perception of the common beverages packaging materials on envi-
ronmental sustainability. As sustainability is emphasized as an important part of 
university education today, it was anticipated that the young consumers participating 
in this study would have a high level of awareness and knowledge regarding envi-
ronmental sustainability. The finding shows that the majority of the respondents do 
feel strongly and are aware of the concept of environmental sustainability. However, 
their perceptions of what is environmentally sustainable may not always be based 
on scientific facts and evidence, as seen in some of the survey responses and inter-
view feedback. The media and environmental organizations’ campaigns have deeply 
impacted their views on sustainability. There have been lots of talks about the negative 
impact of plastic without further clarification on the even worst impact of non-plastic 
alternatives. As seen in the literature, a number of LCA studies had indicated that 
there are far worst packaging material choices for the beverages when considering 
the impact on the environment. Even single-use plastic bottles could still be used 
sustainably if proper disposal and recycling are considered. The respondents could 
correctly identify the more common and obvious labels and logos on beverage pack-
ages related to environmental sustainability. The correct rate was also higher relative 
to a similar study for the general population in a European setting. It is seen that 
although young adults understand and embrace the concept of sustainability, more is 
needed to equip them with practical knowledge on how to act and contribute to the
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sustainability agenda. This is evident in this study when discussing beverage pack-
aging, which is a common everyday product. The authors seek to reflect and explore 
different approaches and opportunities to enhance higher education sustainability 
education. Further practical and actionable information on sustainability should be 
encouraged in higher education settings. As seen in this study, students can partici-
pate in sustainability research and initiate projects with academics to deliver positive 
change to the broader community. 
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A Preliminary Study on the Interest 
and Initiatives Toward Industry 4.0 
Among OEMs in Automotive Industry, 
Malaysia 

Ungku Shamir Hamzah and Muhammed Nafis Osman Zahid 

Abstract This is an organizational study on a group of companies which are vendors 
to Original Equipment Manufacturer (OEMs) in the automotive industry in Malaysia. 
The writer seeks to study on these companies’ awareness and plans in adopting the 
Industry 4.0. Key personnel from selected subsidiaries of this group of companies 
were given questionnaires to provide answers on the awareness, familiarity, plans and 
important elements in adopting Industry 4.0. Most of the respondents were aware and 
familiar of Industry 4.0 and do have some plans in its implementation as well as able 
to identify the challenges and important elements in its implementation. However, 
most of them are still of the opinion that they are able to move forward into the future 
without having to implement Industry 4.0. 

Keywords Industry 4.0 awareness · Industry 4.0 challenges · Automotive industry 

1 Introduction 

Industry 4.0, is the infusion of smart technology into the present-day manufacturing 
environment. It is the merging of physical and digital technologies, such as the 
Internet of Things (IoT), Artificial Intelligence (AI) and Cognitive Computing (CC). 
Cyber-physical systems such as sensors for collecting data to be analysed to improve 
daily operations and the creation of Big Data from the cumulation of all the data 
will provide valuable real-time information that can be used for problem solving and 
decision making. 

Automation of production, digitisation of operational information combined with 
better communication technology will upgrade the production line and the supply 
chain to a much higher level. Artificial intelligence will enable factory equipment 
to self-optimise and self-configure in performing complex production and delivery 
activities more efficiently and more cost effectively [1].
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The first industrial revolution in the nineteenth century was the development from 
farming to factory production. The second industrial revolution from 1850s to World 
War I was the introduction of steel, electrification of factories and mass production. 
The third industrial revolution from the late 1950s to the late 1970s refers to the 
change from analogue, mechanical, and electronic technology to digital technology. 
The fourth industrial revolution is now the movement towards digitisation. 

The main objective of Industry 4.0 is to develop a smart manufacturing platform 
for industrial-networked information applications. This enables manufacturing firms 
of all sizes to gain easy and affordable access to modelling and analytical technologies 
that can be customised to meet their needs [2]. 

1.1 To Be Industry 4.0 Compliant 

Industry 4.0 connects digital and physical technologies hence, main focus being 
Machine to Machine—M2M, Internet of Things (IoT), Artificial Intelligence (AI), 
Robotics and Cloud Computing enabling factories to become more automated and 
self-monitoring as the machines within are given the ability to analyse and communi-
cate with each other without the need for human intervention. All these features will 
create a more adaptable, responsive and unified production with the ability to make 
informed decisions. The human factor of the factory can be redeployed to perform 
other tasks. 

An Industry 4.0 factory plant or a manufacturing system must be able to integrate 
interoperability, achieve information transparency, possess technical assistance and 
decentralised decision-making [3]: 

• Interoperability—is an environment whereby machines, devices, sensors and 
people are all connected and able communicate with one another. 

• Information transparency—is the technology that provides operators with vast 
amounts of useful information needed to make appropriate decisions. 

• Technical assistance—is the shifting of human role of from an operator of 
machines to a problem solver and decision maker. Systems with the ability to 
help people in decision-making and problem-solving and to assist people with 
tasks that are too difficult or unsafe for humans to do. 

• Decentralized decision-making—Interconnection and information transparency 
allow for operators to make decisions both inside and outside of production facil-
ities. In short, it is the ability to directly make simple decisions and become as 
autonomous as possible. 

The above environment can be achieved with the implementation of the 9 compo-
nents of Industry 4.0; Internet of things, Cloud computing, System integration, Simu-
lation, Additive manufacturing, Autonomous robots, Big data, Augmented reality 
and Cybersecurity. These are integral parts for the formation of a Smart Factory. 
However, it is also important to note that not all should be implemented at one time. 
The basic premise of Industry 4.0 is to take every manufacturing process and import



A Preliminary Study on the Interest and Initiatives Toward … 463

it into one single system where the workflow, maintenance and management of every 
machine, process or even a factory’s entire shop floor can be monitored and controlled 
from a remote or collocated hubs. At the very least, Internet of Things, Big Data and 
Autonomous Robotics should be considered. And lastly, Cybersecurity is ultimately 
essential to ensure overall system security. 

Adding IoT capabilities, wireless connectivity and sensor opens up various poten-
tials such as autonomous maintenance and installation processes that significantly 
reduces human error, equipment and installation failures, raw material shortages and 
poor productivity of production line or robotic manufacturing processes. Big data 
analyses and simulation can be done for planning and forecasting. All these promise 
the result to significantly reduce costs and make the operation more efficient. The 
following fundamental factors to a successful implementation: 

• Good and affordable internet access is the basis in developing system and 
applications. This will provide opportunities in creating new business models. 

• High processing power and digital storage which can potentially drive the manu-
facturing of high technology products. With high processing power, even a small 
smartphone can run a variety of functions. 

• An education system that prepares and exposes students to Industry 4.0 as early 
as the primary level. Early exposure is helpful to develop skilled manpower that 
caters to the job market. 

1.2 The Importance and Challenges of Industry 4.0 

According to Deloitte, companies in Germany and the US, expect Industry 4.0 to 
bring many advantages, stretching from improved competitiveness to a reversal of the 
trend to relocate production to low-wage countries and the opening of more domestic 
production locations in Europe and North America [4]. Reshoring (the process of 
returning the production and manufacturing of goods back to the company’s original 
country) is already a contributor to increased demand for robots in Europe and North 
America [5]. A 2016 executive survey by PwC [6] revealed that: 

• Respondents expect to significantly increase their portfolios of digital products 
and services; many expect to be at an advanced level in this area by 2020. 

• Over the next five years, the companies surveyed expect to increase annual 
revenues by an average of 2.9% and reduce costs by an average of 3.6% p.a. 

• Customers will be at the centre of the changes to value chains, products and 
services. Products, systems and services will be increasingly customised to 
customer needs, and many say they plan to use data analytics to understand and 
meet their customer’s needs. Those who are able to establish successful Industry 
platforms first, will have a significant advantage over competitors. 

• The survey respondents say that their biggest implementation challenge is not the 
right technology, it is a lack of digital culture and skills in their organisation.
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• Data fuels Industry 4.0 and successful data analytics is the prerequisite for 
successful implementation of digital enterprise applications. 

• Half of the surveyed companies have established dedicated data analytics func-
tions, either on a corporate level to bundle talent or on a business unit level to 
remain close to the operational business. 

• Industry 4.0 will create digital networks and ecosystems that in many cases will 
span the globe, but still retain distinct regional footprints. 

• The research suggests that global industrial products companies will invest US 
$907 billion per year through to 2020. The major focus of this investment will be 
on digital technologies like sensors or connectivity devices, as well as on software 
and applications like Manufacturing Execution Systems (MES). 

However, it has to be noted that digital transformation often involves the adop-
tion of Disruptive Technologies. A disruptive technology is one that displaces an 
established technology and shakes up the industry or a ground-breaking product that 
creates a completely new industry [7]. 

While major focus of investment will be on digital technologies, companies must 
also invest in training their employees, hiring new specialists and driving organiza-
tional change [8]. For small and medium-sized enterprises, all these technologies 
can be very challenging. Some manufacturers do not feel their operations are big 
enough, the pace of change is too fast, the large capital expenditure was not budgeted 
and their unique selling proposition or niche might be affected. Deloitte Global in 
their reported even senior business executives and government agency leaders from 
around the world say they are lacking confidence in their organizations’ readiness to 
influence and harness Industry 4.0’s opportunities in their organisations [9]. 

Companies must consider a list of variables before making a decision—the tech-
nologies of choice, the cost of the investment, the items/areas to be transformed, the 
deployment of these new technologies, the talent and knowledge to know the best 
ways to adopt it and the impact this adoption on the overall business [10]. 

Back home in Malaysia, 98.5% of business establishments are SMEs which 
comprise of various type of businesses. There are 907,065 establishments of SMEs 
in Malaysia. SME contributes 36.6% of Malaysia’s GDP in 2016 [11]. As in theory, 
smaller companies should be able to implement Industry 4.0 easier and more cost 
effectively, improving productivity within SMEs, would definitely have a positive 
impact towards the country. 

In conclusion, while the advantages Industry 4.0 can help vendors in their business 
growth and overcome the obstacles and future challenges, evaluation of technologies 
available in the market that are suitable and affordable to the vendors for the adoption 
of Industry 4.0 technologies is equally very important [12].
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2 Methodology 

The method of research is based on gathering primary data from a survey via the 
use of questionnaires. The questionnaire was developed based on the following flow 
(Fig. 1). 

The questionnaire has 13 questions of which 9 questions are Binary in nature; 
Yes/No answers and the rest are Categorical in nature; specific outcome answers. 
The questions are divided into 4 basic categories; the first being the applicability, 
awareness and interest of the respondents towards Industry 4.0. In this category 
respondents were asked first and foremost whether Industry 4.0 is applicable in their 
industry. Next is on their awareness, familiarity and interest in the concept. 

The second category is on the important features of Industry 4.0. Respondents 
were asked what the most important area of Industry 4.0 to start off with, should it 
be on top of their existing legacy system and what are the benefits that are expected 
from implementing this system. 

The third category is the planning for Industry 4.0 implementation. respondents 
were asked about their plans, training and strategies on Industry 4.0 and the last 
category the challenges and drivers, whereby respondents were asked about their 
implementation affordability, assistance from government or OEMs and the relevance 
of Industry 4.0 in their going concern. 

The population of the research is Ingress Automotive Component Group of 
Companies, which comprise of subsidiaries which are vendors to major car manu-
facturers in Malaysia, Thailand, Indonesia and India. The targeted companies 
are: 

• Ingress Technologies Sdn Bhd—one of the biggest subsidiaries in the Ingress 
group of companies, a tier-1 vendor for Perodua, Proton and Honda Malaysia. 

• Talent Synergy Sdn Bhd—a system integrator company focusing on Industrial 
automation and industry 4.0 solution provider. 

• Ingress Katayama Technical Centre—design and manufacture moulds, dies, jigs 
and toolings for the automotive industry.

Fig. 1 The categories of the 
question proposed in the 
questionnaire 

Applicability, Awareness & Interest  

Plans of Implementation 

Important Features & Benefits 

Challenges, Drivers & Relevance 
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• Ingress Corporation Berhad MIS Department—to provide the strategy for IT 
direction and service deliveries towards the organization and its users within the 
Ingress group of companies.

These companies were chosen for reasons of their familiarity with Industry 4.0 and 
their vast network of customers, Tier-2 vendors, sub-contractors and partners who 
have similar exposure with Industry 4.0. Five (5) respondents of managerial positions 
were selected from each of the above companies. All the respondents were males, 
age ranging from 35 to 45 years and have good background in IT and manufacturing. 
The mode of answer for the questions is show in Table 1. 

Table 1 The mode of answer used in the questionnaire 

Questions Mode 

Is Industrial 4.0 applicable to the vendors? Yes 

In your opinion, what is the awareness level of 
Industry 4.0 among the vendor community? 

Aware, familiar and interested 

What would be the most important area of 
Industrial 4.0 for vendors to implement as a 
start? 

Inter-operability (machines, devices, sensors 
and people that connect and communicate with 
one another) 

Should Industrial 4.0 be implemented on top 
of the present legacy system? 

Yes 

What would be the real benefit of Industrial 
4.0? 

Competitiveness 

Does your company have plans already for the 
adoption of Industrial 4.0? 

Yes 

Does your company already started training 
for Industrial 4.0? 

Yes 

Which areas should vendor start strategising in 
their future plan of implementing Industrial 4.0 

Equal mode for every answers - Manpower 
planning/Capital investment 
budgeting/Knowledge and information 
gathering/Initiate discussion and sharing plans 
with OEMs or Tier-1 

Can you afford to implement Industrial 4.0? No 

Should vendor wait for the government 
sponsorship to adopt Industrial 4.0? 

Equal mode for both Yes/No 

Should the OEM help the vendors in the 
implementation of Industrial 4.0? 

Yes 

Should the OEMs include the vendors in their 
implementation of Industrial as being part of 
their value chain supply? 

Yes 

Would vendors not having any feature of 
Industrial 4.0 will still be relevant to the 
Industry? 

Yes
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0% 

10% 

20% 

30% 

40% 

50% 

60% 

Aware, familiar 
and interested 

Aware and familiar 
but not interested 

Aware but not 
familiar nor 
interested 

Not Aware at all 

Fig. 2 Awareness level of Industry 4.0 within the organization 

3 Results and Discussion 

3.1 Applicability, Awareness and Interest Towards Industry 
4.0 

All respondents were in agreement that Industry 4.0 is applicable to their companies. 
This is not surprising as the topic on Industry 4.0 is quite well known due to the 
government initiatives in promoting the concept. However, in terms of interest, only 
half of the respondents are actually interested in Industry 4.0. (Fig. 2). Further efforts 
are still required to get the buy-ins from these people or maybe a more proven and 
existing smart factories are required to be highlighted to showcase their success 
stories in Industry 4.0. The level of awareness is further tested for relationship with 
having plans to implement Industry 4.0. The result yielded a positive 0.856 which 
indicated a strong relationship. The test implies that awareness level of Industry 4.0 
has a strong relationship with having plan for it. Companies that are familiar with 
Industry 4.0 tend to plan for its implementation. 

3.2 Important Features and Benefits of Implementing 
Industry 4.0 

In term of what would be the most important area of Industry 4.0 for vendors to 
implement as a start; majority of the respondents opted Inter-operability (Fig. 3), 
which is the obvious and generally understood concept of Industry 4.0. However, 
Industry 4.0 should be implemented ‘on top’ of their existing system. Most of the 
respondents also believed Industry 4.0 will provide competitiveness to their company. 
In manufacturing, the capability of information and accessing real-time data has
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0.0% 
10.0% 
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Inter-operability 
(machines, devices, 
sensors and people 

that connect and 
communicate with 

one another) 

Information 
transparency 

(creating virtual 
copies of physical 
activities through 

sensor data for 
information) 

Technical assistance 
(the ability to help in 
decision-making and 

problem-solving) 

Autonomous decision 
making (systems with 
the ability to directly 

make simple 
decisions) 

Others, please specify 
__________________ 

Fig. 3 Most important area of Industry 4.0 to implement 

the potential to improve production resulting in more effective and more reliable 
operations. The goal of Industry 4.0 is to achieve low-cost production efficiencies 
while leveraging automation. It also allows the company to share information with 
within its organization, customers and suppliers accurately and quickly. 

3.3 Plan of Implementation 

In this third category, the majority of the respondents do have plans for Industry 
4.0 and have already started some sort training for it. However, in terms which 
area to start the implementation (in their organisation) their opinions were equally 
spread between manpower planning, capital investment planning, knowledge and 
information gathering and initiate discussion with OEMs or Tier-1 (Fig. 4). Training 
employees is normally required for any implementation of new technologies. Human 
capital must be trained in order to implement, operate, and maintain the automated 
systems properly and to ensure their continuous operation [13]. On the other hand, the 
development and introduction of Industry 4.0 technologies may require substantial 
investment which rise the concern of the availability of financing and government 
support for small and medium-sized enterprises. This has always been a common 
issue among the vendors [14]. Other pre-development initiatives involve Cyber-
Physical Systems (CPS) which typically requires the use of knowledge-based and 
intelligent information approaches. IT infrastructure support is often based on the 
analysis and reuse of the information and knowledge contained in the manufacturing 
processes and CPS and their production units. Hence, data gathering is also important 
[15]. Lastly, by the end of the day, true to the marketing concept, a business entity’s 
main objective is to serve its customer needs. The implementation of Industry 4.0
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Fig. 4 Area to start strategizing in implementing Industry 4.0 

technologies within the supply chain is important in order to collaborate and exchange 
information with the automotive OEM in real time [16]. 

3.4 Challenges, Drivers and Relevance in Implementing 
Industry 4.0 

Most of the respondents were of the opinion that they are unable to afford imple-
menting Industry 4.0. However, despite this opinion, the respondents were equally 
divided on whether government assistance is required. Instead, most believe that it is 
the OEMs that should assist the vendors and the adoption of Industry 4.0 should be 
done within the supply chain. Being able to afford Industry 4.0 and the awareness of 
the concept were tested for relationships. The result yielded 0.389 which indicated 
positive relationship however, a weak one. In this test, Industry 4.0 awareness has a 
weak relationship with the company’s ability to afford implementing it. High level 
of awareness is impeded by the opinion of not being able to procure the Industry 4.0 
technology. 

Lastly and perhaps the most intriguing, most respondents were still of the opinion 
that even without Industry 4.0, vendors will still be relevant in the automotive 
industry. The level of awareness was test for any relationship with the opinion of the 
respondents on the relevancy of their company not having Industry 4.0. The result 
yielded a negative −0.522 which indicated no relationship. Industry 4.0 awareness 
does not necessary indicate the respondents’ belief in its relevancy in the going 
concern of the company. 

From the above, the analysis showed that all respondents are aware and have some 
understanding of Industry 4.0, however affordability is the main issue and half of the 
respondents seek government and OEMs assistance in implementing Industry 4.0. 
Finally, perhaps the most significant finding is that most respondents still believe
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vendors will still be relevant without adopting Industry 4.0. somewhat giving an 
indication that most of the vendors are still not very serious in adopting the Industry 
4.0; promoting the belief that Industry 4.0 may end up as a passing trend within the 
industry. 

4 Conclusion 

Industry 4.0 has the potential to affect long-term positive change in manufacturing. 
Vendors should constantly monitor the new developments and update their strate-
gies that take advantage of these new opportunities in order to remain competitive. 
Awareness of this concept is very high in most respondents. What the vendors want 
are opportunities to test out and acquire these new technologies to lessen the risk in 
the process of adoption and enable them to decide for themselves the most appro-
priate technology for their businesses. Most importantly vendors need to find a cost-
effective way to integrate new technologies with their legacy systems. Support from 
the Government and OEMs is important to ensure success in the implementation of 
Industry 4.0. Last but not least, more demonstrations on the Industry 4.0 application 
systems to further familiarize the automotive vendor community on its relevance in 
the future. 
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Analysis of Driver Behaviour (Sleepiness) 
Using Microsleep Detector Device (MDD) 

Nur Atiqah Nabila Binti Hazman, Nor Fazli Adull Manan, 
and Ahmad Khushairy Bin Makhtar 

Abstract Microsleep happens when a sleepy individual is attempting to resist sleep 
and stay awake. Microsleep also can occur while a person is driving, which will signif-
icantly increase the risk of a fatal collision. Thus, detecting microsleep and prevent 
from happening is become very crucial nowadays. This project aims to develop 
an effective Microsleep Detector Device (MDD) equipped with a warning system 
before a driver falls asleep on the wheel. An experiment was conducted to observe the 
symptoms of drivers such as yawning, rubbing eyes, body incline to the front while 
driving, and map with Karolinska Sleepiness Scale (KSS). A total of ten respondents 
(Mean Age = 24 Years Old, SD = 0.4) participated in the experiment. They had 
experienced a total of 4 sessions with 30 min of driving per session on a driving 
simulator. An alarm was set based on the Eye Aspect Ratio (EAR) of the individual 
participants if the EAR value exceeds the threshold. The result of EAR shows that 
that the respondents were getting sleepy after an hour of driving. The results of KSS 
showed KSS’s level of participants increased from level 5 to level 6 after one hour of 
driving. Overall, the MDD performance result indicates the average value of (M:5), 
implying that the device can detect the respondent’s EAR. The KSS level slightly 
declines from level 6 to level 5 just after the warning system is triggered. In a nutshell, 
microsleep can affect the performance as well as safety of drivers. These show that 
the device will increase the alertness of micro- sleep while driving, which eventually 
reduces the number of accidents. 

Keywords Microsleep · Eye aspect ratio · Karolinska sleepiness scale 

1 Introduction 

Microsleep is a transitional state between waking and sleeps in which vigilance, 
or the capacity to maintain one’s attention on a task, is generally decreased. This 
can be a significant issue when performing tasks that require sustained attention,
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such as driving [1]. Detection microsleep can be divided into two categories which 
are visual features and non-visual features. The visual features were focusing the 
techniques by using computer visions. Based on previous studies, visual features 
can be divided into eye state analysis, eye blinking analysis, mouth, and yawning 
analysis, and facial expression analysis [2, 3]. Besides, a drowsy individual can be 
identified by their gaze pupil movements [4]. It was evident that a sleepy person has 
a more restricted gaze region than an alert person. Additionally, a drowsy person 
has fewer saccadic movements than when they are awake. Subsequently, a fatigued 
individual can be identified by the eyelids’ movement [4]. Drowsy individuals blink 
significantly slower than awake individuals. A fatigued individual will close their 
eyes for a more extended period than an awake individual. To put it simply, a drowsy 
person has a longer duration of eye closure than an alert person [2]. 

The research concentrated on facial landmark detectors for determining the 
contours of the eyes and eyelids [5]. The eye aspect ratio (EAR) was derived from 
the detected images to estimate the eye-opening state [6]. If an eye is open, the EAR 
has been mostly constant. When an eye is closed, the EAR approaches zero. Because 
both eyes blink in perfect sync, the EAR of both eyes is averaged [5]. The face must 
be detected using a Viola-Jones face detector available in the OpenCV library to 
detect the eye landmarks [7]. 

Additionally, subjective measures can be used to analyze driver’s sleepiness. There 
were five standardized subjective fatigue or sleepiness methods to analyze sleepiness, 
such as Karolinska Sleepiness Scale (KSS), Visual Analogues Scale (VAS), and Ep-
worth Sleepiness Scale (ESS) [8]. Subsequently, KSS has become the most widely 
used tool for subjective self-assessment of microsleep in recent years. KSS consists 
of a 9-point scale at first (1 = extremely alert, 2 = very alert, 3 = alert, 4 = rather 
alert, 5 = neither alert nor sleepy, 6 = some signs of sleepiness, 7 = sleepy, but no 
difficulty remaining awake, 8 = sleepy but some difficulty to keep awake, and 9 = 
extremely sleepy, great difficulty to keep awake, fighting sleep). However, a modified 
version of KSS contains one other item: 10 = extremely sleepy. Thus, the modified 
KSS will be mating with the fatigued driver. 

Existing microsleep detection methods are unsuitable for use while driving, as 
the device or components will be attached to the driver’s body. Thus, the purpose of 
this research is to develop a MDD capable of detecting the driver’s eye aspect ratio 
(EAR) while driving. The proposed MDD employs a camera mounted directly in 
front of the driver, which is more conducive to use while driving. Additionally, this 
study concentrated on the warning system. Therefore, once the driver exhibits signs 
of sleepiness, MDD will activate the alarm. Following that, the driver’s behavior will 
be classified using the Karolinska Sleepiness Scale (KSS).
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2 Project Methodology 

2.1 Microsleep Detector Device (MDD) Development 

The working mechanism of the MDD for the entire process, starting from initial-
ization to the warning system. The experiment starts with detecting the face using a 
Vio-la-Jones face detector available in the OpenCV Library. Next, the device received 
input from the camera attached to the driver and processes the frame captured for 
microsleep detection (Fig. 1). 

Previous studies have based their criteria on facial landmark detectors to localize 
the eyes and eyelid contours. First, as landmarks detected in the image with face, 
the EAR was derived from an estimate of the eye openness state. Then, each video 
frame is computed; the eye landmarks are detected. Finally, the EAR between the 
height and width of the eye is calculated based on the Eq. 1, where p1 till p6 are the

Fig. 1 Flowchart of 
microsleep detector device 
(MDD)
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Fig. 2 Eye landmark [5] 

2D landmark locations, depicted in Fig. 2.

EAR = (|(|p2 − p6|)| + ‖p3 − p5‖)/(2‖p1 − p4‖) (1) 

The value of EAR is constant when the eyes are opened and getting close to value 
zero when the driver is closing their eyes. Thus, the device collects EAR data for both 
eyes synchronously and averaged the value to find the threshold for every respondent. 
Subsequently, the EAR threshold for every respondent had been stored in the device 
to proceed with the warning system. As the value EAR of each respondent equaled 
or exceeded the threshold for five milliseconds, the alarm will be triggered to alert 
the driver. 

2.2 Participants 

The experiment was conducted with five male and five female drivers between 
the ages of 25 and 24 years old (Mean = 24.2, SD = 0.422). The experienced 
driving of respondents showed between one to eight years, which proved they had a 
valid driver’s license. All the respondents have no record of smoking behavior, and 
their blood pressure is normal, which will not affect their performance during the 
experiment. 

2.3 Experiment Setup 

The experiment was carried at the Ergonomic Laboratory of the Faculty of Mechan-
ical Engineering, UiTM, Shah Alam. A driving simulator was set up before the exper-
iments start, as illustrated in Fig. 3. The MDD’s camera module has been mounted 
on the top of the computer to capture video of the driver, as shown in Fig. 3.
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Fig. 3 Layout of device 

Next, the respondent’s blood pressure and temperature were recorded to ensure 
that they were in excellent health during the experiment. Subsequently, the respondent 
has been explained the procedure of the experiment. Thus, the respondent is given 
a consent form to ensure that the respondent agrees to participate in the experiment. 
Following that, before the experiments start, the respondent’s information, such as 
age, height, weight, and driving experience, was collected via General Questionnaire. 

2.4 Experiment Procedure 

After developing a device capable of detecting the EAR, an experiment on micro-
sleep was conducted. The experiment procedure comprises four sessions within two 
and half hours. The duration for every session is 30 minutes following 10 minutes 
breaks. In all sessions, the participants were required to drive in driving simulator 
environment. The driving condition and environment is the same throughout the 
sessions. Following that, the first session starts with taking value EAR, and observed 
the driver’s behaviour simultaneously. Value EAR is taken by MDD for every 150 
frames. Thus, every five minutes for 30 minutes, the researcher observed the driver’s 
behaviour using the modified KSS and recorded the frequency of their behaviour. 
The first session’s procedure is repeated until the third session. 

Following that, the experimental procedure for the fourth session is continued 
with the warning alarm system. The third session’s mean value of EAR was set in 
as threshold. The warning system is triggered during the fourth session when the 
threshold value exceeds the EAR. Following the completion of the fourth session, 
the respondent was required to complete a Google Form regarding feedback on the 
device’s performance.
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Table 1 Modified karolinska sleepiness scale (KSS) 

Level 4 6 7 8 

6.0 6.5 7.0 7.5 8.0 8.5 

Criteria of 
micro 
sleep 

Alert Some sign of 
sleepiness 

Some sign 
of 
sleepiness 

Sleepy, 
but no 
effort to 
keep 
awake 

Sleepy, 
but no 
effort to 
stay 
awake 

Sleepy, but 
some 
struggle to 
stay awake 

Sleepy, 
but 
some 
effort 
to stay 
awake 

Behavior Driving 
with one 
hand 

Having a 
conversation 
or singing 

Yawning 
one time 
while 
driving 

Yawning 
two 
times 
while 
driving 

Rubbing 
eyes 

Yawning 
over 
three-time 
while 
driving 

Body 
incline 
to the 
front 
while 
driving 

2.5 Driver Behaviour Sleepiness Scale 

The driver behaviour sleepiness scale has been mating with the criteria of KSS 
accordingly, as shown in Table 1. The KSS level of this experiment ranges from 4 
to 8, with drivers exhibiting specific behaviours such as yawning, conversing, and 
rubbing their eyes, as illustrated in Table 2. 

2.6 Statistical Analysis 

IBM SPSS Statistic was used to analyze all the respondents’ data after being sorted 
out in Microsoft Excel. IBM SPSS Statistic analyzed the data to reveal the signifi-
cant result in each measurement. Repeated measure ANOVA and univariate measure 
ANOVA were used to analyze the Eye Aspect Ratio (EAR) and observed KSS level 
and Questionnaire as the software will determine the significance for the data that 
have been entered is less than (p < 0.05). The significance level or alpha level of 
0.5 (5%) has been selected to run the test of all results in this experiment. Repeated 
measure ANOVA was used to determine the statistical significance in all gender 
results and univariate measure ANOVA was used to determine the statistical signif-
icance in the overall result of all participants. Wilk’s lambda is a test statistic that’s 
reported in how well each level of independent variable contributes to the model.
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Table 2 Driver behavior 

Driver behaviour Explanation 

1 Having conversation of singing The drivers have a conversation with people or 
sing while driving 

2 Driving with one hand The drivers suddenly change their driving style 
from both hands to one hand 

3 Yawning one time while driving The driver yawning one time for over 5 s 

4 Rubbing eyes The driver rubbing their eyes over 2 s 

5 Body incline to the front while driving The driver moved the body towards the steering 
wheel 

3 Results and Discussion 

3.1 Physiological Measurement (EAR) 

A repeated-measures ANOVA was conducted with EAR of session one till three, as 
the within-subjects factor. The results of the repeated measure ANOVA indicated a 
significant value of EAR on every session, Wilks’ Lambda = 0.718, F(18, 978) = 
9.795, p < 0.05, η2 = 0.153. 

Figure 4 illustrates the average value of EAR from session one to session three, 
separated by gender. The results of the repeated measure ANOVA indicated a signifi-
cant value of EAR on every session, Wilks’ Lambda = 7.305, F(2.000, 497) = 9.795, 
p < 0.05, η2 = 0.029. Thus, from session one to session three, a male’s EAR value 
trend is increasing. However, the female EAR increased from session one to session 
two but decreased slightly from session two to session three. An evaluation of this 
result suggests that males are not sleepy during driving for the entire experiment as 
they are accustomed to driving for a prolonged time. This can be demonstrated that
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Fig. 4 Line graph of mean EAR by gender 

female drivers are more sleepy than male drivers. For the whole experiment, the differ-
ence in EAR values between genders was statistically significant (p = 0.003). Gender 
has been shown to profoundly affect lifestyles, stress levels, and, more broadly, all 
aspects of human behavior [9]. To illustrate this issue, homeostatic pressure to sleep 
increases more quickly in females, leading to a more decisive necessity for sleep in 
females than in males [10]. 

Figure 5 present the analysis of the overall mean ten respondents for each session. 
The results of the repeated measure ANOVA indicated a significant value of EAR on 
every session, Wilks’ Lambda = 0.974, F(2.000, 498.000) = 6.752, p < 0.05, η2 = 
0.026. The value of EAR is slightly level up from session one to session two. This is

Fig. 5 Line graph of mean EAR for the entire session
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plausible given the respondent’s excitement while driving the simulator for the first 
time.

The pairwise comparison revealed a significant value between session one and 
session two (p = 0.000). The graph indicates that the growth rate from session 
two to session three is noticeably slower. Therefore, this provides evidence that the 
respondent is getting sleepy after an hour of driving. The result of EAR is higher 
at session three than session one, which session three is supposedly lower. This is 
because the respondent begins the experiment with drowsy state as they sleep at 5 
a.m. According to a previous study, drivers become sleepy when they get little sleep 
prior to driving [11]. 

3.2 Subjective Measurement (KSS) 

A repeated-measures ANOVA was conducted with KSS of sessions one, two, three, 
and four, respectively, as the within-subjects factor. Also, ten respondents as between-
subjects factors. The results of the repeated measure ANOVA indicated a significant 
value of KSS on every session, Wilks’ Lambda = 0.381, F(27, 140.827) = 2.042, p 
< 0.05, η2 = 0.275. 

Figure 6 illustrates the average value of KSS from session one to session three, 
separated by gender. The results of the repeated measure ANOVA indicated a signif-
icant value of KSS on every session, Wilks’ Lambda = 0.964, F(3.000, 56.000) = 
0.696, p < 0.05, η2 = 0.036. The trend line of male’s KSS increased dramatically 
from session one to session three. An evaluation of this analysis proves that the 
male’s driver is alert at the first session but changed to neither alert nor sleepy at

Fig. 6 Line graph of mean KSS by gender
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session three. Throughout the experiment, the male driver demonstrated microsleep 
behavior. Additionally, the trendline of female’s KSS also increased up noticeably 
from session one to session three. Thus, the female driver’s KSS at session one is 
significantly different than the male driver’s KSS, indicating that the female driver is 
trying to stay alert while driving. Thus, overall, the genders had affected the KSS level 
during driving. As was the scenario in session four, a warning system was installed 
to alert the drowsy driver. Therefore, the KSS level is expected to decrease between 
sessions three and four for both female and male drivers. What can be seen is that 
the male KSS level decreases, indicating a transition from sleepiness to alertness. 
Following that, the female KSS level gradually decreased which neither awake nor 
sleepy while driving. To summarize, the graph indicates that they return to the same 
state as in session one for female drivers but are more alert than in session one for 
male drivers after the warning system is triggered.

Figure 7 depicts the average value of KSS for each session from one to four, 
based on the mean of ten respondents. The results of the repeated measure ANOVA 
indicated a significant value of EAR on every session, Wilks’ Lambda = 0.849, 
F(3.000, 57) = 3.366, p < 0.05, η2 = 0.151. The KSS level shows increasing value 
from session one to session three. According to the driver behavior sleepiness scale, 
drivers begin to exhibit signs of sleepiness such as yawning while driving (Table 3). 
What this chart clearly shows is the steadily maintained KSS level from session two 
to session three. This would be to say; the respondent exhibited the same level of 
KSS. Following that, the graph demonstrates a slight decrease between sessions three 
and four. The KSS level decreases due to the driver’s alertness while driving when the 
warning alarm sounds. Following that, the significance value between sessions one 
and two is p = 0.013 which is significant. The same holds for session one, and session

Fig. 7 Line graph of mean KSS for entire experiment
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three demonstrated a statistically significant value (p = 0.008). This indicated that 
the more hours spent driving, the higher the KSS level. This is due to the presence of 
a warning system during session four. This hypothesis is remarkably similar between 
sessions three and four, as indicated by the p-value (p < 0.016). Based on previous 
research, the participants who were in sleepy conditions, the sleepiness scale reported 
increasing, which leads to falling asleep [11].

3.3 Performance of Microsleep Detector Device (MDD) 

Figure 8 depicted an average response to a questionnaire during an experiment. 
The results of the repeated measure ANOVA indicated a significant value of the 
questionnaire’s answer, Wilks’ Lambda = 0.106, F(4.000, 6.000) = 12.702, p < 0.05, 
η2 = 0.894. The average value of ten respondents’ responses regarding the camera’s 
position is (M:2), which disagrees with the statement. According to the respondent, 
the camera’s position did not obstruct them while driving because the camera was 
not attached to their body. Therefore, the respondent can drive the simulator without 
any obstruction. 

Following that, the device’s performance affirms the answer of (M:5), strongly 
agreed. Once the warning alarm is triggered after the threshold exceeds the EAR, the 
device’s performance can be justified. Additionally, the device can detect the respon-
dent’s face and ear while driving. Furthermore, the MDD can detect the EAR even if 
the respondent is wearing spectacles. Regarding that, the question is about the alarm’s 
performance. The average response of ten respondents was (M:5), which is strongly

Fig. 8 Bar chart of questionnaire’s answer
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agreed on such. The warning is triggered during the fourth session following the 
threshold setting in MDD. Thus, when the threshold was maintained for five millisec-
onds, the warning system sounded. Furthermore, the respondent is intent about the 
time of response. When the threshold exceeds the EAR, the warning system does 
not delay. Finally, the respondent agreed unequivocally that MDD could overcome 
microsleep. This is demonstrated when the respondent’s KSS level drops slightly 
from session three following the triggering of the warning.

4 Conclusion and Recommendation 

In a nutshell, the physiological and subjective measurement analysis of driver 
behaviour (sleepiness) was indicated. The physiological measurements were focused 
on the driver’s eye aspect ratio EAR by using MDD, while the subjective measure-
ments using the KSS and a questionnaire. The EAR demonstrates statistical signif-
icance for each subject as p < 0.05. The analysis of EAR by gender statistically 
significant as the research concluded female drivers are more drowsy than male 
drivers. Furthermore, the EAR of ten respondents indicating statistical significance 
as the drivers become drowsy, their EAR approaching to zero. Next, the results of 
KSS were statistically significant for each subject, which means they tend to sleepy 
during driving. The statistical result of gender for KSS also showed significant value 
as male drivers showed more fatigue behaviour than female drivers. Additionally, 
the mean of KSS for ten respondents also showed the statistical result as p < 0.05. 
This demonstrates that the longer the driving hour, the higher the KSS level. The 
KSS level of the drivers decreasing as the warning system was triggered. 

However, there is still room for improvement to present a great result to MDD 
and analyse driver behaviour (sleepiness). The MDD can be improved by utilizing 
advanced technology and a high-quality camera module to capture high-resolution 
video frames. Additionally, to capture genuine microsleep, the number of video 
frames should be reduced to 35. Subsequently, a suitable environment should be 
created for drivers to experience the actual driving situation, leading to microsleep. 
Finally, the number of respondents should be increased to 50, as the number of respon-
dents is critical for accurately representing the population. Overall, this research 
confirms previous findings and presents novel findings that aid in evaluating existing 
technologies and inform future development of microsleep detection systems. In this 
sense, this research contributes to the evolution of tailored technology for microsleep 
detection and warning based on the characteristics of individual drivers.
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Evolution of Archwires in Orthodontics: 
A Short Review 

Md. Abdul Alim , C. W. Ng  , and M. F. Razali 

Abstract A plethora of archwires were introduced in the research of orthodontics 
throughout the previous centuries. The materials and mechanical characterization of 
orthodontic archwire is one of the popular topics in orthodontics research. Numerous 
literatures that described the developments of the specific or selective properties of 
archwire are readily available. After study through the existing literatures, we found 
that there is still a lackage of proper review article which gradually describes its 
evolution in orthodontics. This article summarizes its origins and features in short 
form, which will give an insight to the readers about the research and development 
of orthodontic archwire. 

Keywords Archwire · Orthodontics · Biomaterials 

1 Introduction 

Treatment of teeth malocclusion could have a significant influence on oral and dental 
health, as well as on an individual’s appearance, leading to an appealing smile that 
can boost psychological self-esteem and confidence. Orthodontic therapy is one of 
the oldest methods of teeth repositioning. The involvement and emergence of dental 
materials in the orthodontic discipline began with Edward Hartley Angle’s (1855– 
1930) initial orthodontic uses of gold and steel wire alloys. Angle is regarded as 
the founder of contemporary orthodontics. Most of the materials and technologies 
utilized in orthodontic practice today would have been unimaginable during Edward 
Angle’s lifetime [1, 2]. 

During the orthodontic treatment using fixed appliance therapy, archwires are the 
major source of the applied force to initiate the tooth movement. The orthodontic 
force is originated from the strain recovery of the deflected archwires after placement 
into the slots of dental brackets and buccal tubes. As the orthodontic archwires are
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made of a variety of metals and alloys, understanding the fundamental materials prop-
erties is critical when selecting the wires for treatment. The mechanical characteristics 
of a material are controlled by a number of elements, including intrinsic properties, 
which is the alloy’s composition, and extrinsic properties, which are the macroscopic 
features (diameter, length). Three key qualities of archwires determine their clinical 
utility: strength, stiffness, and elastic range. Over the last century, materials science 
has improved at a tremendous speed. In the orthodontics field, advancements have 
been made in materials and ideologies [3, 4]. 

Since there are currently a number of alloys utilized in orthodontic archwire, 
the development of the archwire and its compositions needs to be understood. In 
this article, we reviewed the materials available on these various archwire systems 
and assemble the knowledge for choosing wire during orthodontic treatment at the 
particular treatment stage. It is important to note that the main focuses in this article 
are the orthodontic archwires that made of metals and alloys. While some polymers 
have also been employed into the development of esthetic orthodontic archwires, 
for instance, polyphenylene polymers, the respective types of orthodontic archwire 
are not discussed in the present article. Among the different type of alloys, more 
attention will be given to nickel titanium (NiTi) orthodontic archwires, as NiTi alloy 
possesses the remarkable shape memory behavior that made it a popular candidate 
in orthodontic applications. The pseudoelasticity of NiTi shape memory alloy allow 
it to deliver light and continuous force throughout the strain recovery from large 
deflection, thereby generating more physiological tooth movement without affecting 
the patient’s comfort [5–8]. 

2 Materials and Manufacturing 

The orthodontic archwires are made by various types of materials. Silver, gold, stain-
less steel (SS), cobalt, chromium, nickel, titanium, beta titanium, alpha titanium, 
copper, timolium, niobium, and other fundamental materials are listed in the litera-
ture. The manufacturing of archwire begins with the casting of an alloy with proper 
composition. The ingot is then subjected to a series of wire drawing processes until the 
cross section is appropriately sized. Square or rectangular cross sections will always 
have corner rounding. This can make a significant contribution to archwire bracket 
torque delivery, especially when the wires are tightly engaged in the bracket slots. 
Heat treatments are required throughout the manufacturing process to remove the 
considerable work hardening that happens during the different phases of mechan-
ical reduction. Certain atmospheric conditions are required to produce titanium-
containing orthodontic wires as it is reactive with oxygen in air. After heating the 
alloy, the wires are drawn or rolled [9].
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3 Evolution of Archwires 

3.1 Gold Archwires 

Edward Angle began using nickel silver alloys in his orthodontic equipment in 1887. 
Prior to 1950, precious metals such as gold and gold alloys were often utilized for 
orthodontic purposes. It was possible to change their stiffness by approximately 30% 
by the heat treatment. Gold has excellent corrosion resistance, but it is soft, malleable, 
and ductile in its purest form. After hardening in heat treatment, the modulus of 
elasticity rises by around 5%. To improve its mechanical characteristics, various 
metals including silver, copper, palladium, platinum, nickel, and zinc were utilized 
to cast the gold alloys with higher strength. Biocompatibility and formability of gold 
wires are good. Soldering is simple, and solder junctions are also corrosion-resistant 
[10]. 

3.2 Stainless Steel (SS) Archwires 

Dr. F Hauptmeyer, the company’s dentist, introduced stainless steel into dentistry in 
1919 at Krupp’s Dental Polyclinic in Germany. Stainless steel (SS) also possessed 
superior corrosion resistance, work-hardening capabilities, and a low frictional 
magnitude, making it the industry standard. Wrought structural wires have a high 
modulus of elasticity, making them ideal for orthodontics. Norris Taylor and George 
Paffenbarger presented steel as a gold replacement at the AAO Conference in 1931. 
Archie Brusse, the founder of Rocky Mountain Orthodontics, proposed the clinical 
use of stainless steel in orthodontics for the first time in 1933. Stainless steel was 
first used in the manufacturing of orthodontic equipment in Brazil in the late 1940s. 
By the 1960s, gold had mostly been replaced by SS [11]. 

3.3 Cobalt-Chromium Archwires 

The Elgin Watch Company created a cobalt-chromium alloy with the composition of 
Cobalt (40%), Chromium (20%), Silver (16%), and Nickel (14%) in the 1940s. The 
introduction of cobalt-chromium-nickel alloy into orthodontic was done by ELGIN 
national enterprise in the 1950s, while the alloy was named as “Elgiloy”. It was avail-
able in four tempers like-soft, ductile, semi-robust, and resilient. Elgiloy’s corrosion 
resistance is derived from a thin passivating chromium oxide coating on the wire 
surface, similar to stainless steel alloys. These wires were cheap while having good 
tarnish and corrosion resistance. The joining of the wires can be achieved by soldering 
(with fluoride fluxes) and welding [12, 13].
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3.4 Nickel Titanium (NiTi) Archwires 

In 1972, the NiTi alloy that is suitable for clinical was developed by Unitek Corpera-
tion under the trade name of Nitinol (Nickel Titanium Naval Ordinance Laboratory). 
High resilience, restricted formability, shape memory or heat memory, and pseu-
doelastic or superelasticity are all characteristics of this material. NiTi alloys have 
two main crystalline phases at different temperature. The austenite phase has a B2 
cubic structure that is similar to the body centered cubic structure (BCC) at higher 
temperatures. On the other hand, the martensite phase has a monoclinic B19’ crystal 
structure at lower temperatures. Additionally, the intermediate rhombohedral phase 
(R-phase) that is capable to postpone the austenite-to-martensite phase transition 
could be originated after work hardening or thermomechanical treatment of NiTi 
alloy [14]. 

3.5 Chinese NiTi Archwires 

It was developed in 1978 by Dr. Hua Cheng Tien and colleagues at Beijing’s Non-
ferrous Metal Research Institute. Chinese NiTi wires offer a high degree of flexibility 
and shape memory recovery. The springback is very substantial, and the low stiffness 
characteristics have received widespread clinical endorsement for initial alignment. 
The magnitude of its springback is 1.6 and 4.4 times higher as compared to nitinol 
and stainless steel wires, respectively, in different types of deformation. The wire 
has a strength of 73% that of steel wire and 36% that of ordinary nitinol. It comes 
with a broad range of effects and back-strokes. Clinically, Chinese NiTi is suitable 
for upright, labial, and lingual tooth movements that need significant deflections 
[15, 16]. 

3.6 Japanese NiTi Archwires 

Furukawa Electric Co. Ltd. of Japan discovered a new kind of NiTi alloy in 1978, 
which Miura et al. published in 1986. This NiTi austenitic alloys is known as Japanese 
NiTi acrhwires for active user. It demonstrates superelasticity produced via stress-
induced martensitic transformation (SIM). Clinically, they provide physiological 
movement and improved patient comfort by using mild continuous power. In Japan, 
NiTi is known as Sentalloy [17].
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3.7 Alpha and Beta Titanium Archwires 

AJ Wilcock Jr developed these wires in 1988, claiming that they were very resilient 
while yet being formable. Like SS and NiTi orthodontic wires, titanium exhibits 
various crystalline structures at different temperatures. The stable form of alpha tita-
nium has the hexagonal closed pack crystal structure at temperatures below 885 °C. 
but beta titanium exhibits bcc structure at higher temperatures. At room temperature, 
the elastic modulus and yield strength of Alpha-titanium are about 110 GPa and 
40 MPa, respectively. Before reaching its yield point, beta titanium could be bent 
105% farther or double the distance of SS. Although beta titanium can’t be soldered, 
it can be bonded to itself with very little strength loss [18]. 

3.8 Supercable Archwires 

It was discovered by Hanson in 1993. It was identified that It’s a seven-stranded, 
coaxial NiTi that improves flexibility while lowering wire strength. These wires are 
simple to connect to densely packed teeth. It has a number of benefits, including 
better anchoring control, less patient discomfort, and less drilling. The propensity 
of wires at extraction points to sprout, break, and unravel, as well as the inability to 
deal with curves, stairs, or helices, are all disadvantages [19, 20]. 

3.9 Copper NiTi Archwires 

Copper NiTi was invented by Rohit Sachdeva and Suchio Miyasaki in 1994. By 
reducing hysteresis and providing a precise temperature for transformation, they 
constitute the next generation of super-elastic and memory wires. Copper NiTi wires 
have a loading force of approximately 20% less than titanium nickel wires. The 
bracket slot is therefore simpler to utilize since it may be easier to handle the wire 
and so produces less stress and discomfort for the patient. Around the remaining area, 
however, the force decrease produced by NiTi is less than that caused by NiTi alloys. 
This illustrates how NiTi copper works in clinical efficiency by acting like teeth 
near to the target site. The additional copper element in the composition allowed for 
precise transformation temperature characteristics to be incorporated throughout the 
manufacturing process. This built-in precision is designed to control the physician, 
particularly during the early stages of treatment, in a way that no other force delivery 
technique can. These wires are classified as follows and are put at four distinct 
transformation temperatures for four different strength levels, allowing doctors to 
deal [21].
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3.10 Titanium Nobium Archwires 

Dr. Rohit Sachdev first presented it in early 1995. Ormco is the manufacturer. 
Although Ti-Nb is flexible and simple to work with, it has the same working range 
as stainless steel. It has a rigidity of 20% less than TMA and 70% less than stainless 
steel. Ti-Nb wire has a wider plastic range, comparable activation and deactivation 
curves, and a low spring back. It has a bending stiffness that is 48% less than stainless 
steel and a spring back that is 14% less than stainless steel. Can quickly bend a steel 
wire in unusual ways while avoiding excessive force levels [22]. 

3.11 Other Types of Archwires 

Literature reveals several more significant archwire types. Australian archwires, 
Biotwist NiTi archwires, BioForce archwires, BioForce with ionguard archwires, 
Orthocosmetic elastinol archwires, Marsenol archwires, Nitanium tooth toned arch-
wires, Nitinol complete control archwires, and various coated archwires are among 
the most well-known. The year of development is unclear, however these ground are 
extremely important to the researchers [23–30]. 

4 Conclusions 

In the last few decades, a variety of new wires and alloys have entered into the field of 
orthodontics. These wires offer a broad range of mechanical properties and improved 
flexibility in orthodontic therapy. There may not be many new wires on the market 
for the physicians. This article gives an overview of several archwire features. It may 
be more useful to utilise the favourable features of a certain wire type chosen to 
meet the requirements of the patient. We can observe that a single type of archwire 
could not satisfy all the orthodonticist’s needs. As time goes by, some of the alloys 
may lost their popularity in orthodontic applications, and eventually get replaced by 
other type of alloys with more favourable mechanical properties and functionality. 
Nevertheless, it is undeniable that these alloys have played an important role in 
the development and evolution of orthodontic archwire. To discover the “perfect” 
materials for archwire, we still have a long way to go. But since materials science 
and technology progresses so quickly, it is very likely that we will see substantial 
advancements in the archwires soon. The attention may be shifted from metals and 
alloys to polymers in the future, as the manufacturing and production of polymer 
archwires could be more cost-effective, and the polymers are capable to contribute 
to the aesthetic properties of archwire while having the similar properties with the 
metals and alloys.
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Design and Analysis of Carbon Fiber 
Composite Chassis for Off-Road 

A. Ridzuan Abd Hamid and J. J. Chong 

Abstract Off-road buggy implemented with carbon fiber as a chassis material is 
proposed to replace conventional steel such as AISI 1018 carbon steel. This research 
aimed to design high strength and lighter off-road buggy chassis. Three concepts 
have been proposed, modelled in computer-aided design, and then compared using 
the Pugh method through impact analysis by determining the strength of chassis. The 
results are tabulated in the decision matrix and found out that Design 1 has attained 
the highest score. Design 1 achieved a score of 2.625, Design 2 is 0.803, and −3.318 
for Design 3. A total of 13 samples consists of 12 carbon fiber composite and one 
carbon steel analysed through tensile simulation. The sample with ply orientation 
[0/−30/60/90]S achieved the highest tensile strength and three times compared to 
carbon steel. Furthermore, the analysis continued by simulating 12 ply orientations 
for every impact condition to select a set of orientations. The ply orientation is 
[90/45/0/−45]S for the front, [0/−30/60/90]S for the rear, [45/−45/0/90]S for the side, 
[90/45/0/−45]2 for the top, and [45/−45/0/90]S for the bottom. The implemented 
chassis with carbon fiber composite compared with carbon steel. The investigation 
found carbon fiber composite is weaker and less stiff than carbon steel in an impact. 
Nevertheless, carbon fiber composite provides a significant mass reduction of 81.23% 
in chassis and 17.79% for overall chassis with components. Carbon fiber composite 
chassis offers excellent energy absorption compared to conventional steel, which is 
safer for drivers and passengers. 
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1 Introduction 

The definition of carbon fiber classified as having carbon content with a minimum of 
92 wt % and fiber have a content minimum of 99 wt %. The atoms in carbon fiber-
connected in long-chain [1]. Carbon fiber has a diameter of about 5–10 microns and 
consists mainly of carbon atoms. Generally, carbon fiber has excellent resistance of 
temperature, high stiffness, and high tensile strength [2]. Carbon fiber has a lower 
density than steel, meanwhile at a higher strength than steel [3]. In a study on carbon 
fiber fabric, unidirectional fabric found nearly achieved more than twice the tensile 
strength of the woven fabric [4]. Most of the time, carbon fiber composite tube is using 
unidirectional fabric and woven fabric act as aesthetics purpose on the top layer. The 
epoxy resin used for the fabrication of carbon fiber composite provides mechanical 
strength by holding the fibers together [5]. The mechanical properties of resin can 
enhance through the change of resin matrix [6]. Besides, reinforcement of fiber such 
as polymer, metal, and plastic able to strengthen the properties [7]. The carbon fiber 
composite has characteristics of great strength-to-weight and stiffness-to-weight ratio 
[8]. Laminated carbon fiber composite is more vulnerable to damage such as tension, 
compression, tensile, and impact [9]. In laminated composite, the designed composite 
should always situate to load direction, which is parallel to fiber direction to avoid 
mechanical failure [10]. The increase of lamination thickness will cause a reduction 
in strength and stiffness [11]. The effect of the number of laminates in tensile strength 
is minor compared to the fiber orientation [7]. The increase of laminates improves 
the tensile modulus rather than strength [12]. The off-road vehicle is known to be any 
form of a vehicle capable of travelling up and down paved or gravel surfaces [13]. 
Off-road buggy, which is an off-road vehicle often physically described by having 
rigid chassis and pneumatic tires with flexible suspension [14]. The off-road buggy 
is commonly used steel as the chassis frame. The research project investigates the 
implementation of carbon fiber composite on the space frame chassis. The Carbon 
fiber is lighter than steel which able to reduce overall vehicle weight by 60% and 
improve fuel efficiency by 30% [15]. Chassis made of carbon fiber composite able 
to achieve high stiffness and rigidity [16]. The load transfer due to the weight able 
to affect the acceleration of a vehicle [17]. The acceleration defined as the change 
of velocity over time. Under the same force, the vehicle with lower mass resulted in 
higher acceleration [18]. The reduction of load transfer may improve the handling 
grip and acceleration as well as deceleration time [19]. Carbon fiber epoxy has an 
excellent energy absorption criterion which is approximate 250 and 20 kJ/kg for 
steel. The carbon fiber composite does not behave like steel in an impact which bent. 
The carbon fiber composite break when the exerted force is large [18]. The carbon 
fiber composite able to reduce the acceleration of a vehicle in an impact [20]. The 
research aims to design a chassis which is high strength and lightweight.
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2 Methodology and Experimental Setup 

2.1 Conceptual Design Selection 

Three chassis designs are proposed, and the selection process is determined through 
Pugh method. A total of six criteria are calculated and to be analysed using CAE 
method. The six criteria are front impact, rear impact, side impact, roll over, torsional 
and centre of gravity [21]. The analysis in this section only studied the chassis. Hence, 
components mass is ignored. The calculation of force for front impact, rear impact, 
side impact, and roll over used Eqs. (1), (2), and (3) [22]. For roll over condition, 
velocity is calculated by using Eq. (4) due to free fall and torsional scenario load 
used in the Eq. (5) [23]. The centre of gravity (CG) height is determined in CAE and 
impact time taken as 0.1 s. 

W = (
0.5 × M × V2 

final − 0.5 × M × V2 
initial

)
(1) 

s = t × Vmaximum (2) 

W = F × s (3)  

M × g × h = 0.5 × M × V2 
initial (4) 

G = M × g (5)  

Pugh method result shows that Design 1 attained the highest score of 2.625 based 
on Table 1. Hence, Design 1 is selected. 

Table 1 Pugh method result Analysis Design 1 Design 2 Design 3 

Front impact 0.179 −1.179 1 

Rear impact −1.462 0.462 1 

Side impact 1 0.205 −1.205 

Roll over 0.908 1 −1.908 

Torsional 1 −0.102 −0.898 

CG height 1 0.417 −1.417 

Total 2.625 0.803 −3.328
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2.2 Material Selection 

Carbon fiber composite of low tensile modulus is selected because 230 GPa tensile 
modulus is a common carbon fiber epoxy used in the research project. Higher tensile 
modulus can provide better material properties, especially in strength analysis, but 
the price is costly. Hence, 230 GPa tensile modulus carbon fiber epoxy is selected. 
The material for off-road buggy chassis in this research used two types of carbon fiber 
fabric which is unidirectional and woven. The woven is used on the top layer for an 
aesthetic purpose. Meanwhile, the bottom layer is unidirectional for better strength 
AISI 1018 carbon steel which is one of the conventional materials, is analysed to 
compare with carbon fiber composite. The material properties of carbon fiber epoxy 
of woven and unidirectional, which is required in CAE analysis are extracted from 
Ansys engineering data [24]. AISI 1018 carbon steel which is one of the conventional 
materials is selected, to compare with carbon fiber composite [25]. 

2.3 Tensile Simulation Method 

The analysis of studying the material is carried out through the tensile simulation to 
measure the strength and stiffness of the material. The tensile simulation procedure is 
conducted through ASTM D3039 standard, which is designed for composite material 
[26]. The dimension and material parameters for tensile simulation is shown in Table 
2. There are 13 samples for the analysis, which consist of 12 carbon fiber composite 
samples with different ply orientation and one carbon steel sample. The samples are 
listed in Tables 3 and 4. 

Table 5 shown the simulation parameters for the tensile simulation sample. The 
simulation study on the normal stress and strain in the tensile direction [27]. The 
total deformation of the sample also being investigated [28]. The applied load and 
displacement data is used to determine the stiffness [29]. The total deformation from 
the simulation is known as displacement and stiffness able to determine the rigidity 
of a material. Equation (6) is used to calculate the stiffness follow by Eq. (7) to find 
out the average stiffness. 

Table 2 Material parameters 
for tensile simulation sample 

Material parameters 

Ply material: Epoxy carbon unidirectional (230 GPa) prepreg 

Epoxy carbon woven (230 GPa) prepreg 

Ply thickness: 0.3 mm 

Total woven thickness: 0.3 mm 

Total unidirectional thickness: 2.1 mm
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Table 3 Ply orientation 
sample of carbon fiber 
composite 

Sample Ply orientation 

SP-1 [45/−45/0/90]2 

SP-2 [45/−45/0/90]S 

SP-3 [0/90/45/−45]2 

SP-4 [0/90/45/−45]S 

SP-5 [90/45/0/−45]2 

SP-6 [90/45/0/−45]S 

SP-7 [−45/0/45/90]2 

SP-8 [−45/0/45/90]S 

SP-9 [30/−30/0/60]2 

SP-10 [30/−30/0/60]S 

SP-11 [0/−30/60/90]2 

SP-12 [0/−30/60/90]S 

Table 4 Tensile simulation 
sample for carbon steel 

Sample Material 

SP-13 Carbon steel 

Table 5 Simulation 
parameters for tensile 
simulation sample 

Simulation parameters 

Fixed support: On top of the sample grip 

Remote force: Varies from 10 kN, 20 kN, 30 kN, 40 kN, and 
50 kN 

Remote displacement: Free at X-axis direction 

Stiffness = Applied force 
Displacement 

(6) 

Average stiffness = �Stiffness 

5 
(7) 

2.4 Structural Analysis Method 

The structural analysis of chassis is initiated by simulating with all the orientation 
ply to study the strength and stiffness. The orientation is chosen based on the criteria 
of deformation, stress and strain for every analysis. An optimum set of orientation 
gathered from every analysis is combined to form a new group of orientation set that 
suitable for each part. On the other hand, the mass of components is determined by 
including the major components of an off-road buggy. The chassis mass in Table
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Table 6 Chassis mass Components Chassis mass 
(kg) 

Component 
mass (kg) 

Total mass 
(kg) 

Carbon fiber 
composite 
chassis 

28.85 548 576.85 

Carbon steel 
chassis 

153.7 548 701.70 

6 is the summation of mass for components and chassis. The weight of chassis is 
determined in Anasys. Hence, the applied load shown in are calculated by using 
Eqs. (1), (2), (3), (4), and (5). 

3 Results and Discussion 

3.1 Tensile Simulation 

A comparison of tensile strength for 13 samples has shown in Fig. 1. Overall, ply 
orientation of SP-12 has the highest strength among 13 samples, which is 2943.7 MPa. 
The ply orientation of SP-12 is [0/−30/60/90]S. The maximum strength achieved by 
SP-13 at 50 kN load is only 883.32 MPa. SP-12 has a strength three times more than 
SP-13. The histogram in Fig. 2 show SP-13, which is carbon steel have higher rigidity 
compared to other samples. This meaning to say SP-13 is most rigid because able

Fig. 1 Tensile strength comparison of samples
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Fig. 2 Displacement comparison of samples 

to resist the deformation when the load is applied. This show previous discussion is 
correct where the stiffness of the sample measures by the displacement. The sample 
with higher displacement has lower stiffness. According to SP-3, stiffness is the 
lowest, which is 10.7342 MN/m, as shown in Fig. 3. Meanwhile, SP-13 with the 
lowest displacement is the most rigid with a stiffness value of 52.8055 MN/m. This 
show that carbon steel sample is at least three times stiffer than carbon composite

Fig. 3 Stiffness comparison of samples
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Fig. 4 Chassis ply orientation 

samples. The analysis results proved that carbon fiber composite has high tensile 
strength but not in stiffness. The carbon steel is rigid than carbon fiber composite.

3.2 Ply Orientation Selection 

Ply orientation selection was conducted by analysing the chassis in several conditions 
such as front impact, rear impact, side impact, roll over, and torsional. Ply orienta-
tion which has lowest exerted strength from the applied load, is selected. Figure 4 
represents the selected ply orientation implemented into chassis. 

3.3 Chassis Comparison Analysis 

Table 7 shows tabulated maximum total deformation, equivalent stress and elastic 
strain which acquired from the impact analysis. 

Table 8 shows the mass comparison of carbon fiber composite with carbon steel. 
Reduction of chassis mass can enhance performance and energy efficiency. 

4 Conclusion 

Off-road buggy implemented with carbon fiber composite as a chassis material found 
out to be a new study. At the end of this research, three proposed objectives have 
successfully met. Three designs proposed for the implementation of carbon fiber
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Table 7 Simulation data comparison 

Analysis Material Maximum total 
deformation (mm) 

Maximum 
equivalent stress 
(MPa) 

Maximum elastic 
strain (mm/mm) 

Front impact Carbon fiber 
composite 

3.78420 245.47 0.00566030 

AISI 1018 0.88374 249.47 0.00135360 

Rear impact Carbon fiber 
composite 

34.5610 909.56 0.01727700 

AISI 1018 6.83400 557.03 0.00292360 

Side impact Carbon fiber 
composite 

7.01730 236.43 0.00612980 

AISI 1018 1.38870 190.89 0.00096194 

Roll over Carbon fiber 
composite 

3.10230 136.10 0.00350660 

AISI 1018 0.61369 96.86 0.00053849 

Torsional Carbon fiber 
composite 

19.6460 500.66 0.01384000 

AISI 1018 3.54600 428.47 0.00217500 

Table 8 Mass comparison Components Carbon fiber 
composite (kg) 

AISI 1018 
carbon steel 
(kg) 

Mass 
reduction 
percentage 
(%) 

Chassis 28.85 153.7 81.23 

Chassis with 
components 

576.85 701.70 17.79

composite for off-road buggy chassis with CAD drawing. The three designs under-
went thorough design selection with Pugh method to determine the strength of the 
chassis by analysed through CAE method. The highest strength design found to be 
Design 1, which achieved a score of 2.625, Design 2 is 0.803, and −3.318 for Design 
3. Hence, Design 1 is selected. The observation found out that number of structural 
members, design, and geometry affect the strength of chassis. The study of carbon 
fiber composite and conventional material strength and stiffness are referred to ASTM 
D3039 method. The carbon fiber composite with different ply orientation analysed 
through a tensile simulation which mainly to study the strength and conventional 
material such as AISI 1018 carbon steel used for comparison. Despite the stiffness, 
carbon fiber composite has favourable strength aspect. The carbon fiber composite 
sample with the ply orientation [0/−30/60/90]S achieved the highest strength found 
out to be three times higher strength than carbon steel sample. Design 1 underwent 
multiple simulations to analyse and study the strength of chassis with 12 ply orien-
tations. The analysis measures the strength of ply orientation from five analysis and
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then, implemented into the chassis. Design 1 successfully implemented with four 
different ply orientations. Thorough simulation has conducted for every analysis to 
determine the strength and stiffness by observing the deformation, stress, and strain. 
The results compared with conventional material such as AISI 1018 carbon steel. 
The findings of the analysis found out carbon fiber composite chassis is weaker than 
carbon steel chassis. The carbon fiber composite has low strength due to the impact 
force is parallel to the fiber direction. The research also found out that carbon fiber 
composite chassis is less stiff than carbon steel chassis. Despite all the limitations, 
the benefits for the implementation of carbon fiber composite found out during the 
research. The weakness of impact strength has led to excellent energy absorption, 
which able to provide higher safety for passengers. On the other hand, an overall 
mass reduction of 81.23% of chassis mass and 17.79% which include the major 
components which able to improve acceleration performance. Not to forget, energy 
efficiency in terms of fuel consumption due to lightweight. The findings of the anal-
ysis can be understood as the implementation of carbon fiber composite to an off-road 
buggy chassis is not impact resistant. Whereas the lightweight criteria of carbon fiber 
composite chassis able to improve acceleration performance. The implementation 
of carbon fiber composite is mainly designed for lightweight and energy absorption 
purpose.
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Dioxide-Based Humidity Sensor: 
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and Composite Approach 

M. Z. Musa , M. H. Mamat  , N. Vasimalai , A. S. R. A. Subki , 
H. Hassan , M. F. Malek  , M. Y. Ahmad, and M. Rusop 

Abstract Advancement to the performance of humidity sensor is an importance 
subject due to its diverse role in multitude of applications. The trend shows that 
researchers are using various approaches to tackle the performance issues of humidity 
sensor. This paper reviews recent progress on the improvement of titanium dioxide-
based humidity sensor performance through structural modification, doping and 
composite effect. These three approaches have seen tremendous success in elevating 
the humidity sensing performance of titanium dioxide-based humidity sensor in 
term of higher sensitivity, shorter response/recovery time, and higher stability. The 
main advantages of the modified nanostructures are that they offer huge surface area 
which is beneficial for the adsorption of water molecules and directional pathway
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for the flow of charge carrier. Meanwhile, doping and formation of composite have 
contributed by having a positive synergistic effect in term of hydrophilicity, electrical 
conductivity, surface reactivity etc. In this work, efforts to improve the humidity 
sensing performance by various researchers working on this material are presented 
and discussed. 

Keywords Humidity sensor · Titanium dioxide · Nanostructure · Doping 

1 Introduction 

The importance of metal oxide semiconductors is growing with each passing year. 
Materials such as ZnO, NiO, SnO, MgO etc. are constantly at the centre of research 
subject from researcher from all over the world. This is due to the advantageous prop-
erties of metal oxides namely their non-toxicity, high chemical stability, intrinsic high 
sensing characteristic, low cost, and their abundance in nature. These compounds are 
formed when the electron from metal element is released to the oxygen atom resulting 
in oxides with different bonds and electronic structures [1]. 

One such metal oxide is titanium dioxide (TiO2) or titania. TiO2 is semiconductor 
with bandgap energy of 3.0–3.2 eV [2]. Since the discovery of its photocatalytic 
capability in 1972 [3], interest in this compound continue to rise. Furthermore, in 
1988, Gratzel et al. [4] have introduced a new type of solar cell which utilizes 
TiO2 as the photoanode in dye-sensitized solar cell. Nowadays, TiO2 have found its 
way in various type of application such as pollutant degradation photocatalyst [5], 
photochemical water splitting, UV photosensor [6], biosensors [7], and chemical 
sensors [8]. 

One of the important chemical sensors is the humidity sensor. It is a device which 
can detect the level of water molecules in the air. It is used in wide variety of fields 
such as home appliances, agricultural, weather forecasting, and health monitoring. In 
the light of recent advancement in Internet of Things (IoT) and fourth industrial revo-
lution (IR 4.0), the trend of application is shifting toward interconnected sensors and 
wearable devices. Depending on the transduction mechanism, humidity sensor can 
be divided into several types namely resistive, capacitive, and optical [9]. Humidity 
is often expressed in term of relative humidity (RH). It can be defined as the ratio of 
the amount of water vapour present in the atmosphere to the maximum amount that 
the atmosphere can hold [10]. RH is usually stated in unit of percentage. 

Experimental works and analyses are being carried out by numerous groups 
with the aim to promote the performance of TiO2-based humidity sensor mainly 
in term of sensitivity, response/recovery time, hysteresis, linearity and stability with 
various degree of success. However, a comprehensive review on this subject remained 
scarce. Herein, recent progress on the TiO2-based humidity sensor is presented and 
discussed. Emphasis is placed on efforts which were based on structural modification, 
doping process and composite formation with other materials.
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2 Effect of Different Types of Nanostructures 

It is widely considered that humidity sensing mechanism are largely influenced by 
the structural or the shape of the material [11]. Herein, various kind of structures and 
their effects to the performance of humidity sensor are discussed. 

2.1 TiO2 1-D Nanostructure 

1-D nanostructured material refers to a material with one of its dimensions is larger 
than the other two dimensions. These materials usually are associated a very high 
aspect ratio. Examples of these type of structure includes nanorods [12], nanowires, 
nanotubes, and nanofibers. This type of structure offers good carrier transport along 
its structural axis. The direct pathway of the movement of electron or hole enable 
faster response with high sensitivity. 

Jyothilal et al. [13] have reported on the fabrication of humidity sensor using 
slanted TiO2 nanorods produced using electron beam evaporation. They have 
achieved high sensitivity with fast response and recovery time of 145 and 120 ms 
respectively. It is suggested that the morphology has helped increase the carrier 
concentration leading to improved protonic conduction. Their sensor also showed 
promising potential as breath analyzer. 

TiO2 nanotube structure have been tested by Farahani et al. [14] as the humidity 
sensor. They have claimed that the structure is super-hydrophilic, allowing full 
absorption of water molecules. Their sensor recorded responsivity of 300%. 

Meanwhile, Li et al. [15] have experimented with humidity sensor made of TiO2 

nanowires. Sensitivity of 280 pF/% RH was recorded at low RH (7% RH to 33% RH). 
It is supposed that the cross-linked nanowire structure improves charge conduction 
leading to the increase in sensitivity at low RH environment. 

2.2 TiO2 2-D Nanostructure 

2-D nanostructures are made of with thin layer structure. Nanosheet, nanowall, 
nanobelt, nanodisk, and nanoflakes are some of the examples of 2-D nanostruc-
ture. These types of structures were also being utilized to increase the performance 
of humidity sensor. For example, 2-D graphene [16, 17], NiO [18], WS2 [19] and 
MoS2 [20] have shown promising result as humidity sensor. 

However, the use of TiO2 2-D structure for the application of humidity sensor 
remained scarce. One report on TiO2 nanosheet-based ultrasensitive humidity sensor 
have been published by Gong et al. [21]. The ultrathin petal-like structure shortened 
transporting paths and increase contact area between sensing material and electrodes. 
The self-assembled TiO2 nanosheet yielded a nanoporous structure with high specific
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surface area. It is also argued that the ultrathin structure is rich with oxygen vacancy 
defect which is beneficial for humidity absorption. Up to 10 times improvement in 
sensitivity value was observed from the fabricated device. 

2.3 TiO2 3-D Nanostructure 

3-D nanostructures usually encompassed three categories which are 3-D spatial 
ensembles of 1-D or 2-D nanostructure, 3-D nanoporous structures and 3-D hier-
archical nanostructured materials [22]. Examples of this type of structure are 
nanoflower [23], nanoball, nanocube and interconnected pores. They are usually 
credited as having the largest surface area. Zhang et al. [24] reported on the quartz 
crystal microbalance (QCM) type humidity sensor using hollow ball, nanosphere 
and nanoflower TiO2. The hollow ball structure which has the largest surface area 
showed the highest sensitivity of 33.8 Hz/%RH. 

Similar nanoflower structure was also reported by Jeong et al. [25] who have 
fabricated resistive type humidity sensor with sensitivity of 485.7 RH%−1. Urchin-
like structure have been reported by Wang et al. [26]. Figure 1 shows the examples 
of different types of TiO2 nanostructures, and Table 1 gives a summary of TiO2 

nanostructure-based humidity sensor. 

Fig. 1 Examples of different types of TiO2 nanostructures: a TiO2 nanowire, b TiO2 nanorod, c 
TiO2 nanotubes, d TiO2 nanosheet, e TiO2 nanoflower, f TiO2 interconnected pores. Reproduced 
with permission from [15, 21, 27, 28]
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Table 1 Summary of TiO2 nanostructure-based humidity sensor 

Structure type Structure Preparation 
method 

Sensor type Sensor 
performance 

References 

1-D Nanorods Electron beam 
evaporation 

Resistive Response time 
145 ms 
Recovery time 
210 ms 

[13] 

Nanotubes Anodization Voltage Sensitivity 300 [14] 

Nanowires Alkali 
oxidation 

Impedance Sensitivity 
280 pF/% RH 

[15] 

2-D Nanosheet Surfactant 
self-assembly 

Impedance Sensitivity 
4-order of 
magnitude 

[21] 

3-D Interconnected 
pores 

Emulsion 
template 

Impedance Sensitivity 
4-order of 
magnitude 

[28] 

Nanoflower Solution 
immersion 

Resistive Sensitivity 196 [29] 

Nanoflower Hydrothermal 
and gravure 
printing 

Resistive Sensitivity 
485.7 RH%−1 

[25] 

3 Effect of Doping 

Doping is the act of adding specific amount of impurity into a host material in order 
to improve its properties. In the case of TiO2, the doping could be divided into metal 
and non-metal doping. Dopant properties such as atomic radius and electronegativity 
would influence the effectiveness of a doping process [30]. 

3.1 Metal Doping 

Li et al. [31] reported on the doping of niobium (Nb) into TiO2. The pentavalent 
Nb5+ ion is a donor and will donate electron based on the following equation: 

Nb2O5 
2TiO2 −→ 2Nb· 

Ti + 4Oo + 1/2O2 + 2e′

This type of reaction would increase the electron concentration of TiO2. Since 
electron conduction is responsible for the humidity detection mechanism, this has 
resulted in improved sensitivity of up to 13,705 pF/%RH in a capacitive-type 
humidity sensor. 

Quartz crystal microbalance (QCM)-type humidity sensor made of Ru-doped 
TiO2 nanofiber have been reported by Farzaneh et al. [32]. Using density functional
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Table 2 Summary of doping effect on TiO2-based humidity sensor 

Dopant type Dopant Sensor type Sensor performance References 

Metal Nb Capacitive 13,705 pF/%RH [31] 

Ru QCM Four times more sensitive than undoped TiO2 [32] 

Co Resistive Sensitivity five orders of magnitude [33] 

Non-metal N Resistive Sensitivity five orders of magnitude [34] 

GO Optical 0.47 dB/%RH [35] 

theory (DFT) calculation, they have managed to show that the Ru-doped TiO2 have 
significantly larger surface reactivity compared to undoped TiO2. This have helped 
increase the water absorption ability, leading to the increase in sensitivity. 

Meanwhile, Li et al. [33] presented Co as the dopant for TiO2 for the applica-
tion of resistive-type humidity sensor. Substitution of Ti4+ with Co2+ creates many 
defect sites and reduces the grain size, effectively increasing the humidity sensing 
performance. 

3.2 Non-metal Doping 

Humidity sensing properties could also be improved by doping with non-metal 
elements. Li et. al. [34] has reported on the N doping of ordered mesoporous TiO2. 
Through XPS analysis, the resulting material showed the presence of Ti3+ defect sites. 
The defect sites would react with water molecules, releasing additional electron to 
the structure which would improve the sensitivity. 

The sensitivity of optical-type humidity sensor could also be increased through 
non-metal doping as demonstrated by Ghadiry et al. [35] who added graphene oxide 
(GO) in TiO2 solution which were then drop-casted on waveguides. GO helps in the 
diffusion of water molecules which bring significant changes to the refractive index. 
Table 2 shows the summary of doping effect on TiO2-based humidity sensor. 

4 Effect of Composite 

Another approach to improve the performance of humidity sensor is through the 
formation of TiO2 composite. Since it is quite challenging to simultaneously produce 
all the desired properties in a single material, synthesis of composite material has 
been gaining considerable attention [36]. Among the composite types which are 
commonly used are layered, core–shell, random mixture, and decoration structure. 
Composite materials are interesting as they often exhibit improved physical and 
chemical properties compare to each of the material alone.
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Table 3 Summary of TiO2 composite-based humidity sensor 

Composite Sensor type Sensor performance References 

TiO2/ZnO Impedance Sensitivity 0.4 orders of magnitude [37] 

TiO2/VOPcPhO Capacitive Better sensitivity, lower hysteresis and reduced 
absolute threshold value 

[41] 

TiO2/PVDF Capacitive Response time 45 s, recovery time 11 s [39] 

TiO2/PLA Capacitive Response time 40 s, recovery time 20 s [42] 

CoTiO3/TiO2 Resistive Sensitivity 157.23 [11] 

TiO2/NaNbO3 Resistive Sensitivity 125,512 [36] 

Araujo et al. [37] have reported on the TiO2/ZnO composite-based humidity 
sensor. Their result showed improved performance in term of increased sensitivity. 
Both metal oxides complimented each other properties. TiO2 compensated the low 
hydrophilicity of ZnO while ZnO nanostructure improve the overall surface area 
of the sensor. TiO2 naturally have high hydrophilicity because of the presence 
of Ti3+/Ti4+ interface sites which is associated with dissociative transfer of water 
molecules [38]. 

Polymer is another material capable of forming beneficial composite with TiO2. 
Mallick et al. [39] formed TiO2 composite with polyvinylidene fluoride (PVDF) for 
the application of humidity sensor. They reported that the addition of TiO2 increases 
the hydrophilicity of the sensor. Moisture absorption and settling were reported 
to increase at a more hydrophilic surface, leading to increase in the sensitivity of 
capacitive humidity sensors [40]. 

Some researcher worked with TiO2 and organic-inorganic hybrid nano-
composites, VOPcPhO [41]. Formation of this composite helped produced uniform 
voids across the surface of the material which are favourable for the absorption of 
moisture content. These voids also increase the surface porosity as evidenced through 
atomic force microscopy (AFM) result. 

Adding a p-type semiconductor to n-type TiO2 could form heterojunction structure 
as  shown by Lu et al.  [11]. Carrier transportation could be increased significantly 
through the decrease of electron current path at the heterogenous interface. Si et al. 
[36] reported a similar result when using TiO2/NaNbO3 nanocomposite. In their 
work, detection of humidity was achieved through the reduction of potential barrier 
height of the heterojunction due to the transfer of electrons from NaNbO3 to TiO2 

upon exposure to moisture. Table 3 shows the summary of TiO2 composite-based 
humidity sensor. 

5 Conclusion 

A review on the recent progress of the development of TiO2-based humidity sensor 
have been presented. Engineering the shape of TiO2 nanostructures into 1-D, 2-D
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and 3-D could bring advantageous properties to the performance of humidity sensor. 
In addition, doping process and formation of composite have also been shown to 
contribute to the increased performance of humidity sensor. Clearly TiO2 have a 
very good potential to become a very efficient humidity sensing material thanks to 
the commendable effort by researcher on this subject. However, there are still gaps 
to be explored to further improve the performance of the device. 
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Abstract Web-based expert systems have proved an exceptional tool for creating 
intelligent decision-making systems based on experts’ knowledge and opinions. This 
work presents an approach for assessing ergonomics risk factors based on integrating 
the analytic hierarchy process (AHP) method and knowledge-based system (KBS) 
using a web-based interface approach. A web-based ergonomics assessment system 
(W-BEAS) was developed and validated by comparing the assessment results using 
the existing method risk priority number (RPN). Physical, psychosocial, individual 
and organizational ergonomics are the four critical factors prioritized by the W-
BEAS. Arrangements of priority weight and rank position obtained by W-BEAS and 
RPN provided reasonable evidence of validity for prioritizing the critical risk factors. 
Validation results prove that the W-BEAS can produce outcomes relative to the 
current ergonomics assessment approach. W-BEAS is capable of assessing complex 
ergonomics risk factors and continuing to support better workplace ergonomics. In 
addition, the W-BEAS employs a macro-ergonomics approach to evaluate the multi-
factorial risk related to WMSD. Through W-BEAS, workers can share their knowl-
edge and concern with the system to prioritise critical risk factors more accurately. 
A field study was conducted using for the first time an integrated web-based system 
as an intervention tool in assessing workplace ergonomics risk. Workers used it 
independently without personal expert training. Results indicated that workers could 
evaluate their workplace hazards anywhere and anytime. 
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1 Introduction 

Any company intending to compete entirely in their respective industries should 
prioritize employee wellness [1, 2]. The workplace has a direct impact on employee 
health. The productivity and efficiency of work organizations have an impact on 
employee wellness as well. Because of the critical role of humans in industry, these 
facts demonstrate that workplace ergonomics plays an essential part in long-term 
sustainability. Workplace ergonomics, linked to safety and health concerns, demand 
an organizational strategic direction to attain long-term viability [3]. Furthermore, 
a better working environment for workers is linked to long-term development [4]. 
Workers will be endangered by work-related musculoskeletal diseases (WMSDs) if 
their physical abilities do not match the job’s physical requirements due to inade-
quate workplace ergonomics. WMSDs are painful muscle, tendon, and nerve disor-
ders. Because of their widespread use and detrimental impact on job productivity, 
WMSDs have resulted in economic losses worldwide [5]. As a result, holistic systems 
and strategies linking workplace ergonomics management to long-term organisation 
growth are required. 

The importance of researching workplace ergonomics risk factors and creating 
musculoskeletal disorders (MSD) prevention techniques has grown. The MSD hazard 
and risk factors can be decreased early in developing a new product and process 
employing risk management in the organization [6]. In addition, the majority of MSD 
disorders are caused by a combination of risk factors [7]. To recognise critical risks 
and eliminate crucial risk factors, occupational safety and health (OSH) practitioners 
need a decision instrument that includes a systematic, participative ergonomics and 
risk-based method. As a result, this study employs a systematic approach using 
the analytic hierarchy process (AHP), one of the multi-criteria decision analysis 
techniques (MCDA), in a decision-making aid for multi-factorial investigations. The 
AHP is a structured approach based on mathematics and psychology for preparation 
and analysing complex decisions. AHP also is an effective and powerful technique 
for decision making [8]. Moreover, AHP can measure and synthesise many criteria 
[9] and helpful in complex issues [10]. 

In the ergonomics field, knowledge-based systems (KBS) have been used in a 
variety of ways. KBS is a software program that generates and employs a knowledge 
base to undertake complicated issues. KBS can collaborate with or take the place of 
human experts in workplace ergonomics assessments [11]. KBS, or computer-based 
information systems, can represent expert knowledge. KBS can achieve the level of 
skill required to resolve workplace hazard situations at an expert level [12]. Moreover, 
using KBS in ergonomics assessments can help workers rapidly and properly discard 
various risk concerns [13]. Employees and employers must have ergonomic knowl-
edge and be informed of workplace ergonomics assessments to avoid the risk. Hence, 
KBS is critical in promoting proactive ergonomics to improve an organization’s 
long-term sustainability in work activities, workplaces, and working environments.
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Table 1 The AHP uses a pair-by-pair comparison scale 

Importance 
intensity 

Score Meaning Description 

1 1 Equally vital Two elements influence the property 
in equal measure 

2 3 The importance of one over the 
other is moderate 

One has a minor advantage over the 
other based on experience and 
judgment 

3 5 Importance is essential or 
significant 

Experience and judgement vastly 
prefer one over the other 

4 7 The significance is enormous An element is heavily favoured, and 
its domination may be seen in action 

5 9 Extremely vital One of the most significant levels of 
affirmation is evidence that favours 
one element over another 

Reciprocals When one of the numbers mentioned above is chosen for the activity i 
opposed to j; the activity j analysed to I is set to its inverse 

Ratio Rates resulting from requiring constancy in decisions 

Adapted from Saaty [8] 

Many academics have worked on KBS to evaluate the ergonomic risk associated 
with WMSD [14–16]. Most KBSs for ergonomics assessments operate on a stand-
alone mode that performs its function without a network link. Consequently, this 
study combines the AHP approach, KBS, and a web-server application to construct 
a web-based ergonomics assessment system (W-BEAS). Web-based apps are appli-
cations that use a web browser to communicate with a remote server. W-BEAS is a 
computer software tool that uses the internet to imitate ergonomics experts’ critical 
thinking abilities. 

This study, which contributes to the ergonomics risk assessment literature and 
practice, demonstrates the use of a W-BEAS in deciding the essential workplace risk 
factors connected to WMSD. 

2 AHP and KBS are Integrated to Create a W-BEAS 

2.1 AHP Technique for Critical Risk Factor Prioritization 

Workplace risk factors connected to physical, organizational, and psychosocial 
components have been linked to WMSDs, which reduce workers’ wellness and well-
being [2, 17–19]. A macro-ergonomic assessment approach includes individual (IF), 
organizational (OF), physical (PhyF), and psychosocial (PsyF) variables to assess 
the critical WMSD risk factors. There are four primary factors and 26 sub-factors 
in the AHP (refer to Fig. 1 and Table 3). Figure 1 describes the formation of the



520 F. Abdul Aziz et al.

Table 2 W-BEAS validation members’ demographic information 

Demographic dimension Freq. % 

Working time Normal 3 15 

Shift 17 85 

Working position Supervisor 13 65 

Executive 3 15 

Engineer 3 15 

Assistant manager 0 0 

Manager 1 5 

Working department Production assembly 5 25 

Production stamping 4 20 

Engineering 4 20 

Safety, health, and environment 3 15 

Logistics 4 20 

Shift 17 85 

Working experience (years) 11–15 2 10 

16–20 18 90 

> 20 0 0 

Shift 17 85 

Education level SPM 12 60 

Certificate 2 10 

Diploma 5 25 

Degree 1 5 

Age (years) 25–34 0 0 

35–44 14 70 

45–55 6 30 

Gender Male 20 100 

Female 0 0 

AHP. Procedures to detecting ergonomic risk factors and sub-factors and a pairwise 
comparison to determine priority weight are included in the AHP structure. 

The AHP model includes procedures for identifying ergonomic risk factors and 
sub-factors and a pairwise comparison to determine weight. The AHP process 
included the following steps: 

1. Designing a decision form and conducting pair-wise comparisons, users were 
required to determine the significance of risk factors between certain ergonomic 
factors and sub-factors. Table 1 presents a mathematical scale for pairwise 
comparisons. This method included the formation of the square matrix An × n . 
Equation 1 represents the An × n .
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Fig. 1 The hierarchy for critical risk factors correlated to WMSD 

An × n =
⎡
a11a21a12a22 · · ·  a1na2n ... 

. . . 
... an1an2 · · ·  ann

⎤
(1) 

where ai j  was the factor in the pair-wise comparison matrix. It delivered the compar-
ative importance of criterion i concerning criterion j. Matrix  An × n , ai j  = 1 when i 
= j and ai j  = 1 

ai j  
when i /= j. 

2. Combining the results. The method outputs a vector of local weights or priorities 
for every risk factor based on the overall goal. The Geometric mean (GMi ) was  
used to calculate the aggregate expert judgments. 

GMi = 

⎡ 

⎣ 
n∏
j 

ai j  

⎤ 

⎦ 

1 
n 

, (2) 

where n = number of members. 

3. Determining the local weights. The Eqs. (3) and (4) can define the principal 
Eigenvector and Eigenvalues individually. 

wi = GMi∑n 
i=1 GMi 

, (3) 

λmax =
∑n 

i wi 

n 
, (4) 

where n = number of factors. 

4. Confirming the pair-wise comparison’s consistency. Equations (5)–(7) can be 
used to describe the consistency index (CI) and consistency ratio (CR).
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Table 3a and b The RPN technique and the W-BEAS prioritized risk factors are compared 

Ergonomic risk factors W-BEAS RPN 

Priority 
Weight 
(%) 

Ranking Priority 
Weight 
(%) 

Ranking 

(a) 

Individual 

Negligence of workers (NW) 21 2nd 22 2nd 

Improper use of personal protective equipment (PPE) 13 4th 16 4th 

Level of education (LOE) 45 1st 29 1st 

Working experience (Ex) 17 3rd 22 2nd 

Age (A) 4 5th 11 5th 

Total 100 100 

Organisational 

High workload (HW) 17 2nd 22 2nd 

Worker lack of rest (WLR) 10 4th 16 4th 

Frequent workdays (FW) 9 5th 11 5th 

Exposure to physical demands (EPD) 50 1st 29 1st 

Tight production schedule (TPS) 14 3rd 22 2nd 

Total 100 100 

Physical-Job task factors 

Work that requires a lot of lifting (FWL) 8 6th 13 5th 

Lifting and carrying (CCL) 15 3rd 15 3rd 

Working conditions are poor (PWPr) 10 5th 10 6th 

Work that is physically demanding (HPW) 14 4th 15 3rd 

Effort put forth in a job assignment with a lot of force 
(FE) 

28 1st 27 1st 

Working posture is poor (PWPo) 25 2nd 20 2nd 

Total 100 100 

(b) 

Physical-workplace and equipment 

Insufficient ventilation in the workplace (PV) 7 5th 12 5th 

Inadequate working conditions (PWS) 23 2nd 24 2nd 

In the workplace, the temperature is too hot (PT) 16 3rd 18 3rd 

Noise in working environment (N) 14 4th 16 4th 

Hand arm vibration (HAV) 39 1st 31 1st 

Total 100 100 

Psychosocial 

Fatigue (F) 15 4th 16 4th

(continued)
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Table 3a and b (continued)

Ergonomic risk factors W-BEAS RPN

Priority
Weight
(%)

Ranking Priority
Weight
(%)

Ranking

Work stress (WS) 7 5th 11 5th 

Emotional stress (ES) 18 2nd 22 2nd 

Frustration with work-related and unrelated (FWR) 18 2nd 22 2nd 

Low job support (LJS) 42 1st 29 1st 

Total 100 100 

C I  = 
λmax − n 
n − 1 

, (5) 

λmax = 
n∑

i=1

⎡(
n∑

i=1 

GMi

)(
w j

)⎤
, (6) 

where λmax is the maximum eigenvalue and n is the number of factors 

CR  = 
Consistency index(C I  ) 
Random index(RI  ) 

≤ 0.10, (7) 

If the CR value is less or equal to 0.1, it is acceptable. It must be replaced if the 
subjective judgment is more than 0.1 or 10%. 

2.2 Integrated W-BEAS Design 

W-BEAS’ core structure consists of a user interface (UI), an AHP inference engine 
(IE), and a knowledge base. W-BEAS was served with XAMPP as the AHP IE, and 
the database used MySQL. W-BEAS contains three parts: UI, a web server (WBS), 
and a KBS database, as presented in Fig. 2. 

The integrated web-based system is divided into five main components, as shown 
in Fig. 3: 

a. Database—after user retrieval, all factor information is recorded and stored in 
the knowledge database. 

b. Input process—refers to the user’s preference for studying data retrieved from 
a database. 

c. Processing of data—the server performs the consistency test and calculates each 
component and sub-factor weights using the AHP method. 

d. Process of output—the ergonomic risk factors and sub-factors connected to 
WMSD are prioritized.
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Fig. 2 The structure of W-BEAS 

Fig. 3 Parts of the W-BEAS integrated system and their functionalities
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e. Analyze and report the results of the ergonomics evaluation in the form of charts 
and tables.

2.3 W-BEAS User Interface 

Figures 4, 5 and 6 depict the W-BEAS interface. Before logging into the system, 
users were required to register (see Fig. 4). The comparison module page opened

Fig. 4 A page for registering system 

Fig. 5 System home page
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Fig. 6 Ergonomics risk factors comparison module in system 

after logging in. Every questionnaire was addressed in this module under different 
potential threats, and the scale was determined.

3 Validation of W-BEAS 

3.1 Validation Method 

The primary goal of the W-BEAS was to demonstrate the efficacy and logic of the 
proposed web-based expert system in practice. The W-BEAS was validated using 
real-world data. The validation method compares the results collected by the W-
BEAS and the existing assessment method, risk priority number (RPN). 

The W-BEAS validation was carried out at a local automotive component manu-
facturer, with twenty senior personnel chose based on expertise, abilities, and 
work experience. The demographic data of the W-BEAS validation respondents is 
presented in Table 2. 

This study employed the RPN method to determine the weights of factors and 
sub-factors for validation reasons. RPN is the current failure mode and effect analysis 
to rank each failure mode. The W-BEAS was validated using the RPN procedures 
listed below: 

Step 1: The workplace risk factors were assessed by assessing the Likelihood (L) 
of the risk happening, using a scale of 1 = rare, 2 = unlikely, 3 = likely, and 4 = 
almost certain.
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Step 2: The workers were required to examine the severity (S) of risk factors if any 
relevant incident occurred, using a scale of 1 = minor/negligible, 2 = moderate, 
3 = major, and 4 = severe/catastrophic. 
Step 3: The following equation was adopted to measure the risk priority number 
(RPN). 

RP  N  = L × S (8) 

Each risk factor’s priority weight percentage was determined. 

3.2 Validation Results 

The findings of the W-BEAS and RPN are compared in Table 3a and b. Refer to 
Table 3, the first-place rank of risk factors estimated by the W-BEAS and RPN 
methods is comparable. The rank arrangement reveals a slight variance for the sub-
risk variables of individual, organization, and physical-job task. On the other hand, 
ranked risk factors differently by only one position deemed unimportant. ES must 
usually exhibit reasonable efficiency at some stage during development [20]. 

These results show that the W-BEAS can produce results that are comparable to 
the current assessment method. These validation results are similar to a previous study 
done by Falamarzi et al. [21] in that the developed web-based system percentages of 
answers were equivalent to those produced by the previous system. W-BEAS, on the 
other hand, produced more precise results [22]. Also, it improved the effectiveness of 
the ergonomics assessment method [23, 24]. Besides, the W-BEAS provides a more 
thorough indicator of WMSD risk variables than other techniques by employing a 
macro-ergonomics approach. 

These results show that the W-BEAS can produce results that are comparable to 
the current assessment method. These validation results are similar to a previous study 
done by Falamarzi et al. [21] in that the developed web-based system percentages of 
answers were equivalent to those produced by the previous system. W-BEAS, on the 
other hand, produced more precise results [22]. Also, it improved the effectiveness of 
the ergonomics assessment method [23, 24]. Besides, the W-BEAS provides a more 
thorough indicator of WMSD risk variables than other techniques by employing a 
macro-ergonomics approach. 

4 Conclusions 

A web-based expert system was produced and validated for this study, using prac-
tical online ergonomics assessment advantages. This W-BEAS is valid and reliable 
in prioritizing the critical workplace risk factors. W-BEAS will help the OSH practi-
tioners identify the critical risk factors needed to resolve the hazards at the workplace.
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This study indicates that workers are provided with a flexible ergonomics assessment 
system through a web-based approach. The worker can assess their ergonomics 
workplace individually at anywhere and anytime. 

Workers must be informed of the critical risk factor of their workplaces and 
make plans to prevent the WMSD. W-BEAS support the organization to protect and 
promote the worker’s well-being and workplace sustainability. Thus, the results of 
this validation proof of concept suggest that a W-BEAS appears to be a promising 
straightforward alternative to the partly expensive and time-consuming expert 
training. We intend to apply the procedure illustrated in this paper to some other 
classification problems arising in different sectors for further research. 

Acknowledgements The University Malaysia Pahang provided funding for this work 
(RDU160390). 

References 

1. Falck AC, Rosenqvist M (2012) What are the obstacles and needs of proactive ergonomics 
measures at early product development stages? An interview study in five Swedish companies. 
Int J Ind Ergon 42:406–415. https://doi.org/10.1016/j.ergon.2012.05.002 

2. Zare M, Bodin J, Cercier E, Brunet R, Roquelaure Y (2015) Evaluation of ergonomic approach 
and musculoskeletal disorders in two different organizations in a truck assembly plant. Int J 
Ind Ergon 50:34–42. https://doi.org/10.1016/j.ergon.2015.09.009 

3. Abdullah NH, Wahab E, Shamsuddin A, Aziati N, Hamid A, Kamaruddin NK (2016) Workplace 
ergonomics and employees’ health: a case study at automotive manufacturer. 917–923 

4. Maia LC, Alves AC, Leão CP (2012) Design of a lean methodology for an ergonomic and 
sustainable work environment in textile and garment industry. In: ASME 2012 international 
mechanical engineering congress and exposition. American Society of Mechanical Engineers 
Digital Collection, pp 1843–1852 

5. Liu L, Chen SG, Tang SC, Wang S, He LH, Guo ZH, Li JY, Yu SF, Wang ZX (2015) How work 
organization affects the prevalence of WMSDs. Biomed Environ Sci 28:627–633. https://doi. 
org/10.3967/bes2015.088 

6. Maakip I, Keegel T, Oakman J (2016) Prevalence and predictors for musculoskeletal discomfort 
in Malaysian office workers: investigating explanatory factors for a developing country. 53:252– 
257 

7. Occhipinti E, Colombini D (2016) A toolkit for the analysis of biomechanical overload and 
prevention of WMSDs: criteria, procedures and tool selection in a step-by-step approach. Int 
J Ind Ergon 52:18–28. https://doi.org/10.1016/j.ergon.2015.08.001 

8. Saaty TL (2008) Decision making with the analytic hierarchy process. Int J Serv Sci 1:83. 
https://doi.org/10.1504/IJSSCI.2008.017590 

9. Russo RDFSM, Camanho R (2015) Criteria in AHP: a systematic review of literature. Procedia 
Comput Sci 55:1123–1132. https://doi.org/10.1016/j.procs.2015.07.081 

10. Das SK, Patyal VS, Mukhopadhyay S (2017) Development and validation of a re-modified 
work-style short form questionnaire for assessment of stress in medical practitioners working 
in Indian hospitals. Theor Issues Ergon Sci 18:95–109. https://doi.org/10.1080/1463922X. 
2016.1154228 

11. Qutubuddin SM, Hebbal SS, Kumar AC (2012) computer assisted system for enhancing the 
application of ergonomics in manufacturing systems. Int J Ergon 2:1–11

https://doi.org/10.1016/j.ergon.2012.05.002
https://doi.org/10.1016/j.ergon.2015.09.009
https://doi.org/10.3967/bes2015.088
https://doi.org/10.3967/bes2015.088
https://doi.org/10.1016/j.ergon.2015.08.001
https://doi.org/10.1504/IJSSCI.2008.017590
https://doi.org/10.1016/j.procs.2015.07.081
https://doi.org/10.1080/1463922X.2016.1154228
https://doi.org/10.1080/1463922X.2016.1154228


Integration of Analytic Hierarchy Process Technique … 529

12. Leo Kumar SP (2017) State of the art-intense review on artificial intelligence systems appli-
cation in process planning and manufacturing. Eng Appl Artif Intell 65:294–329. https://doi. 
org/10.1016/j.engappai.2017.08.005 

13. Dansie C, Bloswick DS (2013) Ergonomic risk assessment based on a bayesian-optimised 
expert system Richard Sesek. Int J Hum Factors Model Simul 4:23 

14. Pavlovic-Veselinovic S, Hedge A, Veselinovic M (2016) An ergonomic expert system for risk 
assessment of work-related musculo-skeletal disorders. Int J Ind Ergon 53:130–139. https:// 
doi.org/10.1016/j.ergon.2015.11.008 

15. Savino M, Mazza A, Battini D (2016) New easy to use postural assessment method through 
visual management. Int J Ind Ergon 53:48–58. https://doi.org/10.1016/j.ergon.2015.09.014 

16. Shavarani SM, Korhan O (2015) Expert system assessment of work-related musculoskeletal 
disorders for video display terminal users. Appl Res Qual Life 10:205–216. https://doi.org/10. 
1007/s11482-014-9307-5 

17. Widanarko B, Legg S, Devereux J, Stevenson M (2014) The combined effect of physical, 
psychosocial/organisational and/or environmental risk factors on the presence of work-related 
musculoskeletal symptoms and its consequences. Appl Ergon 45:1610–1621. https://doi.org/ 
10.1016/j.apergo.2014.05.018 

18. Yazdani A, Wells R (2018) Barriers for implementation of successful change to prevent muscu-
loskeletal disorders and how to systematically address them. https://doi.org/10.1016/j.apergo. 
2018.05.004 

19. Roquelaure Y, Bodin J, Ha C, le Manac’h AP, Descatha A, Chastang JF, Leclerc A, Goldberg 
M, Imbernon E (2011) Personal, biomechanical, and psychosocial risk factors for rotator cuff 
syndrome in a working population. Scand J Work Environ Health 37:502–511. https://doi.org/ 
10.5271/sjweh.3179 

20. O’Keefe M, Balci O, Smith E (1987) Validation of expert system performance. http://eprints. 
cs.vt.edu/archive/00000043/. https://doi.org/10.1109/MEX.1987.5006538 

21. Falamarzi A, Borhan MN, Rahmat RAOK (2014) Developing a web-based advisory expert 
system for implementing traffic calming strategies. Sci World J 1–16. https://doi.org/10.1155/ 
2014/757981 

22. Kumar S, Mishra RB (2010) Web-based expert systems and services. Knowl Eng Rev 25:167– 
198. https://doi.org/10.1017/S0269888910000020 

23. Asensio-Cuesta S, Bresó A, Saez C, García-Gómez J (2019) Robustness and findings of a 
web-based system for depression assessment in a university work context. Int J Environ Res 
Public Health 16:644. https://doi.org/10.3390/ijerph16040644 

24. Qattawi A, Mayyas A, Abdelhamid M, Omar MA (2013) Incorporating quality function deploy-
ment and analytical hierarchy process in a knowledge-based system for automotive production 
line design. Int J Comput Integr Manuf 26:839–856. https://doi.org/10.1080/0951192X.2013. 
799780

https://doi.org/10.1016/j.engappai.2017.08.005
https://doi.org/10.1016/j.engappai.2017.08.005
https://doi.org/10.1016/j.ergon.2015.11.008
https://doi.org/10.1016/j.ergon.2015.11.008
https://doi.org/10.1016/j.ergon.2015.09.014
https://doi.org/10.1007/s11482-014-9307-5
https://doi.org/10.1007/s11482-014-9307-5
https://doi.org/10.1016/j.apergo.2014.05.018
https://doi.org/10.1016/j.apergo.2014.05.018
https://doi.org/10.1016/j.apergo.2018.05.004
https://doi.org/10.1016/j.apergo.2018.05.004
https://doi.org/10.5271/sjweh.3179
https://doi.org/10.5271/sjweh.3179
http://eprints.cs.vt.edu/archive/00000043/
http://eprints.cs.vt.edu/archive/00000043/
https://doi.org/10.1109/MEX.1987.5006538
https://doi.org/10.1155/2014/757981
https://doi.org/10.1155/2014/757981
https://doi.org/10.1017/S0269888910000020
https://doi.org/10.3390/ijerph16040644
https://doi.org/10.1080/0951192X.2013.799780
https://doi.org/10.1080/0951192X.2013.799780


Static Structural Analysis of Auxetic 
Structures for Sports Protective Gears 

Ritul Varrdhan , Jitendra Bhaskar , and Anand Kumar 

Abstract Man-made auxetic structures improve mechanical properties and energy 
absorption ability of structure without any weight penalty. Both these properties of 
structures are highly suitable for sports gear in view to reduce weight reduction of 
safety items for players without burden on their body. The objective of this paper is 
to design and simulate effective auxetic structures for improved sports gear to absorb 
high impact energy. Three types of structures based on diamond, honeycomb and re-
entrant auxetic structures are used for analysis. Based on positive and negative aspects 
of each selected auxetic structures, three hybrid auxetic structures are considered for 
protective gears. The value of equivalent von-Mises stresses and specific energy 
absorption of diamond and re-entrant is found to be higher than any other sample 
structure. Higher the value of equivalent von-Mises stress, higher will be the stiffness. 
Hence, hybrid structure of diamond and re-entrant may provide better protection than 
conventional open cell polyethane foam based sports protective gears. 

Keywords Energy absorption · Equivalent von-Mises stress · Relative density 

1 Introduction 

Material with a negative Poisson’s ratio is termed auxetic material. These auxetic 
materials can be utilized in sport protective gears as they expand laterally when 
stretched and shrink when compressed [1]. Due to negative Poisson’s ratio many 
other mechanical properties such as fracture toughness [2], synclastic curvature [3], 
indentation resistance [4, 5], energy absorption [6, 7], etc. of material and structure 
also change. More and more auxetic materials and structures are being introduced for
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different applications such as medical implants, shoes, body armors, shock absorbers, 
etc. [8]. 

Nallavan opined that auxetic materials may be good replacement of traditional 
materials for sports personal protective equipments. These are lighter in weight, 
comfortable and have good energy absorption [9]. Ingrole reported that auxetic 
materials with negative Poisson’s ratio may be embedded in protective equipments 
as they absorb high impact forces [10]. Recent researches done by Bronder et al. on 
auxetic structures are mostly focusing on the optimizing the fabrication methods and 
improving its energy absorption abilities [11]. 

The objective of this research paper is to optimally design auxetic structures 
for quality sport protective equipment. Three types of structures are simulated-
diamond, honeycomb and re-entrant and their hybrids- diamond and re-entrant, 
diamond and honeycomb and re-entrant and honeycomb with suitable boundary 
conditions. It mainly focuses on comparing von-Mises stresses and energy absorp-
tion capability of the auxetic structures for their performance evaluation. The auxetic 
structures with high energy absorption capability may be used in helmets, batting 
pads, knee and elbow pads, etc. 

2 Methodology 

2.1 Materials 

Acrylonitrile butadiene styrene (ABS) is the material chosen for simulation and 
analysis. ABS is an engineering thermoplastic which consist of crosslinking of 
poly(styrene-co-acrylonitrile) and polybutadiene. It is broadly used to make plastic 
products due to its remarkable qualities such as high impact resistance, toughness and 
good processing characteristics. The properties of ABS used are: Young’s modulus, 
E = 2.2 GPa; yield strength, σys = 31 MPa; Poisson’s ratio, v = 0.35 and density, ρ 
= 1.05 g/cm3 [10]. 

2.2 Modelling 

Three important auxetic structures based on diamond, honeycomb and re-entrant 
(Fig. 1) are considered for proposed research work. Effort has been made to explore 
the possibilities of hybrid auxetic structures by coupling important features of 
two auxetic structures in one. Hybrid structures such as diamond and re-entrant, 
diamond and honeycomb and re-entrant and honeycomb are shown in Fig. 2. 
3D geometric models are created using ANSYS SpaceClaim 2021 R1 software. 
Specific dimensions for each structure geometry is listed in Table 1.
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Fig. 1 Schematic diagram of auxetic structures: a Diamond; b Honeycomb; c Re-entrant 

Six different auxetic structures are modelled through software-diamond, re-
entrant, honeycomb and their hybrids-diamond and re-entrant, diamond and honey-
comb and re-entrant and honeycomb. The structures are imported in Finite Element 
Analysis software as “.scdoc” format. FEM of each sample is done through “ANSYS 
2021 R1” under workbench GUI in static structural project schematic. Each sample 
is loaded with a compressive force of 500 N and bottom and side of case are fixed 
as a boundary condition. The material selection is done manually. The meshing for 
each structure is listed in Table 2.
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Fig. 2 Schematic diagram of hybrid auxetic structures: a Diamond and Re-entrant; b Diamond 
and Honeycomb; c Re-entrant and Honeycomb 

2.3 Relative Density 

Relative density of auxetic structure is used to measure the stiffness of the structure 
[12]. Increase in the relative density leads to an increase in the capability to resist the 
load applied on the structure. Relative density of each structure is calculated using 
Eqs. 1 to 6 [13]: 

For diamond structure:



Static Structural Analysis of Auxetic Structures … 535

Table 1 Dimension of each unit cells 

Sample Dimensions of unit cell 

Diamond l = 5 mm, Θ = 50°, t = 1 mm  

Honeycomb l = 5 mm, h = 5 mm, Θ = 30°, t = 1 mm  

Re-entrant l = 8 mm, h = 11 mm, Θ = 30°, t = 1 mm  

Diamond and Re-entrant ld = 9.79 mm, Θd = 50°, lr = 8 mm, hr = 15 mm, Θr = 30°, l2 = 
1.6 mm, h4 = 5.3 mm, t = 1 mm  

Diamond and Honeycomb ld = 6 mm, Θd = 50°, lh = 5 mm, hh = 5 mm, Θh = 30°, l2 = 
1.6 mm, l3 = 1.29 mm, t = 1 mm  

Re-entrant and Honeycomb lr = 8 mm, hr = 15 mm, Θr = 30°, lh = 7.5 mm, hh = 7.5 mm, Θh 
= 30°, l3 = 1 mm, h4 = 5 mm, t = 1 mm  

where, l = length of sides, Θ = inclination angle of side, h = height of sides t = thickness of sides 

Table 2 Quality of mesh Physics preference Non-linear mechanical 

Element order Quadratic 

Element size 2 mm  

ρ = 2lt  

2lcos  θsin θ 
(1) 

For honeycomb structure: 

ρ = (2l + h)t 

2l cos θ (l sin θ + h) 
(2) 

For re-entrant structure: 

ρ = (2l + h)t 

2l cos θ (h − l sin θ ) 
(3) 

For diamond and re-entrant structure: 

ρ = ((4lr + hr ) + 4ld + (h4 + l2))t 
2lr cos θr (hr − lr sin θr ) + 2l2 d sin θd cos θd + (h4 + l2)t 

(4) 

For diamond and honeycomb structure: 

ρ = ((4lh + hh) + 4ld + (l3 + l2))t 
2lhcosθh(hh + lhsinθh) + 2l2 d sin θd cos θd + (l3 + l2)t 

(5) 

For re-entrant and honeycomb structure (Table 3):
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Table 3 Calculated relative 
densities of different auxetic 
structures 

Sample Relative densities 

Diamond 0.2031 

Honeycomb 0.2309 

Re-entrant 0.2783 

Diamond and Re-entrant 0.5023 

Diamond and Honeycomb 0.3840 

Re-entrant and Honeycomb 0.4007 

ρ = ((4lr + hr ) + 4lh + (l3 + h4))t 
2lr cos θr (hr − lr sin θr ) + 2l2 h sin θh cos θh + (l3 + h4)t 

(6) 

2.4 Energy Absorption 

One of the main charateristics of these structures is their energy absorbing capabil-
ities. The overall energy absorbed during the compression has been calculated for 
each sample manually. Total energy absorbed (W) is calculated by integrating the 
nominal stress–strain curves and is determined by Eq. 7. Specific energy absorbed 
(Ws) by the materials is calculated using Eq. 8 [14]. 

W = 
ε ∫
0 
σ (ε)dε (7) 

Ws = 

ε∫ 

0 
σ (ε)dε 

ρ ∗ ρmat 
(8) 

where, ρ is relative density and ρmat is denstiy of ABS material (1.05 g/cm3). 

3 Results and Discussion 

Stress, strain, deformation and strain energy are analyzed through ANSYS 2021R1 
software after due meshing and applying boundary conditions (Fig. 3). 

Figure 4 illustrates deformation in different structures on application of 500 N 
load. Diamond and re-entrant and diamond and honeycomb have small amount of 
distortion due to densification of structures at the region where the load is applied. 

Stress and strain generated on all the structures on application of 500 N load is 
different. The maximum stress is seen in diamond and re-entrant in comparison to
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Fig. 3 a Meshed model of diamond structure; b boundary condition and load application on 
diamond structure 

other samples. Higher the relative density, higher will be the stiffness as these struc-
tures collapse within themselves and sustain greater load due to high densification 
at that region [10]. It is clear from Fig. 5 that structures with lesser relative density 
have lesser stifffness. Hence, hybrid structure of diamond and re-entrant structure is 
the stiffest structure due to its greater density. 

The specific energy absorbed by each structures is calculated using Eq. 8. It is seen  
that diamond and re-entrant hybrid has highest specific energy absoption. Figure 6 
indicates that the structures with high stiffness will have higher energy absorption 
capacity. It means that higher the stiffness (i.e. ability to resist deformation when 
load is applied), it will absorb more energy. 

4 Conclusions 

The static structural compressive analysis is performed on different auxetic struc-
tures namely diamond, honeycomb, re-entrant, and their hybrids. Hybrid structure of 
diamond and re-entrant is proved to be best. From all the data recorded, it is observed 
that the diamond and re-entrant structure has high relative density and densifies most 
on the application of load making it most stiff. It has the highest capability to absorb 
the energy. 

Based on stress analysis, three hybrid combinations of auxetic structures i.e. 
diamond and re-entrant, diamond and honeycomb, re-entrant and honeycomb were 
considered for their energy absorbing capacity. Diamond and re-entrant structure 
shows highest energy absorbing capacity. Diamond and re-entrant can be very useful 
for designing sports protective gears due to its better stiffness and energy absorption 
capacity.
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Fig. 4 Total deformation in structures on application of force a Diamond; b Honeycomb; c Re-
entrant; d Diamond and Re-entrant; e Diamond and Honeycomb; f Re-entrant and Honeycomb
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Fig. 5 Maximum equivalent von-Mises stresses (MPa) for different auxetic structures
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Fig. 6 Specific energy absorbed (J/Kg) for different auxetic structures 
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Cutting Strategy of Polymer Composite 
Material for Aerospace Engineering 
Application 

Amiril Sahab Abdul Sani , Ahmad Zafir Zainuddin, 
and Mohd Shahneel Saharudin 

Abstract Despite the popular use of hybrid fibers in polymer composite in aerospace 
applications, it comes with a price where it is expensive and has a complex process 
to produce. A new alternative method of using nanocomposite using natural fiber 
such as Epoxy/Graphene is getting placed in the industry. However, the natural fiber 
has a hygroscopic characteristic. The minimum quantity lubrication (MQL) method 
was approached for this research to investigate the machinability behavior of the 
Graphene/Epoxy nanocomposite. The cutting force was also investigated to see the 
effect of different coatings material of the flat-end mill cutters when machining 
the Epoxy/Graphene nanocomposites. Despite having various acetone doses in the 
Epoxy/Graphene specimens, the results show that the MQL technique has a favorable 
impact on the surface finish and that the TiAlN-coated tungsten carbide tool has a 
constant cutting force during slot milling. Furthermore, the addition of acetone into 
the nanocomposite may assist in decreasing the build-up edge on the tool cutting 
edge, lowering the risk of the tool failure. 

Keywords Epoxy · Flat-end milling · Graphene · MQL · Nanocomposite ·
Synthetic ester 

1 Introduction 

Polymer composite materials has been proven to be flexible and adaptable engi-
neering materials for various type of engineering applications such as Aerospace 
engineering. The focus of aerospace engineering is the research and development 
of aircraft and spacecraft. Among the application of aerospace engineering that is
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widely used is the flight vehicle such as aeroplane, shuttles, etc. Composite materials 
are lightweight materials and thus, they are normally used for everything in structural 
applications and components of all aircrafts and spacecraft such as gliders, hot air 
balloon gondolas, fighter planes, space shuttles and passenger jets. The structure of 
the material used in this air vehicles demands high specific stiffness, high specific 
strength and high degree of dimensional stability to withstand under wide range of 
temperature and higher altitude atmospheric pressure as well as the applied structural 
load during operations. 

In the recent decades, the use of air travel has been increased drastically world-
wide. To meet the high demand, a higher production rate of the machining is compul-
sory. The most critical technique for producing better surface quality is the machining 
parameters of cutting speed, feed rate and cutting depth. Nicolais et al. states in their 
studies that for cutting and machining polymer composites, a combination of small 
depth of cut, smaller feed rate and high cutting force can produce better surface 
finish [1]. Meanwhile, for micro-milling of nano-polymer composites, Shyha et al. 
concluded in their studies that the feed rate influenced the cutting force while the 
cutting speed has little to no effect on cutting force [2]. Also, a negligible tool wear 
on cutting edge were obtained from the addition of nano-filler of up to 1% weight of 
filler fraction. The tool bits are also as much as important as those three parameters. 
According to studies by Xu et al., they highlighted that the TiAlN-coated tungsten 
carbide drill bit has better wear resistance to catastrophic failure than diamond-coated 
tungsten carbide drill bit despite having a similar cutting condition applied [3]. In 
terms of fiber orientation, studies by He et al. showed that the friction coefficient for 
milling dependent on fiber cutting angle [4]. 

John & Kumaran stated that, at constant feed rate, chilled air machining outper-
forms dry machining in terms of delamination and surface roughness [5]. Xu et al. 
investigated and found that a lower drilling torque and less energy consumption can 
be obtained under the minimum quantity lubrication (MQL) machining which was 
contributed by the lower frictional force occurred at the tool-hole wall interface [6]. 
MQL has been shown to have a positive influence on the geometric precision of 
composite holes. 

Minimum Quantity Lubrication (MQL) or also known as Micro-lubrification is 
an alternative to the use of traditional metal working fluids in machining. When 
chips are ejected, the excellent lubricity of a good MQL lubricant guarantees that 
much of the heat generated from metal sliding friction is transmitted to the chip and 
departs the interface. This heat lubrication and transfer keeps the cutting tool cooler 
for longer and reduces tool wear. It is common for machinists to have double the 
tool life after using MQL. The swarf or chips from cutting with MQL are practically 
dry and can be recycled for greater benefit and without washing. With MQL, before 
secondary operations take place, sections also do not need any cleaning. Hydrogen-
bonded liquid media are more likely to induce environmental stress cracking (ESC) 
in polymers. Which also mean vegetable oil are more suitable for polymers since 
vegetable oil has little to less water content. Many MQL lubricants are highly distilled 
bio-based (plant) oils and are fully safe for skin contact and have the added advantage 
of organic and environmentally sustainable materials [7].
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The objectives of this research are to compare the machinability behaviors of 
nanocomposites (Epoxy/Graphene) under various cooling and cutting conditions in 
terms of cutting force, surface quality and morphology as well as the build-up edge 
formation on the different coated flat-end mill cutters. 

2 Methodology 

There are three types of Epoxy/Multi-Layer Graphene Nanocomposites used as the 
material specimens in this work. A 0.1 wt.% of multi-layer graphene of 12 nm average 
thickness (purity 99.2%) was added in acetone at different concentrations of 0, 25 
and 50 ml before being sonicated in a sonicating bath for 30 min prior mixing it with 
the epoxy resin. The preparation procedure is discussed thoroughly by Saharudin 
et al. in [8]. A monolithic (neat) epoxy is used as the control specimen sample in this 
investigation. Figure 1 shows the material specimens before the machining processes 
take place, which are (A) Monolithic Epoxy, (B) Epoxy/Graphene-0 ml Acetone, 
(C) Epoxy/Graphene-25 ml Acetone and (D) Epoxy/Graphene-50 ml Acetone. Each 
specimen was in the shape of a cuboid with a dimension of 80 mm in length, 10 mm in 
width and 3 mm of thickness. The specimens were tested on a Vickers Micro-hardness 
Tester following the ASTM E384 standard for measuring the surface hardness of 
each specimen. The hardness test specifies an initial load, P of 0.05 kg divided by 
the indentation diagonal area, A in mm2 after 20 s indentation time. Equation 1 
depicts the Vickers microhardness calculation method according to the standard 
specification. 

A B C D 

Fig. 1 Material specimens of a Monolithic epoxy; b Epoxy/graphene-0 ml acetone; c 
Epoxy/graphene-25 ml acetone; and d Epoxy/graphene-50 ml acetone
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Table 1 Machining and MQL parameters 

Items Description 

End mills 4 flute, Tungsten carbide 

End mill diameter 3 mm  

Coatings AlTiN (HRC50), TiSiN (HRC60), TiAlN (HRC55), Uncoated 
(HRC55) 

Cutting speed, vc 35 m/min 

Feed rate, f 25 mm/rev 

Axial depth of cut, ap 0.5 mm 

Cutting length 10 mm per pass (4 passes each set) 

MQL condition Pressurized air, MQL-synthetic ester (MQL-SE) 

MQL pressure and flowrate 0.4 MPa at 15 ml/hr 

HV  = 
100P 

A 
(1) 

Surface roughness of the specimens is measured using a perthometer (Surfcom 
Touch 50) both before and after the slot milling operations. The cut-off length, λc 

was set at 0.8 mm with the measurement length of 5.6 mm according to the EN ISO 
4287 standard. 

Four different coatings of 4-flutes, 3 mm diameter tungsten carbide flat-end mill 
cutters are used for the machining tests. Table 1 depicts the cutting parameters of 
the slot milling experiments. For this experiment, the slot millings were conducted 
on MAKINO KE-55 CNC vertical milling machine which has a maximum power of 
5.6 kW, maximum spindle speed of 4000 rpm, a positioning accuracy of 25–100 μm. 
The machine has a table width of 375 mm and a table length of 800 mm with traverse 
and crossing distances of 548.64 mm and 320.04 mm, respectively. 

All four different types of Graphene/Epoxy nanocomposites will undergo a total 
of 16 sets of experiment following the machining parameters shown in Table 1. For  
each set of experiment a new specimen and tool bit are used. The first 12 sets of 
experiments use the three coated cutting bits with pressurized air while the last four 
will use the uncoated milling cutter lubricated by the Synthetic Ester (SE) through 
the MQL condition as the lubrication method. The pressurized air and the micro-
lubrication of SE is delivered to the cutting zone using a MQL device (Kuroda 
Ecosaver KEP-WR) through a nozzle orifice diameter of 2.5 mm and the distance 
from the nozzle tip to the tool cutting edge between 50 to 55 mm. Figure 2 illustrates 
the machine configuration of the milling operations. The machining process starts 
at the entry region towards the end point (negative X-direction) with the up-milling 
procedure is taken place at the entry point (conventional milling). 

All the test specimens and the tool bits are then analyzed with video measuring 
microscope and digital microscope to capture the tool morphologic and surface 
topography before and after the machining tests.
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Fig. 2 Machining setup, nozzle distance and cutting path 

3 Results and Discussion 

The surface hardness and roughness results of the material specimens are shown 
in Figs. 3 and 4, respectively. According to Saharudin et al., the hardness of the 
nanocomposite prepared without acetone is higher compared to the Vickers micro-
hardness of the monolithic epoxy [9]. The initial surface roughness of the specimens 
recorded a different results variation. The monolithic epoxy has a rougher surface 
compared to the other nanocomposites and the smoother surface is shown by the 
nanocomposite prepared without acetone, specimen B. 
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Fig. 3 Vickers hardness of monolithic epoxy and its nanocomposites
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Fig. 4 Surface roughness results of the specimens before milling 

The cutting force results of all specimens during milling operation using 
different coatings of flat-end mill cutters are presented in Fig. 5. The specimen of 
Epoxy/Graphene-25 ml Acetone (specimen C) shows that the cutting forces remain 
at a constant trend of below 6 N for all coated and uncoated tungsten carbide tools 
compared to the other results. In addition, the milling with MQL-SE lubrication 
using uncoated tools presented a consistent trend of low cutting forces (between 3.9 
and 5.6 N) for all specimen materials. This finding also corroborates with the report 
from Skopp and Klaffke, whereby low cutting forces were produced when cutting 
using uncoated tungsten carbide tool under MQL condition [10]. It can be noted that 
MQL does have a positive influence on nanocomposite machining. 

The cutting forces produced by TiAlN-coated tools with pressurized air show a 
comparable good trend of results with the uncoated tools. TiAlN is reported to have
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a very high thermal stability of up to 1000 °C, thus this coating can sustain high 
cutting temperature generated at the cutting zone, which subsequently resulted in 
lower tool wear rate and cutting forces as compared to the other coated and uncoated 
flat-end mill tools [11]. Additionally, Ji et al. [12] reported that lower cutting energy 
consumption can be obtained under MQL condition with TiAlN coated-tool due to 
the reduced frictional forces acting at the tool-hole wall interface.

The surface roughness, Ra results after the milling operation can be seen in Fig. 6. 
The machined surface of the specimen A using AlTiN-coated carbide tool has a 
rougher surface compared when using other cutting tools. At high cutting speed of 
35 m/min, the AlTiN-coated carbide tool experiences extreme frictional conditions 
that results in rapid tool wear as well as higher cutting forces compared to TiAlN and 
the uncoated+ MQL-SE [11]. With TiSiN-coating, the slotted surface was found with 
clean cut alongside with uncoated tungsten carbide tool under MQL-SE condition. 
As for the machined surface using TiAlN-coated flat-end mill cutter, minor thermal 
damage is found at the exit of the slot as shown in Fig. 7. Different coating materials 
provide different tribo-mechanical interactions between the tool-workpiece sliding 
interfaces, which indicate the difference in surface friction produced by the coatings 
material on the tool-workpiece sliding surfaces [13]. 

Thermal damages can be seen on the machined surfaces of specimen B despite 
having been machined using different type of coated flat-end mill cutter especially 
when using the TiAlN-coated tungsten carbide tool. A better surface finished is 
presented on specimen C when using TiAlN-coated cutting tool in high pressurized 
air condition as well as when using the uncoated tool in MQL-condition as shown 
in Fig. 7. The TiAlN coated carbide tool may reduce the sliding friction between 
the TiAlN coated surfaces while cutting the workpiece specimen C (dispersed in 
25 ml Acetone) compared to the material that has 0 ml Acetone dispersant (specimen 
B). The highly concentrated multi-layered graphene nanoparticles in the epoxy of 
specimen B may increase the frictional behavior of the workpiece when being cut 
by the different coated carbide tools [13]. 
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Fig. 7 Optical images of the machined surfaces at 4th pass on all specimens’ materials 

The machined surfaces on specimen D is seen to be having a similar pattern of 
surface damage when compared to all the other cutting conditions. The presence of 
higher acetone volume in the specimen D reduces the dynamic storage modulus, E' 
as well as contributing to the presence of high porosity, which could degrade the 
mechanical properties of the specimen [8]. However, the topographical image after 
machining with the uncoated tungsten carbide tool in MQL-SE condition shows a 
rougher surface compared to the other cutting tools as presented in Figs. 6 and 7. 
The uncoated tool may increase the material adhesion of specimen D at the chip-
tool interface as the cutting temperature increases while removing the workpiece 
material, thus increases the tool wear and material’s build-up at the cutting zone, 
which produces rougher surface conditions (0.46 μm) compared to that of the other 
coated cutting tools that cut the same specimen’s material [13]. 

4 Conclusion 

In this paper, a comparative study was performed on the machinability properties of 
Epoxy/Graphene nanocomposites under various tool coatings and lubrication condi-
tions in terms of cutting force, surface quality and morphology on different specimen 
materials using flat-end milling processes. Based on the results and findings acquired, 
the conclusion can be summarized as follows:
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• Less cutting force and lower surface roughness were obtained from MQL-SE 
condition machining except for Epoxy/Graphene-50 ml Acetone (specimen D). 

• Cutting Epoxy/Graphene-25 ml Acetone (specimen C) with uncoated tungsten 
carbide in MQL-SE condition give the best surface finish (0.207 μm). 

• Epoxy/Graphene-25 ml Acetone (specimen C) is much easier to cut compared to 
other specimens even using different coated carbide cutting tools. 

• The TiAlN-coated tungsten carbide tool produces a more consistent cutting forces 
compared to the other coated cutting tools despite having to cut different material 
specimens. 

• AlTiN, TiSiN and TiAlN-coated flat-end mill cutters produce better surface finish 
compared to the uncoated cutting tool when cutting the Epoxy/Graphene-50 ml 
Acetone (specimen D). 

• Acetone volume influenced the material adhesion on the tool-workpiece inter-
faces with higher acetone dosage being added in the nanocomposite, less material 
adhesion is found on the cutting tool’s edge. 
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Evaluation of Oxidative and Thermal 
Stability of Base Oil for Automotive 
Application 

Najmuddin Mohd Ramli, Mohd Sabri Mahmud, 
Mohd Khairul Nizam Mohd Zuhan, Musfafikri Musa, 
and Mohd Najib Razali 

Abstract Base oils make up the majority of the content of engine oils and substan-
tially impact the overall performance of the finished lubricant product. The oxidative 
and thermal stability of the base oil are critical factors in defining the quality of 
automobile lubricating oil. Thus, it is critical to understand the degrading behavior 
of base oils and engine oils. The oxidative and thermal stability of several base oils 
and engine oil were thoroughly investigated in this study. Three distinct types of base 
oil (base 1, 2 and 3) and motor oil were produced and physically characterized. The 
samples were dried in a drying oven at atmospheric pressure and 150 °C for 24 h. The 
impact of heat treatment on the samples’ oxidative stability was investigated using 
a Fourier Transform Infrared Spectrometer (FTIR). The thermogravimetric analysis 
was used to determine the samples’ thermal stability (TGA). The study was done 
in an inert atmosphere using nitrogen gas and a 10 °C min−1 heating rate from 30 
to 900 °C. The experimental results indicate that base oils and engine oil resisted 
oxidation since no apparent chemical structural alteration was seen following 24-
h heat treatment. Meanwhile, engine oil demonstrated the most outstanding onset 
temperature of 298 °C, followed by base oil three (276 °C), base oil two (275 °C), 
and base oil one (262 °C). Additionally, the TGA profile revealed that engine oil 
had the highest thermal stability at 5, 50, and 90% weight loss. Base oil three, base 
oil two, and base oil one all followed this pattern. Nonetheless, further research is
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necessary to better understand the mechanisms at action and assist in creating an 
industry-specific optimal solution. 

Keywords Base oils · Engine oil · Oxidative stability · Thermal stability · Infrared 
spectra 

1 Introduction 

Automotive lubricant formulation is a complicated process [1]. It is a carefully 
blended base oil with additives such as phenolic antioxidants, viscosity modifiers, 
friction modifiers, corrosion inhibitors, and dispersants [2–6]. The oxidative and 
thermal stability of lubricating oils is evaluated by the chemical reaction of base oil 
and different additives [7–9]. Base oils are the primary element of lubricants, typically 
accounting for more than 90% of the composition. As a result, the base oil compo-
sition and characteristics considerably impact the final lubricant’s performance [10, 
11]. Base oils are derived from several diverse sources, and their compositional 
differences directly affect lubricant performance. They are broadly classified into 
mineral, semi-synthetic, and fully synthetic. Lubricating oils begin as one or more 
of these three primary types before added additives [12, 13]. All-mineral base oils 
are conventional fuels derived from crude oil refining. Typically, paraffinic waxes 
are extracted from oils during the refining process, and an extra process is required 
to generate semi-synthetic oils. 

Generally, synthetic oils are long-chain esters of low molecular weight poly-alpha-
olefins (PAO) [14]. The effects of base oils and engine oil on oxidative and thermal 
stability were examined in this study. Oxidation stability is a chemical response 
that happens when lubricating oil comes into contact with oxygen. The escalation 
of oxidation rate is dependent upon temperatures, water, acids, catalysts and time. 
The ageing period of lubricating oil is likewise shortened when the temperature 
rises. Oxidation also affects the corrosion, anti-wear and viscosity properties of the 
lubricating oil. Hence, it is essential to evaluate the oxidative and thermal stability 
of base oil to ensure the quality and performance of the lubricating oils are protected 
[15]. The mechanism of base oil and engine oil deterioration in this paper has been 
studied in depth using standard thermogravimetric methods in an inert environment. 
In addition, the impact of heat treatment on the oxidative stability of base oils and 
engine oil was investigated using a Fourier Transform Infrared Spectrometer (FTIR).
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Table 1 Physical characterization of base oils and engine oil 

Parameter Unit Method Value 

Base 1 Base 2 Base 3 Engine oil 

Colour – Visual Clear Clear Clear Yellowish 

Density @ 15 °C g 
mL ASTM D 4052 0.83 0.85 0.84 0.87 

Viscosity @ 40 °C cSt ASTM D 445 18.18 29.32 34.57 107.00 

Viscosity @ 100 °C cSt ASTM D 445 4.25 5.47 6.36 14.50 

Viscosity Index – ASTM D 2270 144.90 124.70 136.90 138.00 

Flash point °C ASTM D 92 240.00 238.00 238.00 > 215.00 

2 Experimental 

2.1 Materials 

All oil samples were obtained from a Malaysian source based in Selangor. The 
samples’ technical characteristics are presented in Table 1. 

The physical characteristics of three base oils and engine oil are summarized in 
Table 1. This physical characteristic demonstrates unequivocally that motor oil has a 
maximum viscosity between 40 and 100 °C. Additionally, all samples had a viscosity 
index (VI) of greater than > 120. This parameter is critical because it provides infor-
mation on the variation in the viscosity of lubricating oil as a function of temperature 
changes. Therefore, a more excellent VI value is preferred since it implies a slower 
rate of viscosity change [16]. Meanwhile, a low VI value indicates a significant 
degree of viscosity fluctuation, significantly increasing mechanical friction and wear 
caused by film loss [17]. 

2.2 Fourier Transform Infrared Spectrometer (FTIR) 

10 mL of oil from each sample was dried in a drying oven at atmospheric pressure 
and 150 °C for 24 h. The functional groups were then examined using a Nicolet 
iS5 FTIR Spectrometer equipped with an iD7 ATR by Thermo Fischer Scientific, 
United States of America. Alkane, carbonyl, and hydroxyl groups are some of the 
most prevalent functional groups found in lubricating oil. The samples were scanned 
within a frequency range of 4000–500 cm−1 [18].
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2.3 Thermogravimetric Analysis 

The evaporation of volatile components and breakdown of the lubricating oils show 
the oil stability. The samples were evaluated using the ASTM E2550 technique on 
a TA Instruments TGA Q500. The study was done utilizing nitrogen gas blanketing 
to create an inert environment. A 20 mg of material from each sample was placed in 
a pan and heated at a rate of 10 °C min−1 between 30 and 900 °C [18]. 

3 Results and Discussion 

3.1 Oxidative Stability of Base Oil by Using FTIR 

At 150 °C, the FTIR spectra of fresh and heated oil samples for 24 h are shown 
in Fig. 1a–d. As can be observed, each sample contains numerous firm peaks. The 
typical frequency distributions are assigned to the functional categories indicated in 
Table 2 [19–22]. Infrared spectroscopy was used to see the vibration or absorption of 
CH2 and CH3 in all four lubricants that correspond to aliphatic hydrocarbon groups.
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Fig. 1 FTIR spectra for three different base oils and engine oil
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Table 2 FTIR spectra assignment for base oil one, base oil two, base oil three, and engine oil 

Type Functional group 
assignment 

Group Frequency range (cm−1) 

Aliphatic hydrocarbon Asymmetric CH3 
stretching vibration 

−CH3 ~ 2952.07 

Asymmetric CH2 
absorption 

−CH2− ~ 2919.53 

Symmetric CH2 
absorption 

−CH2− ~ 2851.15 

Asymmetric CH3 
deformation vibration 

−CH3 ~ 1458.02 

Symmetric CH3 vibration −CH3 ~ 1376.19 

Rocking absorption of 
–(CH2)n– (4 or more CH2 
in a row) 

−CH2n− ~ 721.57 

Olefin Carbon-Hydrogen 
Deformation 
–CH=CH– (trans) 

−CH = CH− 963.65 

Aliphatic ester Saturated C=O Stretch C = O 1744.68 

C–O–C in long-chain 
saturated fatty acid 

C − O − C 1168.21 

At 2952 and 1458 cm−1 the CH3 asymmetric stretching and deformation vibration 
occurs, the CH3 symmetric vibration band arises at 1376 cm−1 and CH2 asymmetric 
and symmetric absorption bands appear at 2920 and 2851 cm−1. A sharp and robust 
band was seen at 721 cm−1 suggesting that rocking absorption of four or more 
CH2 in a row. This band indicates the abundance of samples containing long-chain 
aliphatic compounds. Three additional peaks were identified in Fig. 1d of engine 
oil that corresponded to the olefin and aliphatic ester functional groups. The peak at 
963.65 cm−1 corresponded to the deformation of CH=CH, the saturated C=O stretch 
at 1744.68 cm−1 and C−O−C in long-chain saturated fatty acids at 1168.21 cm−1. 
These findings combined engine oil with a base oil comprising long-chain alkanes, 
saturated fatty acid esters, and olefin.

Additionally, Fig. 1a–d demonstrated no significant differences in the infrared 
spectra of heated and fresh oil samples, with no new powerful, distinctive peaks 
appearing throughout the whole wavelength range. Additionally, absorbances at 
2951, 2919, 2852, 1459, 1376, and 721 cm−1 indicated that long-chain alkanes, 
carbonyl compounds, and unsaturated hydrocarbons remained prevalent in the aged 
oils. Gan et al. previously discovered that the O−H stretching vibration recorded at 
3645 cm−1 declined with increasing temperature until it was no longer detectable, 
suggesting that phenolic antioxidants were consumed constantly. At 300 °C, the C=C 
stretching vibration was discovered, indicating that long-chain hydrocarbons were 
broken down into olefins and other compounds due to temperature [23]. Jiabao et al.
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said that when the lubricant undergoes thermal ageing, the peaks at a range of 1715 
and 1736 cm−1 typical of the C=O bond produced by oxidation would arise [24]. 

As seen in Fig. 1a–c, the peaks that correspond to the C=O bond do not appear in 
the FTIR spectrum. As a result, the C=O bond would not appear following the 24-h 
heating period at 150 °C. Meanwhile, the engine oil spectrum from Fig. 1d revealed 
the presence of peaks at 1744.681 and 1168.169 cm−1 new engine oil was ascribed to 
the C=O (aliphatic ester) and C=C deformations, respectively (olefin). Additionally, 
there are no significant changes in the spectra following the heat treatment technique. 
The FTIR data suggest that oxidation of the motor oil via the production of C=O 
did not occur during the heat treatment since the saturated C=O stretching is already 
present in the new engine oil. In other words, no apparent change in the chemical 
structure occurs at the above-mentioned operating conditions. Additionally, this study 
demonstrated that the long-chain hydrocarbon did not degrade into olefin during heat 
degradation. No phenolic antioxidant was used in the base and engine oils due to 
the absence of vibration or absorption of the phenolic component using infrared 
spectroscopy. 

3.2 Thermal Stability of Base Oil by Using 
Thermogravimetric Analysis (TGA) 

The traditional weight loss curves for all the samples base oil one, base oil two, 
base oil three, and engine oil were done using inert gas at a constant heating rate of 
10 °C min−1 from 30 to 900 °C, as shown in Fig. 2. All samples decompose in a 
single stage, with base oil one and engine oil including residue following heat break-
down. The wide temperature range over which breakdown occurs showed that these 
materials had a broad molecular weight distribution [25]. Additionally, figure two 
demonstrated that all lubricants began to deteriorate at temperatures above 200 °C. 
The weight loss distributions of all samples throughout the specified temperature 
range are summarized in Table 3. According to Table 3, engine oil exhibited the 
highest thermal stability at 5, 50, and 90% weight loss. Base oil three, base oil two, 
and base oil one all followed this pattern. Nik et al. hypothesized that weight varia-
tions in specimens might be caused by the creation and breakdown of physical and 
chemical interactions at high temperatures [26]. 

Meanwhile, TGA curves were utilized to determine the samples’ onset tempera-
tures. The TGA degradation onset temperature is used to assess the samples’ resis-
tance to thermal deterioration. It is calculated by extending the horizontal baseline of 
TGA curves and intercepting the curve with the tangent. The higher decomposition 
onset temperature implies more excellent thermal stability [27]. According to Fig. 2, 
engine oil has the most excellent onset temperature of 298 °C, followed by base oil 
three (276 °C), base oil two (275 °C), and base oil one (262 °C). As revealed by 
FTIR spectroscopy, the presence of aliphatic ester confirms the enhanced thermal 
stability of engine oil. Ester molecules are inherently polar, which provides them



Evaluation of Oxidative and Thermal Stability of Base Oil … 559

0 200 400 600 800 
0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

W
ei

gh
t (

%
) 

Temperature (°C) 

BASE OIL 1 
BASE OIL 2 
BASE OIL 3
  Engine Oil 

Fig. 2 Weight loss of lubricating oils by using TGA 

Table 3 The distribution of weight loss of all samples at stipulated temperature range 

Lubricating oil T5% (°C) T50% (°C) T90% (°C) Tonset(°C) Tfinal(°C) Residue (%) 

Base 1 210.46 291.52 317.47 262.00 324.00 0.70 

Base 2 222.73 307.09 337.41 275.00 344.00 0.00 

Base 3 229.74 310.43 340.60 276.00 349.00 0.00 

Engine oil 249.82 356.63 407.27 298.00 418.00 0.35 

an attraction for one another in the liquid form. This implies they are less prone to 
evaporation and so contribute to the engine oil’s thermal stability [19]. 

The data in Fig. 2 and Table 3 indicated that high viscosity oils had more excellent 
thermal stability than low viscosity oils. This is confirmed because base oil one has 
the lowest viscosity, followed by base oil two, three, and engine oil. This resulted in a 
significant connection between oil viscosity and heat stability. In addition, due to an 
olefin viscosity modifier, the engine oil has a greater viscosity, typically composed 
of Ethylene Propylene (EP) copolymers. This copolymer reduced the concentration 
of oxidatively labile tertiary protons, increasing the lubricating oil’s thermal stability 
[28].
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4 Conclusion 

According to the initial results and discussions, the following deductions may be 
attained: 

(1) There is no alteration in the FTIR spectra of all heated samples compared to the 
fresh samples. Furthermore, no new peaks emerged at the required temperature 
range of 150 °C for 24 h, suggesting that all the lubricating oils are not prone to 
oxidation. The FTIR spectra further highlighted that no phenolic antioxidant 
compounds are being utilized in all lubricating oils. 

(2) TGA is a reliable technique for the thermal stability study. All lubricating oil 
starts to deteriorate around 200 °C. The engine oil has the most excellent onset 
temperature of 298 °C, followed by base oil three, base oil two, and base oil 
one. The onset temperature for the base oils is comparable to the engine oil. 

(3) TGA findings also revealed that engine oil demonstrated the highest thermal 
stability at 5, 50, and 90% weight loss, followed by base oil three, base oil two, 
and base oil one. The increased thermal stability in engine oil is attributed to 
the presence of aliphatic ester. 

(4) It is advised that numerous additives are utilized to evaluate the influence of 
additives on lubricating oil performances. 
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Effect of MHD and Casson Free 
Convection Boundary Layer Flow Over 
a Stretching Sheet in Hybrid Nanofluid 

Sulaiman M. Ibrahim and Mohammed Z. Swalmeh 

Abstract This paper examines the heat transfer characteristics of free convection 
boundary layer flow over a stretching Sheet with a hybrid nanofluid in the Casson 
field subject to constant heat flux boundary condition. The dimensional governing 
equations and boundary layer equations are transformed into partial differential equa-
tions (PDEs) using some suitable similarity transformation and physical properties. 
The Keller box method which is an implicit finite difference technique was applied to 
obtain the numerical solution of the corresponding PDEs. Numerical computations 
are done using the MATLAB subroutine programming and the results are presented 
in tables and figures. The impacts of hybrid nanofluids Casson parameters on the local 
skin friction coefficient and local Nusselt number, beside the velocity and temper-
ature is studied. Hybrid nanofluid has a lower velocity and temperature in addition 
to possessing the highest local Nusselt number when compared with nanofluid. The 
outcomes of the local Nusselt number and the wall temperature for the Newtonian 
fluid are detected to be in perfect accuracy with the literature. 

Keywords Magnetohydrodynamic · Hybrid nanofluid · Casson fluid · Stretching 
sheet 

Nomenclature 

B0 Magnetic field 
kf Thermal conductivity of the based fluid 
knf Thermal conductivity of the nanofluid 
khnf Thermal conductivity of the hybrid nanofluid
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cp Specific heat 
(ρcp)f Heat capacity 
(ρcp)nf Heat capacity of the nanfluid 
(ρcp)hnf Heat capacity of the hybrid nanofluid 
M Magnetic parameter 
qw Heat flux coefficient 
Re Local Reynold’s number 
us Stream velocity 
uw Stretching velocity 
Tw Wall temperature 
T∞ Temperature of the ambient fluids 
x, y Coordinates (m) 
Pr Prandtl number 

Greek symbols 

χ Nanoparticle volume fraction parameter 
η Dimensionless similarity variable 
ψ Stream function 
ρ Density 
μnf Dynamic viscosity of the nanofluid 
μhnf Dynamic viscosity of the hybrid nanofluid 

Subscripts 

θ Temperature 
nf Nanofluid 
hnf Hybrid nanofluid 
∞ Ambient environment 

1 Introduction 

The momentous evolution of various technology for the application and manufac-
turing of numerous industrial and engineering components and devices has recently 
received a lot of attention. Many of these devices found in the industries often inten-
sify their thermal characteristics thereby reducing their capacity of heat bearing with 
the passage of time [1]. Some of the known fluids used for maintaining the temper-
ature around any given design limits includes water, lubricants, air, and many more.
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However, the above-mentioned liquids are insufficient to justify the industrial needs. 
These drawbacks lead to numerous studies on enhanced heat transfer around various 
geometries [2]. 

Heat transfer enhancement plays an important role in various industrial and engi-
neering applications due to its improving rate of heat removal and deposition on 
several geometrical surface [3]. However, because of the poor thermophysical prop-
erties of the working fluid, the heat transfer are likely to demonstrates certain defi-
ciencies [4]. Some of these deficiencies can be improved by the use of various kinds 
of swirl generators. In addition, various geometries also have important role to play 
in enhancing heat transfer. Recently, some studies on Nusselt number and friction 
factors of inclined limb in cylindrical dust and the axial rib with screw tape were 
presented by [5–7]. More literatures also considered other problems such as the free 
convection flow of Casson nanofluid in the presence of magnetic field [8] and [9] 
investigated the unsteady radiative flow of Nano and Casson fluids over a vertical 
plate. For more reference on this topic (see [9–13]). Currently, the research direction 
in this subject focus on hybrid nanofluid. For instance [14], investigated the unsteady 
flow and heat transfer over a shrinking sheet in a hybrid nanofluid. Also, researchers 
such as [15–18] studied the heat transfer over different surfaces in a hybrid nanofluid. 

Motivated by the above literature, the study aims to investigate the heat transfer of 
free convection boundary layer flow over a stretching surface with a hybrid nanofluid 
in the Casson field subject to constant heat flux boundary condition. The numeric 
Keller box method [19]; was employed to investigate the free convection flow of 
Casson hybrid nanofluid and influenced by a magnetic field on a stretching sheet. To 
the best of our knowledge, the result obtained in this article is new and has neither 
been considered or studied by other researchers. The computational results from this 
experiment are plotted in tables to figures and discussed. 

2 Mathematical Formulation 

In this investigation, the based Casson hybrid nanofluids Sodium Alginate, that 
include (Cu, Ag)–Al2O3 nanoparticles, were considered. In addition, the magnetic 
(MHD) field with natural convection boundary flow, as well as the constant heat flux 
boundary condition is studied. The fluid flow has flowed on a stretching sheet, where 
the flow has initiated at y = 0, and is being stabilized in y > 0. The boundary condi-
tion, Constant heat flux (qw), was ditto considered, as presented in Fig. 1. The flow is 
offered to be in the x-direction, consequently, expands along with the stretching sheet 
surface in the up orientation (y-axis), which is orthogonal to the surface. The influ-
ences of Casson Hybrid nanofluid, magnetic and electrical conductivity mediums, 
have affected the momentum equation. 

The gained rheological features of Casson fluid are obtained via the equation 
(see [10]).
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Fig. 1 A physical model of 
the problem 

τi j  = 

⎧ 
⎪⎨ 

⎪⎩ 

2
(
μB + py

/
2π

√ )
ei j π >  πc, 

2
(
μB + pY

/
2πC

√ )
ei j π <  πc, 

(1) 

Hence, depending on the all previous suggestions, the governing equations of 
above model, Fig. 1, the continuity, momentum and thermal equations, for MHD 
Hybrid nanofluid on a stretching sheet, Casson field, can be obtained as follows 
[15, 20]: 

∂ ̃u 
∂ ̃x 

∂ ̃v 
∂ ̃y 

+ = 0, (2) 

ũ 
∂ ̃u 
∂ ̃x 

+ ṽ 
∂ ̃u 
∂ ̃y 

= νhn f
(

1 + 
1 

β

)
∂2 ũ 

∂ ̃y2 
− 

σhn f  

ρhn f  
B2 
0 ũ, (3) 

∂T 

∂ ̃x 
ũ + ṽ 

∂T 

∂ ̃y 
= 

κhn f
(
ρCp

)

hn f  

∂2T 

∂ ̃y2 
(4) 

with the studied constant heat flux boundary condition: 

ũ = uw( ̃x) = a x̃, ṽ = 0, 
∂T 

∂ ̃y 
= 

−qw 

k f 
at ỹ = 0, 

ũ → 0, T → T∞ as ỹ → ∞, (5) 

where, β is called the Casson parameter, and B2 
0 is the magnetic field strength, for 

acquainting all other studied and used symbols and quantities, they are defined in 
nomenclature list. The nanofluid quantities, αn f  , ρn f  ,

(
ρcp

)

n f  , μn f  , kn f  and σn f  , 

and hybrid nanofluid quantities, αhn f  , ρhn f  ,
(
ρcp

)

hn f  , μhn f  , kn f  and σhn f  , can be 
presented in Table 1.
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Table 1 Thermo-physical properties [21] 

Properties of nanofluid 

ρn f  = (1 − χ )ρ f + χρs ,
(
ρcp

)

n f  = (1 − χ )
(
ρcp

)

f + χ
(
ρcp

)

s , 

μn f  = μ f 
(1−χ )2.5 

, 

kn f  
k f 

= (ks+2k f )−2χ(k f −ks ) 
(ks+2k f )+χ(k f −ks ) , 

σn f  
σ f = 1 + 3(σ −1)χ 

(σ +2)−(σ −1)χ , σ  = σs 
σ f 

Properties of hybrid nanofluid 

ρhn f  = (1 − χ2)[(1 − χ1)ρ f + χ1ρs1] +  χ2ρs2,
(
ρcp

)

hn f  = (1 − χ2)[(1 − χ1)(ρCp) f + χ1(ρCp)s1] +  χ2(ρCp)s2, 

μhn f  = μ f 
(1−χ1)

2.5(1−χ2)
2.5 , 

khn f  
kb f  

= ks2+2kbf  −2χ2(kbf  −ks2) 
ks2+2kbf  +χ2(kbf  −ks2) , 

kbf  
k f 

ks1+2k f −2χ1(k f −ks1) 
ks1+2k f +χ1(k f −k2) = , 

σhn f  

σb f  
= [  

σs2 + 2σb f  − 2χ2(σb f  − σs2) 
σs2 + 2σb f  + χ2(σb f  − σs2) 

], 
σb f  

σ f 
= [ σs1 + 2σ f − 2χ1(σ f − σs1) 

σs1 + 2σ f + χ1(σ f − σs1) 
] 

Consequently, to transform the above dimensional governing Eqs. (2)–(4), and 
boundary condition (5), to partial differential equations, we utilize the following 
similarity transformations, as well the physical properties in Table 1 (see [10, 20]). 

ũ = 
∂ψ 
∂ ̃y 

, ṽ = −  
∂ψ 
∂ ̃x 

, 

ψ = (a ṽ)1/2 x̃ f  (η), 

η = (a ṽ)1/2 ỹ, θ  (η) = 
T − T∞ 

Tw − T∞ 
. (6) 

such that, ψ is called the stream function. 
Here, by substituting the Eq. (6) and the hybrid nanofluid properties, Table 1, in  

Eqs. (2)–(5), we get the equations as below: 

ρ f 
ρhn f

(
1 

(1 − χ1)2.5(1 − χ2)2.5

)(

1 + 
1 

β

)

f '''

+ f f '' − ( f ')2 − 
ρ f 
ρn f  

σn f  

σ f 
M f ' = 0 (7)
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1 

Pr

⎡
khn f

/
k f 

(1 − χ2)[(1 − χ1) + χ1(ρCp)s1/(ρCp) f ] +  χ2(ρCp)s2/(ρCp) f

⎤ 

θ ''

+ f θ ' = 0, (8) 

and the considering boundary condition, in this study, will be expressed as 

f ' = 1, f = 0, θ ' = −1 as  η = 0, 
f ' → 0, θ  → 0, as η = ∞. (9) 

The parameters χ1 and χ2, nanoparticle volume fraction, refers to Al2O3 and (Cu 

or Ag), respectively. Besides, Pr = v f 
α f is the Prandtl number and M =

(
σ f B2 

o 

ρ f a

)
is 

magnetic parameter. 
On the other hand, the important engineering physical quantities are localized, 

which are the local skin friction coefficient Cf and the local Nusselt number Nu, 
which are displayed 

C f =
(

τw 

ρU 2 
w

)

, and Nu  =
(

aqw 

k f (Tw − T∞)

)

, (12) 

τw, and qw are shear stress, heat flux coefficient on the plane of the stretching 
sheet wall, and are expressed as below. 

τw = μhn f

(
∂2u 

∂ ̃y2

)

ỹ=0 

, qw = −khn f

(
∂T 

∂ ̃y

)

ỹ= 0 

. (13) 

substituting the Eqs. (7) and (11), Cf and Nu will be in the next form 

Re1/2 C f = 1 

(1 − χ )2.5

(

1 + 
1 

β

)

f ''(0), Re−1\2 Nu  = −  
khn f  
k f 

1 

θ(0) 
, (14) 

such that, Re1/2 = (a x̃2/v f ) is indicated as the local Reynolds number. 

3 Results and Discussion 

This section present the numerical performance of MHD effects and magnetic 
impacts of hybrid nanofluids based on Sodium Alginate/ Ethylene Glycol around 
a stretching sheet. This was carried out in the presence of free convection and the 
results are reported in tables and figures below. In addition to the above problem, the 
study also considered the constant heat flux boundary condition as shown the results 
presented. The thermo-physical characteristics of used nanoparticles and Sodium 
Alginate/ Ethylene Glycol is presented in Table 1.
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Table 2 Thermophysical properties of nanoparticles of two base Casson Hybrid nanofluids with 
different mathematical values [2, 8, 22, 23] 

Based fluids Used nanoparticles 

Physical properties Sodium 
Alginate 

Ethylene 
Glycol 

Cu Al2O3 Ag 

k (W/mK) 0.6376 0.253 401 40 429 

ρ(kg/m3) 989 1115 8933 3970 10,500 

cp (J/kgK) 4175 2430 385 765 235 

σ s(Sm−1) 2.6 × 10–4 10.7 × 10–5 5.96 × 107 3.5 × 107 6.3 × 107 

Pr 6.45 195 

Table 3 Comparison of Re−1/2 Nu  and θ(0) with several Newtonian fluid (M = 0, β = ∞, and  
χ1 = χ2 = 0), with different values of Prandlt number Pr 

Pr Elbashbeshy [24] Salleh et al. [20] Present 

Nu θ(0) Nu θ(0) Nu θ (0) 
0.72 0.46780 2.13767 0.46317 2.15902 0.46324 2.1595 

1 0.58210 1.71792 0.58210 1.71828 0.58221 1.71831 

3 1.16525 1.16522 0.85817 1.16533 0.85819 

5 … … … 0.63770 1.5684 0.63777 

7 … … … 0.52755 1.8959 0.52755 

10 2.30730 0.43341 2.30728 0.43322 2.3087 0.43330 

100 … … … 0.12851 7.7812 0.12857 

Also, Tables 2 and 3 present the numerical results comparing the local skin friction 
and local Nusselt number for different values of Pr, using different Newtonian fluid. 
The comparison was done using recent published results. It is obvious that the results 
from this study are in excellent agreement with those considered from recent studies. 

In Table 4, we present the variations in the local skin friction and local Nusselt 
number with respect to the hybrid nanofluid and mono nanofluid. This was carried 
out in the presence of the nanoparticles suspended in based fluid, with effects various 
parameters including the Casson, nanoparticle volume fraction, and magnetic param-
eter. The results presented in the table show that some observed physical properties 
changes between the mono nanofluids and the hybrid nanofluids, which include 
Al2O3\Sodium Alginate, referring to nanofluids (χ2 = 0), possess a higher local skin 
friction from (Cu or Ag)–Al2O3, as hybrid nanofluid. In addition, Al2O3 possess a 
lower local Nusselt number from (Cu or Ag)–Al2O3\Sodium Alginate compare to the 
hybrid nanofluid. Consequently, Cu–Al2O3 hybrid nanofluid has a lower local skin 
friction and local Nusselt number when compared to Ag–Al2O3 hybrid nanofluid, 
with the influence of different parameters values for χ2, β, and M. Further, an increase 
in the parameter χ2 will decrease the local skin friction and increase the local nusselt
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Table 4 Outcomes of Cf and Nu, for various values of Casson hybrid nanofluid parameters, χ2, β, 
and M, with χ1 = 0.1 

Hybrid nanofluid Nanofluid Hybrid nanofluid Nanofluid 

Cu 
Al2O3 
Sodium 
Alginate 

Ag 
Al2O3 
Sodium 
Alginate 

Al2O3 
Sodium 
Alginate 

Cu 
Al2O3 
Sodium 
Alginate 

Ag 
Al2O3 
Sodium 
Alginate 

Al2O3 
Sodium 
Alginate 

β χ2 M Cf Cf Cf Nu Nu Nu 

4 0 0.1 − 6.1958 − 6.1958 − 6.1958 2.9242 2.9242 2.9242 

0.05 − 7.5931 − 7.7692 3.7302 3.7268 

0.1 − 9.0974 − 9.4384 4.7365 4.7333 

1 0 0.1 − 1.9593 2.9811 

1 0.1 − 2.8767 − 2.9846 4.8028 4.822 

3 0 − 4.7993 2.9326 

3 0.1 − 7.0465 − 7.3106 4.7495 4.7465 

5 0 − 7.5883 2.9183 

5 0.1 − 11.142 − 11.559 4.7280 4.7242 

4 0 0.1 − 6.1958 2.9242 

0.1 0.1 − 9.0974 − 9.4383 4.7365 4.7333 

0 0.3 − 6.8863 2.8911 

0.1 0.3 − 10.382 − 10.769 4.6768 4.6709 

0 0.8 − 8.3667 2.7635 

0.1 0.8 − 13.046 − 13.535 4.4972 4.4807 

number, in presence of based fluid suspended nanoparticles. Also, an increase in the 
parameter β and M will decrease the physical quantities Nu and Cf . 

Figures 2, 3, 4, 5, 6 and 7 demonstrate the mutual correlation between the results 
of (Ag and GO)–Al2O3 nanoparticles based in Sodium Alginate for temperature and 
velocity profiles, with different values of the Casson β, and magnetic M parame-
ters, as well as nanoparticle volume fraction parameter χ, with several values of 
η. We observe that the temperature profile θ (η), in Figs.  2, 4, and 6, increases as 
increase the Casson and magnetic parameters, but it decreases with an increase in the 
nanoparticle volume fraction parameter. On the other hand, when all studied param-
eter values are rise, the velocity profile values are reduced. It is also noticed that from 
these figures, the temperature and the velocity profiles for Al2O3/sodium alginate-
based nanofluid is higher than the (Ag or Cu) Al2O3/sodium alginate-based hybrid 
nanofluid, this is because of the different density between used hybrid nanofluid, and 
nanofluid. Besides, it is gained that Ag–Al2O3 has a high temperature as compared to 
Cu–Al2O3/sodium alginate-based hybrid nanofluid, with different values of param-
eters β, M, and  χ. Also, Cu–Al2O3 has a lower velocity profile compared with
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Fig. 2 Temperature against 
β 

Fig. 3 Velocity against β 

Fig. 4 Temperature against 
M
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Fig. 5 Velocity against M 

Fig. 6 Temperature against 
χ2 

Fig. 7 Velocity against χ2
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Ag–Al2O3/sodium alginate, with an increase in the values of β. However, the oppo-
site case happens, when values of the parameters χ and M increase, Cu–Al2O3 has 
a higher velocity profile compared with Ag–Al2O3/sodium alginate.

4 Conclusion 

In this paper, we investigated the heat transfer properties of based Casson hybrid 
nanofluid containing (Cu, Ag)–Al2O3 nanoparticles which was suspended in sodium 
alginate based hybrid nanofluid towards stretching sheet. The governing equations of 
the problem is solved by the Keller box numerical method to obtain numeric results, 
and in turn analyzes the problem and the result of given parameters. The obtained 
results are further plotted and discussed for local skin friction and local Nusselt 
number in addition to velocity and temperature. The findings from this investigation 
are stated as follows: 

I. The hybrid nanofluid possess the highest Nusselt number, in addition to 
the lowest Cf , temperature and velocity profiles compared to the nanofluid, 
irrespective the parameter value affecting them. 

II. The combination of magnetic field strength and Casson parameter led to the 
limitation of velocity, and Nu, as well as raising the temperature. Also, the 
parameter of the nanoparticle volume fraction got in restricting the phys-
ical quantities, including velocity, temperature, and Cf but, at the same time 
boosting the Nusselt number. 

III. Irrespective of the number of values influencing the parameters, it is obvious 
that the based hybrid nanofluid holds the highest temperature and velocity 
profiles compared to mono nanofluid. 

IV. Lastly, the MHD hybrid nanofluid flow is clearly influenced by the volume frac-
tion of the nanoparticle, magnetic, in addition to Casson parameters. Therefore, 
the results from this study present an important and useful knowledge to the 
field of fluid mechanics. 
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Parametric Study of Average Power 
from Vibration Energy Harvester 

Mohammad Izzat Razali, Abdul Malek Abdul Wahab, 
Muhamad Sukri Hadi, and Ahmad Khushairy Makhtar 

Abstract Nowadays, renewable energy becomes important due to the increased 
energy demand and recent limitation of batteries. The technique of vibration energy 
harvesting has been seen as a promising way to allow self-sufficient wireless sensors 
and other low-power consumption devices. This is due to the presence of vibra-
tion energy in many environments and engineering systems. This research aims 
to investigate the characteristic of vibration energy harvesting. A single degree of 
freedom (SDOF) subject to a harmonic base excitation is considered as a harvester. 
This paper investigates analytically the performance of average power in vibration 
energy harvester. Results show that higher amplitude will decrease the frequency and 
increase power density for average power harvested. Furthermore, the amplitude can 
be higher and give more power density for average power harvesting when the reso-
nance frequency occurs where the applied frequency is equal or closed to the natural 
frequency. In addition, it is possible to increase the amplitude and power average 
by tune the parameter of the energy harvester by changing the mass, stiffness, and 
damping ratio. 

Keywords Vibration energy harvesting · Single degree of freedom · Average 
power 

1 Introduction 

Over the past two decades, harvesting wasted or underutilized ambient energy 
has been recognized as a foundation technology for energy-autonomous electronic 
devices [1]. Energy harvesting is a promising strategy that addressing the global 
energy crisis without depleting the natural resource [2]. These devices offer a solution 
by extracting energy from ambient such as sunlight (solar), wind, hydro, vibration 
(motion), temperature gradient (thermal), and waves of radio frequency (RF) [3].
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Vibration energy harvesting (VEH) technologies have attracted a lot of attention 
since mechanical vibration energy can be found anywhere [4]. However, the absolute 
level of achievable performance is still an issue in function implementation. This is 
because most sources of vibration energy consist of a low-frequency broadband 
range [5]. 

VEH systems apply piezoelectric, electromagnetic, or electrostatic elements to 
convert kinetic energy into usable electrical energy [1]. The idea of VEH is to 
convert vibration into electrical energy through two conversion steps. First, the use of 
mechanical transducers between the two elements, such as a comparatively moving 
mass-spring system. Second, electromechanical transducers such as piezoelectric 
materials or variable capacitors are used to convert the comparative motion into 
electrical energy [6]. 

There was a wide scope of studies carried out on the VEH system. Generally, VEH 
was represented by an equivalent mass spring damper model. The linear damper was a 
combination of damping provided by electrical and mechanical systems [7]. Stephen 
analyzed the maximum of average power from the vibration energy harvester by 
set up the natural frequency and excitation frequency to be equal [8]. While Ashraf 
analyzed the dependence of the average power of VEH by considering the role 
of the damping [9]. Guangxhui Xia et al. also investigated the performance of the 
output power energy harvesting with different parameters such as load resistance and 
damping [10]. 

Since the oscillation energy is distributed on different harmonics, the study about 
the dependence of the average power on the parametric in vibration is important. 
Thus, this paper evaluates the dependence of average power on mass, stiffness, and 
damping of the VEH system. A single-degree-of-freedom (SDOF) mechanical oscil-
lator subject to a harmonic base excitation model was introduced in this paper as a 
VEH system. The response for each condition was compared. 

2 Methodology 

A single degree of freedom (SDOF) system has been introduced for the harvester of 
vibration energy as shown in Fig. 1. Where c represents the damping that provides 
by mechanical and electrical areas, the mass, m represents the equivalent proof mass 
of the resonator, and the spring with a constant, k represents the elasticity of the 
resonator beam. 

From Fig. 1, the basic equation of the relative motion of the seismic mass towards 
the base is defined as, 

m ẍ + ( ̇x − ẏ) + k(x − y) = 0 (1)  

When the periodic force acts on the base, the mass oscillates with amplitude z. 
Rearranging Eq. (1) in terms of the relative displacement of the mass z = x − y 
yields,
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Fig. 1 Mass-spring-damper 
model for VEH system 
subjected to base 

mz̈ + cż + kz  = m ÿ (2) 

Substitute the base excitation y = Y sin(ωt), Eq.  (2) becomes, 

m z̈ + cż + kz  = −mω2 Y sin(ωt) (3) 

The steady-state solution of Eq. (3) is,  

Z = mω2Y 
(
k − mω2

)2 + c2ω2 
/ sin(ωt − φ) (4) 

The phase difference φ is given as, 

φ = tan−1 

(
cω 

k − mω2 

) 
(5) 

Equation (4) can be simplified by using ωn = k 
m 

/
and ζ = c 

2 km 
√ to get 

z = 

( 
ω 
ωn 

)2 
Y 

( 
1 − ω 

ωn 

2 
)2 + 

( 
2ζ ω 

ωn 

)2 
/ sin(ωt − φ) (6) 

Equation (6) is the amplitude of vibration of the mass respected to the base. This 
equation is used to find the displacement of the spring-mass-damper system in the 
time domain, where ω/ωn is the frequency ratio and ζ is the damping ratio. 

The electrical and mechanical dampers are considering the same as velocity 
dampers. The instantaneous energy absorbed by the dampers can be obtained by 
multiplying the damping constant with the square of instantaneous velocity. The 
average power is the integration of instantaneous energy absorbed within a complete 
cycle of vibration divided by time (period). The equation is shown as,
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Table 1 Properties of SDOF 
system 

Parameters Value 

Mass m (kg) 1 

Stiffness k (N/mm) 107.5 

Damping c (Ns/mm) 0.1 

Base excitation amplitude y (m) 0.025 

Pav = 
1 

t 

t∫ 

0 

cż2 dt  = 
mζ Y 2 

( 
ω 
ωn 

)3 
ω3 

( 
1 − 

( 
ω 
ωn 

)2
)2 

+ 
( 
2ζ ω 

ωn 

)2 
(7) 

Equation (7) determine the average power harvest from the system. Then, the 
maximum average power can be obtained at the frequency ratio by setting the 
∂Pav/∂ω = 0 as shown,  

ω 
ωn 

= 2 − 4ζ 2 − (4ζ 2 − 2)2 − 3
/ √ 

(8) 

where, 

ζ = c 

2mωn 
(9) 

Equation (8) shows the frequency ratio only has a valid value when the damping 
ratio, ζ is less than 0.25 [9]. Equation (9) represents the damping ratio of the system. 

MATLAB 2020b software was used to find the response for time-domain and 
frequency-domain of Eq. (6). Fast Fourier Transform (FFT) was used to compute the 
frequency response. The power average of the VEH was calculated using Eq. (7). 
Three different tests were carried out to look at the effect of mass, stiffness, and 
damper towards power average producing by the VEH system. Table 1 shows the 
properties of the SDOF system. 

The mass, stiffness, damper, and frequency ratio have been varied to compare the 
performance of power average for the VEH system, as shown in Table 2. 

3 Result and Discussion 

3.1 The Mass Effect 

Figure 2 shows the displacement of the VEH system in the time domain. Three 
different masses, m1 = 1 kg,  m2 = 3 kg,  and m3 = 5 kg  have been proposed to 
identify the difference in the responses. The m3 has a higher amplitude follow by
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Table 2 Parameter for the 
testing 

Parameter of mass 

Mass, m (kg) 1 

3 

5 

Parameter of stiffness of spring 

Stiffness, k (N/mm) 107.5 

207.5 

307.5 

Parameter of damper 

Damper, c (Ns/mm) 0.1 

0.15 

0.25 

Frequency ratio 

ω < ωn 

ω > ωn 

ω = ωn 
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Fig. 2 Time-response for different masses

m2 and m1. The higher mass influences the amplitude to enlarge. Heavier mass 
triggers a larger initial overshoot that causes the system to have a higher amplitude. 
The displacement for all the masses decreases as time increases. This is due to 
the damping of the system. However, the displacement of the mass, m1 decreases 
drastically compared to other masses. Due to higher energy store in heavier mass, the
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Fig. 3 Frequency–response for different mass 

time taken for the energy to dissipate is more compared to lighter mass. This finding 
is in agreement with the finding of Burchett (2005) who investigated the effect of 
amplitude in different masses.

The frequency response of the VEH system is shown in Fig. 3. The  m3 shows 
the lowest value of natural frequency which is ωn = 18 rad/s but has the highest 
peak at the magnitude. While m1 has the highest value of natural frequency, ωn = 
36 rad/s but lowest in amplitude. It can be observed that increasing the mass causing 
the decrement in the natural frequency of the system. Heavier masses travel more 
distance to complete one cycle which then causes the system to oscillate slower and 
have a low natural frequency. This result is in line with the fundamental theory of 
vibration where the natural frequency is inversely proportional to mass. 

To discover the most effective power output measured by the system, the average 
harvested power has been compared between different masses. Figure 4 shows the 
variation of average power related to the frequency for different masses. m3 generates 
the highest power average, Pav = 6.5 mW. The average power starts to react at 6 Hz by 
increasing steeply for m3 and a slight increment for m2. While m1 has no power output 
as the frequency increases. Results show heavier mass produces a large amount of 
power and increases as frequency going higher. The results are in line with Eq. (7), 
as the power average is proportional to the square of displacement. 

3.2 The Stiffness Effect 

Figure 5 shows the time response of the VEH in different stiffness of spring, k1 
= 107.5, k2 = 207.5 and k3 = 307.5 N/mm. The system has a similar mass and
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Fig. 4 Average power–frequency for different mass 

Fig. 5 Time-response for different stiffness

damping. Results show that k3 has the smallest time cycle and amplitude. While k1 
shows the highest time cycle and amplitude of oscillation. This is because a larger 
value of stiffness, k, has the larger force constant to resist the system with a similar 
mass from oscillating at high amplitude and time cycle. These results are in line with 
the previous work by Casiesz [11]. 
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Fig. 6 Frequency–response for different stiffness 

Fig. 7 Average power–frequency for different stiffness 

The natural frequency increases with the growth of the stiffness, as revealed in 
Fig. 6. The stiffness spring constant k3 has the highest value of natural frequency, 
compared to k1 where the value of natural frequency is = 53 rad/s and ωn = 31 rad/s 
respectively. This result is in line with Ashraf et al. where the stiffness of spring is 
proportional with the natural frequency of the system [9].
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Fig. 8 Time-response different damping 

The comparison of average power between the stiffness is shown in Fig. 7. The  
power average starts to react at 5 Hz for lower stiffness k1, earlier than higher stiff-
ness k2 and k3. The stiffness k1 produces average power higher than k2 and k3as 
frequency increases. These results have a good agreement with work by Zhou et al. 
[4], who stated the increase in stiffness of VEH resulted in decreased bandwidth and 
significantly reduced the power average. 

3.3 The Damping Effect 

The VEH system has been tested by varying the damping coefficient value, c1 = 
0.1, c2 = 0.15, and c3 = 0.25 Ns/mm. The rest parameters remain unchanging, as 
indicated in Fig. 8. The lowest damping coefficient value, c1, shows the highest 
displacement compared to the highest damping coefficient c3. Friction or damping 
condition reduces the mechanical energy of the system. Thus, the damping coefficient 
gradually reduces the amplitude of the oscillating motion. 

The frequency response in Fig. 9 shows the effect of damping towards natural 
frequency. The graph shows the lowest damping, c1 has the highest amplitude at 8 
× 10–3 dB. While higher damping, c3 has the lowest amplitude 3 × 10–3 dB at the 
resonance frequency. These results, agree with the work by Stephen [8] that reported 
by reducing the damping coefficient, the amplitude of the system can increase to the 
maximum value. In this condition, changes in damping only affected the peak area 
of the displacement response.
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Fig. 9 Frequency–response different damping 

Fig. 10 Average power–frequency for different damping 

The average power related to frequency contours is computed and shown in 
Fig. 10. The average power for damping c1 shows the highest value of Pav = 1.1 
mW. While c2 and c3 both show the lower value, which is Pav = 0.21 mW and Pav = 
0.1 mW respectively as frequency increases. This finding was in line with the finding 
of Lei et al. where increasing the mechanical damping reduced the output voltage of 
the VEH system [12]. Besides being involved with the harvesting and dissipation of
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Fig. 11 Variation of optimal frequency ratio with damping ratio 

Table 3 Average power with different frequency excitation 

ωn = 31 rad/s ω < ωn 
(ω = 10 rad/s) 

ω > ωn(ω = 50 rad/s) ω = ωn(ω = 31 rad/s) 

Power (μW) 0.000421544 0.2062 288.6 

energy, the damping coefficient is important in the VEH system as it transfers the 
energy from the vibrating base into the system [8]. 

Figure 11 shows the variation of optimal frequency with damping ratio. The small 
damping ratio contributes to the frequency ratio close to unity. The production of 
average power is high at a frequency ratio equal or close to unity due to resonance at a 
low damping ratio. Table 3 compares the average power harvested for three conditions 
of excitation frequency based on the properties of VEH in Table1. Results show the 
highest power average can be produced once the excitation frequency is equal to or 
close to the natural frequency of the VEH system that so-called resonance condition. 
This result is in line with the work by Ashraf [9]. 

4 Conclusion and Recommendations 

The average power performance of the SDOF model as a VEH system was inves-
tigated. The performance of average power was compared for different parameters. 
The output of the power was dependable on the amplitude of the vibration. Thus, the 
heavier mass, the less stiff, the low damping and resonance produced more power 
since this condition contributed to high amplitude. However, to scavenge more power
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from unused vibration, the implementation of broader bandwidth in the system needs 
to be considered for the VEH system. 
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Investigation on the Effect of Machining 
Parameters on Mechanical Properties 
of Friction Stir Processed Mg–Al-Micro 
Al2O3 Metal Matrix Composites 

Zuhairah Zulkfli, M. Faris Zaidi, Nanang Fatchurrohman, 
and Zamzuri Hamedon 

Abstract Low density of magnesium makes it an ideal choice as it is lighter than 
steel and aluminium alloys. Combination of cast magnesium alloys component can 
be used widely in the automobile sector and factories but were restricted. Friction stir 
processing is an infinite machining operation used to enhance the structural work-
piece in solid-state strengthening. By using a straight cylindrical tool pin profile 
which will be used throughout this study, the effects of FSP parameters on magne-
sium AZ91A can be investigated. Variation of feed rates, (10–58) mm/min with a 
fixed rotational speed, 1208 RPM were applied for each single FSP pass. Mg alloy 
will be plated with Al6061 sheets and reinforced with Al2O3 particles before running 
FSP. Mechanical properties and metallographic requirements are the characteriza-
tions in investigating the effects of machining parameters of FSPed workpiece. Both 
characterizations can be gained via Rockwell hardness test and optical microscopy. 
Finally, this study discovered that the average hardness of FSPed Mg–Al-Micro 
Al2O3 was reduced significantly with the increment of feed rates. Next, improved 
hardness at HAZ points as well as reduced surface roughness at three distances from 
FSP starting point were detected. 

Keywords Friction stir processing (FSP) · Machining parameters · Magnesium 
AZ91A · Al6061 ·Metal matrix composite (MMC) · Hardness · Surface roughness 

1 Introduction 

Increasing demand for functional properties of production components as well as 
the need to reduce the mass of a system reflect the functional properties required
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in developing material engineering surface layers. Surface spraying or re-melting 
using laser beam are the most widely used technique in surface layer processing 
which reported for years [1]. Matrix composites exhibit higher mechanical proper-
ties than unreinforced alloys. It had been used for broad range of applications due to 
high specific strength, stiffness, wear resistance, good damping capacities, dimen-
sional stability and machinability [2]. Friction stir processing (FSP) of surface layers 
is a modernized technique nowadays. Friction created between the spinning tool and 
workpiece helps to heat and soften the material under FSP tool surface [3]. The FSP 
approach is mainly used for microstructure modification of refined metal components 
and produce a surface layer of composite to improve the material’s mechanical prop-
erties [4]. Therefore, better grain construction, surface composite, microstructure 
change of casting composites, blending with rare components and rise the stability 
of welded joints can be produced by this process [5]. 

Due to low strength properties of magnesium (Mg) AZ91A, FSP experiment has 
been carried out using different machining parameters in order to alter the mechanical 
properties of the workpiece. Moreover, this study analyses the effects of different 
machining parameters applied on the Mg AZ91A workpiece mainly on mechanical 
properties and microstructure as the output characterizations. 

The interaction between the FSP machining parameters and comparative results 
on FSPed magnesium AZ91A concentrating on the mechanical properties of Mg– 
Al-Micro Al2O3 before, during and after the process were considered. FSP parame-
ters involved were the cutting depth [6], rotational speed and traverse speed [7, 8]. 
These parameters were intended to investigate the relationship between the different 
processing parameters and hardness. Secondly, to analyse the surface roughness and 
microstructure of the machined workpiece. The samples will be observed using the 
LEXT™ OLS5000 Laser Scanning Microscope to examine the surface roughness 
and microstructure of FSPed workpiece while utilizing the Rockwell hardness tester 
for hardness testing. 

2 Methodology 

2.1 Material Preparation 

Before starting the FSP process, materials were prepared using the procedures as 
follows: (1) Starting with a primary machining using horizontal and vertical band 
saw, the raw magnesium AZ91A block was cut. (2) Then, the blocks undergo squaring 
process using milling machine. (3) The squared blocks will be slotted 30 mm-width 
and 1.2 mm-depth. (4) Then, three 6 mm-diameter holes were drilled until 3 mm 
deep. (5) Al6061 sheets were bent. 

Reinforcement Volume Fraction. The volume fraction measurement was done to 
ensure the FSP reinforcement of aluminum oxide (Al2O3) particles efficiency is 
between 20% and 40%. The reinforced Al2O3 particles with (≤ 10 µm average
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Fig. 1 Volume area for 
measurement 

particle size) was used in this study. The area considered for volume fraction 
measurement calculation was selected (see Fig. 1). 

= 
Volume 1 
Volume 2 

× 100% 

= 
3
(
π r2h

)

W × D × H 
× 100% 

= 
3
(
3.142 × 3mm2 × 3 mm

)

22 mm × 18mm × 3 mm 
× 100% 

= 21.42% (1) 

2.2 Tool Preparation 

Tools were prepared using the procedures: (1) H13 steel rod was cut into 100 mm 
length using Way Train horizontal band saw machine. (2) Straight cylindrical tools 
were fabricated into dimension using ROMI C 420 CNC lathe machine which mainly 
consists of a shoulder diameter (D): 18 mm, pin diameter (d): 6 mm and pin length 
(L): 3 mm (see Fig. 2). 

2.3 Friction Stir Processing Experimental Setup 

The experiment setup proceeded with the FSP of Mg–Al-Micro Al2O3 metal matrix 
composites with the variation of feed rates chosen to boost the strength of base 
material (BM) of magnesium. Based on literature review [9], the optimum machining 
parameter that enhanced mechanical properties for FSP of magnesium alloy AZ91 
were between 10 and 58 (mm/min) at fixed 1208 RPM rotational speed. Six FSP 
samples were processed by a single pass with feed rate variations listed in Table 1. 

To summarize, subsequential FSP experiment setups were as follows: (1) The 
Mg workpiece holes were filled with Al2O3 powder. (2) Then, Mg workpiece was 
plated with aluminium sheet, Al6061 and clamped together to avoid slipping during 
high-speed machining. (3) Start running FSP using manual mode. (4) To proceed, the
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Fig. 2 FSP tool dimension for cylindrical pin profile 

Table 1 FSP machining 
parameters for magnesium 
alloy AZ91 

Feed rate (mm/min) Rotational speed 
(RPM) 

Depth of tool pin 
(mm) 

10 1208 3.3 

17 1208 3.3 

25 1208 3.3 

34 1208 3.3 

46 1208 3.3 

58 1208 3.3 

samples need to be faced mill again as both materials, Mg–Al were bounded together 
after FSP to obtain flat surface area. (5) The samples were ready to be used for data 
collection of hardness test, surface roughness test and microstructure observation. 

2.4 Characterization 

Hardness Test. Hardness test is one of effective techniques to measure the strength 
of a structured material. Using Rockwell Hardness Tester, the hardness readings 
were taken in seven different areas along the traverse FSP line with 3 mm interval 
difference between each location. The hardness for heat affected zone (HAZ) were 
taken from point 1–4 with 1 mm interval difference between points from FSP zone.
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The hardness measurement procedures were repeated for all the samples. The average 
hardness values will be calculated after testing completed. 

Surface Roughness Test and Microstructure Observation. The surface roughness 
testing and microstructure of FSPed samples were measured and observed, respec-
tively using the LEXT™ OLS5000 3D Laser Scanning Microscope. The surface 
roughness test was fixed at three different FSP traverse location on each sample 
which distanced 10 mm, 20 mm and 30 mm from the starting point. This step was 
performed to observe the different characteristics on surface after FSP. 

3 Results and Discussion 

Present analysis focusing on hardness test, surface roughness test and microstructure 
observation after processing Mg–Al-Micro Al2O3 with different feed rates which 
were (10, 17, 25, 34, 46 and 58) mm/min. 

3.1 Hardness Test 

The effect of feed rate on the resulting average hardness was illustrated (see Fig. 3). 
The average hardness decreased from 49.71 HRB to 29.71 HRB. The increment of 
feed rates will limit the processed area’s exposure time to the temperature generated 
from the rotating tool, hence can rise the temperature attained during the operation. 
Further refinement can be achieved as the feed rate increases which leads to decrement 
of the average hardness. However, the average hardness values are higher than as-
received Mg AZ91A hardness value which is 29.14 HRB. Hence, this experiment 
was acceptable since the hardness of FSPed workpiece increased than the hardness 
of as-received Mg AZ91A. 
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By increasing the feed rate also reduce the hardness of heat affected zone (HAZ) 
which distanced 1 mm interval from FSP traverse area. The HAZ hardness values 
were always lower than FSP traverse area. The hardness values of HAZ points were 
lower than the average hardness on FSP traverse line for each feed rate. For example, 
HAZ 1, HAZ 2, HAZ 3, HAZ 4 has hardness values of (8, 20, 38, 46) HRB, 
respectively which lower than 49.71 HRB average hardness on FSP traverse line 
at 10 mm/min (see Fig. 4). This was caused by failure of mechanical deformation 
(stirring) in HAZ although the maximum temperature reached, it is adequate for the 
material to be softened and weaken the hardness around the nugget zone. 

Nevertheless, increasing feed rates have an equal effect as increasing rotational 
speed on hardness FSPed Mg–Al-Micro Al2O3 which greater strength can be 
achieved with hardness value of (up to 49.71 HRB) compared to FSPed Mg AZ91A 
with hardness value of 30.33 HRB at 10 mm/min feed rate. As the FSP experi-
ment carried out without measuring the temperature, the workpiece assumed to be 
over-heated during the machining resulting from rising axial load during feed rate 
increment between (10 and 58) mm/min. The workpiece was refined hence, hardness 
was increased. 

On the contrary, past study on AZ31 Mg alloy conducted by Darras et al. [9] 
discovered that the refinement of average grain size was observed from 6 µm to an  
average size of 3–4 µm. Generally, the established Hall–Petch relationship proved 
that the hardness is inversely proportional to grain size. Grain refinement increased 
the hardness from 62 to 72 HV when using increasing feed rate of (20–30) in/min at 
1200 rpm. 
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3.2 Surface Roughness Test and Wear Characteristics 

The correlation between feed rate and surface roughness were investigated by 
Ramezani et al. [10]. The study critically examined the surface quality and product 
life via surface roughness. Components with a high surface roughness tends to break 
easily and have a shorter lifetime due to smaller stress concentration and larger 
surface roughness. The relationship between feed rate and surface roughness was 
found (see Fig. 5). As the feed rate increases, the average surface roughness calcu-
lated declined from 31.948 to 5.603 µm. This shows that the FSPed Mg–Al-Micro 
Al2O3 have lower tendency to break which leads to longer lifetime as the feed rate 
increases. 

An increase in sliding distances in the traverse motion led to lower surface rough-
ness related from increasing feed rate (see Fig. 6). The graph shows the same 
trend of surface roughness values for each distance except the surface roughness 
at 34 mm/min. Furthermore, it shows that lowest surface roughness values (14.044, 
6.838, 13.853, 8.613, 4.575 and 3.118) HRB for (10, 17, 20, 34, 46 and 58) mm/min 
feed rates, respectively at distance 10 mm where the surface mapping at the same 
position was the roughest, whereas the highest surface roughness values (52.616, 
16.699, 22.621, 35.009, 8.698 and 8.584) HRB for (10, 17, 20, 34, 46 and 58) 
mm/min feed rates, respectively at distance 30 mm where the surface mapping was 
the smoothest. 

Table 2 consists the surface mapping of FSPed samples at different feed rates. 
From the surface mapping results, there were several significant adhesive wears 
approaching to the end of traverse line FSP. Severe adhesive wears were validated 
by the surface damage with crates or ploughs of rough area [11]. It was shown 
that the surface mapping at 30 mm from starting point for each feed rate variations 
contain the biggest size of harsh debris. Debris formed on the surface shows that 
adhesive mechanism dominates from high feed rate at a longer sliding distance.
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Fig. 6 Surface roughness of FSPed Mg–Al-Micro Al2O3 against feed rate at three distances from 
starting point 

The accumulation and elimination of wear debris occurred when there was feed rate 
increment with sliding distance. As the distance towards the end point increases, 
the grooves become deeper which means the abrasive wear increases due to large 
amount of plastic deformation leading to lower hardness when compared to hardness 
at starting point for each feed rate.

In addition, abrasive wear is a mechanism of sliding abrasive that ploughs and 
removes the surface of softened materials outside the groove [12]. The longer the 
sliding distances, the longer contact time between the surfaces of workpiece and 
tool. Higher rate of adhesive wear can be produced. Formation in situ of particles 
from contact with the surface of workpiece emerged as abrasive wear when hardened 
particles bound together with the moving tool along the traverse motion thus increase 
the tool’s roughness. However, rough tool shoulder gradually softened the workpiece 
when there is constant contact [11]. 

4 Conclusion 

To conclude, different feed rates (10–58) mm/min were applied. The results clearly 
show that processing parameters influence the hardness of the processed workpiece. 
The size of the grain was significantly reduced due to high temperature and improved 
hardness at HAZ points, thus reduced the surface roughness at three distances from 
FSP starting point. However, the average hardness of FSPed Mg–Al-Micro Al2O3 

was reduced significantly with the increment of feed rates. In addition, surface rough-
ness of each FSP tool pin needs to be strictly adjust and control during fabrication 
as the tool’s surface roughness also affect FSP for prospect advancement.
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Table 2 Mapping of samples taken by LEXT™ OLS5000 laser scanning microscope 

(mm/min) 10 20 30

10 

17 

25 

34 

46 

58 

100 µm 100 µm 100 µm 

100 µm 100 µm 100 µm 

100 µm 100 µm 

100 µm 100 µm 100 µm 

100 µm 100 µm 

Mg17Al12 
Mg17Al12 

Al2O3 

Mg17Al12 

Mg17Al12 

Mg17Al12 

100 µm 

Mg17Al12 

100 µm 100 µm 

100 µm 

100 µm 

Mg17Al12 

Mg17Al12 

Mg17Al12 

Mg17Al12 

Mg17Al12 
Mg17Al12 

Mg17Al12 

Mg17Al12 

Mg17Al12 

Mg17Al12 

Mg17Al12 
Mg17Al12 

Debris 

Feed rate Distance from starting point (mm) 
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Abstract Decompressive Craniectomy (DC) surgery is recommended to treat 
patients who suffered from large ischaemic cerebral infarction. Although DC surgery 
has been proven to reduce intracranial pressure (ICP) within the skull, too large of 
DC opening may contribute to risk of tissue injury. Computational studies nowa-
days are very useful in predicting and decision making, especially in clinical studies. 
Therefore, a simulation was performed using mathematical modeling on an ideal-
ized 3D brain model to evaluate the outcome of different skull opening sizes in DC 
towards treating the brain tissue swelling in ischaemic stroke. The model is simu-
lated based on poroelastic theory and capillary filtration. Our results show that larger 
craniectomy size may reduce the midline shift of the ventricle due to swelling tissue. 
Nevertheless, the bulging of swollen tissue out from the skull opening causes a little 
amount of stress applied at the edges of the opening. This modelling work may be 
used for further research in further research in evaluating the suitable craniectomy 
size for DC. 
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Craniectomy size
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1 Introduction 

Large hemispheric infarction may contribute to the elevation of intracranial pres-
sure (ICP) which can result in brain herniation. The failure of medical treatment to 
relieve the increasing of ICP in brain has led to the seeking of alternative treatments. 
Therefore, decompressive craniectomy (DC) surgery may be an effective treatments 
in treating patients with large brain infarction after ischaemic stroke by creating an 
additional space to allow for the swelling tissue to extend outward from the skull by 
removing a portion of bone flap of the skull [1]. 

In this surgery, the skull opening size is one of the important parameters before 
the removal process. Large skull opening has always been recommended to reduce 
the brain swelling. However, too large bone flap removed causes higher risk for 
complications to occur after the surgery such as infection and hydrocephalus [2]. 
The minimum diameter of 12 cm for skull opening has been extensively used to 
minimize ICP level in the brain [3]. The results shown in this article is that 57% of 
patients who undergo the surgery with skull opening less than 12 cm are found dead 
after the treatment due to haematoma evacuation and decompression [4]. 

Computational studies nowadays have been proven to be useful in predicting the 
clinical outcome and decision making for clinical practice [5]. Hence, in this article, 
we will evaluate the effect of different sizes of skull opening in minimizing the 
outcome for swelling of brain tissue due to prolonged ischaemic period by developing 
the dealized model of 3D brain and application of mathematical modeling based on 
theory of poroelastic and filtration of capillary previously developed in [6]. Four 
different of skull opening sizes are used to evaluate their outcome in DC surgery for 
brain tissue swelling in ischaemic stroke and its complications. This mathematical 
modeling concept hopefully can be used as prediction strategy into the application 
of DC for the treatment of ischaemic stroke. 

2 Methodology 

2.1 Mathematical Model 

The swelling of brain tissue formed due to prolonged ischaemic period has been 
developed by applying filtration of capillary model and equation of poroelastic [6]. 
The tissue of brain is assumed as an isotropic poroelastic material, which contains of 
a solid tissue matrix permeated by interstitial fluid and the process of swelling takes 
place with little amount of strain. The poroelastic model has following equation: 

∇.σi j  − αw∇ Pw = 0 (1)  

where the term σi j  is the tissue stress total, Pw is the pressure of interstitial water, αw 
is the Biot parameter of water. This equation defined relationship between the stress
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of brain tissue and ICP. The equation of interstitial fluid pressure distribution of is 
as follow: 

1 

Qw 

∂ Pw 

∂t 
− kw∇2 Pw − Sb→w = 0 (2)  

where Qw known as the relative compressibility of water, t is the time while kw is 
water permeability in porous tissue. Meanwhile, net flow of water into the tissue of 
brain from space of capillary due to capillary filtration is defined as term of Sb→w . the  
filtration of capillary is assumed to take place after ischaemic stroke, in which cause 
by break down of a specialized layer called blood brain barrier (BBB). As a result, 
particles such as tiny proteins and ions to travel across this layer and accumulate 
in the extracellular space of brain tissue. The accumulations may cause the water 
to enter the extracellular space of brain tissue from reperfused blood, which cause 
swelling of tissue. 

σij, total stress is linearly correlated to the strain, εij, as given by: 

σi j  = 2Gεi j  + 
2Gυ 
1 − 2v 

εi i (3) 

G is the shear modulus, meanwhile υ is the Poisson’s ratio of brain tissue and it 
has been shown that they play significant roles in the progression of brain swelling 
[7]. The strain and the displacement of tissue, ui , are then related, in which associated 
to the following relationship: 

εi j  = 
1 

2 

(∇ui + ∇u j 
) 

(4) 

Meanwhile, Sb→w term is given below: 

Sb→w = 2nb 
L p 
Rc 

f [(Pb − Pw) − σ∏b] (5) 

where nb is blood fraction baseline volume, L p is capillary hydraulic permeability, 
Rc is capillary radius baseline value, σ is the coefficient of reflection, ∏b known as 
pressure of osmotic in the capillary meanwhile Pb is presumed as a constant, which 
known to be pressure of blood. Finally, f term indicates as capillaries ratio that 
maintain open after process of swelling and ischaemia–reperfusion at exact point in 
space and time. 

2.2 Idealized 3D Brain Model 

The idealized of brain geometry model, shown in Fig. 1, is developed based on 
spherical shape suggested by [8]. The brain model is developed by a half sphere
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Fig. 1 The idealized 3D 
brain model 

with a hole of half spherical at the center, which indicating the lateral ventricles. 
Another sphere is constructed within the geometry of half spherical to indicate the 
infarct of ischaemic. Then, 3D brain model is layered by another half spherical with 
an opening to represent the skull geometry with DC surgery. 

The radius of brain, ventricle and infarct are set to be 80 mm, 24 mm and 14 mm 
respectively. Meanwhile, to evaluate the opening skull size outcome on DC surgery, 
the opening skull sizes are varied of 10, 15, 25 and 30 mm. 

2.3 Numerical Procedure 

The idealized 3D brain model is simulated using finite element software named 
COMSOL Multiphysic 5.3a. In this simulation, the skull has Young’s modulus and 
Poisson’s ratio, described based on Table 1. Meanwhile, the tissue of brain has 
separate material properties, in which also listed in Table 1 [6]. 

Boundary Condition. To allow for the outcome of brain tissue swelling on the 
ventricle movement, the ventricle, Rν , has been set to be moved freely by setting the 
total stress on the tissue, σi j  on ventricle as follows: 

σi j  (Rυ , t) · n = −Pw(Rυ , 0)n (6)  

Initial Conditions. Initially, the pressure of interstitial fluid, Pw and the displacement 
of tissue u are set at baseline P and zero, as follow: 

u(x, 0) = 0 (7)  

Pw(x, 0) = P (8)
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Table 1 Parameter’s list 

Parameter Name Value 

Poisson’s ratio ν 0.35 

Young’s modulus ET 2010 Pa 

Permeability of brain Kw 1.4 × 10–14 m2 

Water viscosity μw 1 × 10–5 Pa s 
Water Biot parameter αw 1 

Water relative compressibility Qw 3244 Pa 

Hydraulic permeability L p 3 × 10–11 m/s Pa 

Reflection coefficient σ 0.93 

Pressure of osmotic in capillary ∏b 2445 Pa 

Pressure of blood Pb 4389 Pa 

Pressure baseline value P 1330 Pa 

Radius of typical capillary Rc 5 × 10–6 m 

Stiffness of capillary wall E 864.5 Pa 

Blood volume fraction baseline value nb 0.03 

Fraction of volume water nb 0.8 

Young’s modulus (Skull) Es 3.15 × 106 Pa 
Poisson’s ratio (Skull) νs 0.45 

Mesh Element Size. 10-node tetrahedral elements are used to mesh all geometries. 
Meanwhile, number of elements are varied in within 16,000–19,000. The ischaemic 
infarct has finer meshes than rest of geometry. 

3 Results and Discussion 

A simulation of an idealized 3D brain model was performed to evaluate the outcome 
of DC surgery using different size of skull opening in reducing the midline shift 
after 5 h of ischaemia–reperfusion. For a simple visualization, the simulation results 
displayed below based on part of brain that been sliced half through infarcts and 
skull opening, in which take part at the brain geometry centre. 

Figure 2 shows the displacement of tissue of brain for infarct radius of 14 mm with 
different skull opening sizes. Midline shift that takes place in the middle of ventricle 
is also known as the brain herniation. In clinical study, brain herniation is used as 
indicator to predict the severity of brain tissue swelling in stroke [9, 10]. Based on 
Fig. 2, skull opening size of 30 mm experiences the least herniation compared to the 
skull opening of 10, 15 and 25 mm of skull opening size. This is because the skull 
opening causes the reduction of ventricle compression by allowing the brain tissue 
to swell towards the opening. Even though DC surgery has been proven to reduce
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10 mm 

Skull opening size Displacement of swollen tissue 

15 mm 

25 mm 

30 mm 

Fig. 2 The displacement of midline shifted with varies size of opening skull
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the elevation of ICP [11] in brain as well as to reduce herniation, this surgery may 
also contribute some complications that still need to be considered.

Further, Fig. 3 shows that the skull opening size of 10 mm experience major stress 
in between the opening edges and brain tissue. This is because, small skull opening 
size increases the compression at the opening edges and also due to high brain tissue 
strain to bulge out from the skull. This may increase the risk of brain tissue damaged 
and infections [12]. 

Meanwhile, the largest skull opening size of 30 mm shows a much higher stress 
in between the edges of DC opening. Although the larger size of opening reduce 
the herniation, it may increase the risk of hydrocephalus development [1]. The more 
the swollen tissue bulged out from the skull, the higher the stress at the area of 
contact in between the edges of the opening and brain tissue [11]. Too large portion 
of skull being removed may result in an increase of rate of infections. The DC 
treatment for brain tissue swelling is still incomplete understood in reducing the 
severity of the swelling. Based on the findings obtained through this simulation, the 
larger craniectomy size may improve outcome, however it may also contribute to 
other complications such as risk of tissue damage, which is observed by the high 
tissue stress at the opening. 

4 Conclusion 

In conclusion, the mathematical model developed in this paper can assist the clini-
cians to obtain related surgical decision before performing the DC surgery on patients 
with brain tissue swelling due to ischaemic stroke. In our simulation the craniectomy 
model is developed to show how craniectomy size in DC may affect the brain herni-
ation and complications that may occur after surgery as the treatment for swelling of 
brain tissue after ischaemia–reperfusion injury in stroke. Further investigation on the 
effect of ICP during DC surgery can be done to further understanding the efficacy of 
this treatment.
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Size of opening skull Stress occur between edges 

10 mm 

15 mm 

25 mm 

30 mm 

Fig. 3 The stress occur between the edges of opening skull
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Understanding the Ergonomics Issues 
in Sawmill Industries: Why It Becomes 
a Concern? 

Balqis Syahirah Jamaludin, Ezrin Hani Sukadarin , Mirta Widia  , 
and Nazlin Hanie Abdullah 

Abstract This study aims to highlight the ergonomic issues in sawmill industries. 
Thus, the importance of ergonomics risk factors is sought to be dug out. Sawmill 
workers are exposed to many occupational safety and health hazards, including 
ergonomics. Previous studies showed that, with ergonomic principles, the work-
place could become safer and indirectly will help in increasing workers’ produc-
tivity, improve physical and mental wellbeing and job satisfaction among workers. 
To achieve the study objective, a field observation was conducted, and reviews of 
published literature were collated to support the findings. In the beginning, a total of 
213 articles was identified. However, after undergoing the screening process, only 28 
articles are included in this study. Many ergonomics risks are scientifically proven 
to exist in the sawmill industries. Therefore, the knowledge and understanding of 
ergonomic risk will help the researchers to plan the next step to improve workers’ 
wellbeing. 

Keywords Ergonomic · Sawmill · WMSD 

1 Introduction 

Successful implementation of ergonomics in the work environment design may 
balance worker preferences and job requirements. Doing so will increase produc-
tivity for the worker and provide workplace health, mental and physical health, 
and job satisfaction. Previous studies have shown beneficial effects by applying the 
concepts of ergonomics in workplaces, occupational safety, and health, environment,
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job, machine, and facilities design [1]. In a study conducted by Ali et al. [2] small-
scale and unorganised sawmills that provide wide-ranging services with thousands 
of employees are inadequate in ergonomic procedures, planning, and procedures. 

Wood product manufacturing is often labour-intensive and production-oriented, 
with employees typically work at a rapid pace [3]. Musculoskeletal Disorders (MSDs) 
among sawmill workers can be devastating and significantly influence daily produc-
tion, depending on the sort of work they conduct. Heavyweights, uncomfortable 
postures, and repetitive actions are all substantial risk factors for developing muscu-
loskeletal disorders in these industries. In general, the heavy workload is more vulner-
able to load-carrying than the body limit of the workers [4]. The dimensions of the 
wood, the load, the distance of loading the wood, the number of tasks, and the overall 
length of tasks are the vital occupational dangers in the sawmill sector. Qutubuddin 
[5] analysed that most sawmill workers are exposed to several occupational hazards, 
especially ergonomic problems during sorting, cutting, and processing raw logs. 

The previous study showed that sawmill workers are exposed to many occupa-
tional safety and health hazards, including ergonomics. Potential problems are the 
fingers or limbs of the operator’s contact with the saw blade or band [6]. Moreover, 
Queenslan [7] reviewed the hazards of crushing, trapping, bullets, noise, and vibra-
tion due to the log debarking process. In sawmill, work activity of manual handling 
is common. Starting from intake and rough sorting of the woods, debarking, sorting 
and stacking, adjusting and sorting, wrapping and packaging, and finally loading 
cleaned wood or logs for delivery, fully mechanising machinery is difficult to be 
implemented [8]. 

Potential issues such as inappropriate procedures or repetitive injury associated 
with bending, gripping, cutting, and awkwardly elevating limbs become the norm 
when involving human strength and contact. The operation of manually moving and 
locating logs, such as sorting and stacking where parameters of size and species sort 
the logs, can lead to overexertion, muscle strain, uncomfortable. Static posture and 
repetitive work are also common contributing factors to MSDs [9]. 

According to Poisson et al. [10] most sawmill workers are exposed to hazardous 
machines like chain conveyors, circular saws, and vertical saws while interacting on 
equipment at all stages of their life cycle such as in maintenance, adjustment, set-
up, troubleshooting, repairs and cleaning, and dismantling. Adjustment and sorting 
involve cutting off small sections from the log’s edges by the band saw. Thus, potential 
problems are material from the saw blade or band flying towards the operator. 

Ergonomic risks have been the subject of numerous studies. However, occupa-
tional disease issues continue to rise and have become a matter of concern in the 
workplace [11]. Therefore, this review needs to be conducted to explore the occu-
pational ergonomics risk factors based on the published articles. The goals of this 
research are to (1) identified concerns in the sawmill sector, (2) highlight activities 
and issues from a site visit and (3) based on the issues, suggest workplace control 
measures that should be implemented. Authors believe that knowledge of the arising 
issue in the sawmill industry will ease planning to improve workers’ wellbeing in 
the sawmill industry.
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2 Methodology 

A site visit was conducted to identify the issues in sawmill, particularly in terms of 
ergonomics. The importance of site visits is to observe the facilities, communicate 
with workers, and verify the accuracy of previous statements. This phase is crucial in 
identifying the ergonomic issues in this industry. The sawmill workers that comprised 
of mill workers and machine operators were observed. The authors also reviewed 
the published articles regarding ergonomics issues from 1992 to 2019 to further 
understand the consequences of the exposure. For the reviewing process, the inclusion 
criteria for the paper selection include; English articles, exposure to any ergonomic 
risk factor, and ergonomic issues in the sawmill industry. The exclusion criteria were, 
for example, non-SME Multinational corporations, sectors of government, or sectors 
that have over 200 employees and ergonomic concerns at other sectors apart from 
the timber sector. Besides that, duplicate articles in the database are removed. 

3 Result and Discussion 

3.1 Sawmill Activities 

The sawmill runs four areas of operations, namely, kiln-drying, moulding, regrading 
and surfacing, and transport. The activities of sawmill are depicted in Table 1. Kiln-
drying is the process to ensure the wood dry in a chamber with controlled air circu-
lation, humidity, and temperature so that the wood is in moisture content. Moulding 
is the process of concealing or decorating transitions between surfaces by using 
four methods: finger-jointed, surfaced four sides, edge-joint laminated board, and 
surfaced two sides. Besides, regrading and surfacing are required on any defects that 
may have occurred during the drying. Finally, the wood products will be transported 
to customers following safe lifting and stacking processes. In Table 1, the safety and 
health issues that may exist during each operation are also explained. 

3.2 Article Searching and Selection 

Table 2 shows the results of each phase of retrieving published articles as mentioned 
in the methodology. Based on the designed search criteria, at the beginning total of 
213 articles were identified. However, after undergoing the screening process, only 
28 articles are included in this study.
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3.3 Review of Ergonomic Issues in Sawmill Industry 

Table 3 depicts the ergonomic issue from the previous studies. The sawmill industry’s 
hazards comprised noise, machinery-related hazards, and ergonomic hazards from 
lifting heavy loads, reaching for objects, repetitive work, and poor work posture. 
Heavy work and repetitive motions have mostly been researched for musculoskeletal 
problems or overexertion, as studied by Holcroft et al. [13]. Manual materials 
handling such as lifting, pushing, pulling, and carrying timber and logs, was found 
to be responsible for forty percent of all sawmill injuries [14]. Meanwhile, Bjoring 
[15] found that repetitive hand movements, especially when combined with force, 
may cause MSDs in the arm or wrist when severe postures, high external force, high 
speed, and high static load are present. 

Ng et al. [16] revealed that musculoskeletal disorders MSDs and the global 
economy. MSDs result from poor work posture, frequent and repetitive movement, 
force exertion, stress vibrations of psychological and physiological, and physical 
disability in human beings, such as lower back pain (LBP) and spinal abnormal-
ities. Furthermore, Joshi et al. [17] found that MSDs are a regular occurrence, 
especially low back pain. The risk identified in work activities, postural loading, 
vibration effect, tool use, coupling, awkward postures, frequency and duration of 
movements, and ergonomic workstation design to address the MSDs issues. The

Table 3 Previous studies on the ergonomics issues 

Author 1 2 3 4 5 6 7 8 

Ng et al. [16]
√ √ √ 

Joshi et al. [17]
√ 

Awosan et al. [19]
√ √ √ 

Oranye et al. [18]
√ √ 

Queenslan [7]
√ √ √ 

Poisson et al. [10]
√ √ √ √ √ 

Griffith [21]
√ √ 

Hermawati et al.  [14]
√ √ √ 

Qutubuddin [5]
√ √ √ 

Saldanha et al. [23]
√ √ √ √ √ √ 

Nunes et al. [25]
√ √ √ 

Bello et al. [24]
√ √ √ √ 

Holcroft et al. [13]
√ √ √ √ √ √ 

Jones et al. [14]
√ √ √ 

Bjoring et al. [15]
√ √ √ √ 

1 = WMSD; 2 = Noise; 3 = Temperature; 4 = Lifting heavy load; 5 = Forceful Exertion; 6 = 
Repetitive work; 7 = Poor work posture; 8 = Manual handling
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muscles, tendons, tendon sheaths, peripheral nerves, joints, bones, and ligaments are 
all prevalent WMSDs.

According to Oranye [18] and Awosan et al. [19] the risk of recurrent work 
injuries is believed to be higher in workers who are experiencing MSDs, resulting in 
repetitive injuries, job disability, and enormous compensation claims. In the sawmill 
industries, manual handling is the norm when processing timber, especially when 
using machinery. Manual handling is defined as the activity that requires a person to 
raise, lower, move, pulls, carry, throw, restrain or hold an object. Dangers involved 
with sawmilling, such as machine-related injuries especially when handled incor-
rectly or without sufficient protections, and excessive noise, can cause irreversible 
noise-induced hearing damage (NIHL). Other risks include irritation and other nega-
tive health effects caused by wood dust and chemicals used in finishing processes, 
such as allergic skin reactions, asthma, cough, and other respiratory illnesses. 

On the other hand, local exhaust ventilation (LEV), which eliminates dust at or 
near its source, is the most common way of managing wood dust. Exhaust hoods 
should be placed close to the emission source, either on the woodworking machines 
or near it. Aside from that, the management of the organisation should take care 
of indoor air quality. A case reported using the band saw blades might increase 
silicon concentrations in interior buildings, resulting in harmful indoor air [20]. 
Queenslan [7] reported that almost all of the job done by sawmill workers involves 
manual labour. Common issues highlighted are housekeeping, noise, vibration, dust, 
working at height, hazardous chemicals, manual work lead to MSDs such as repetitive 
movements, sustained or awkward postures, repetitive or sustained forces, and lastly, 
psychosocial hazards. Workers are exposed to dangers because they interact with 
machinery at all stages of its life cycle, including installation, operation, maintenance, 
troubleshooting, repairs, adjustments, set-up, production disruptions, cleaning, and 
disassembly. 

Gopalakrishnan et al. [8] mentioned that electricity use is significant to operate 
engines in equipment such as debarker, head saw, re-saw, edger, trimmer, chipper, 
planer, fans, and pumps, as well as in material handling equipment such as conveyors 
and belts. Machines can provide various hazards, and exposure to these risks can 
lead to harm or death. The hazards can be physical such as sharp edges, projec-
tions, mechanical such as entanglement, crushing, and cutting. Electrical hazards 
also can exist. Apart from that, noise and vibration, hot or cold temperatures, physical 
ergonomics hazards such as awkward working positions, manual handling, repetitive 
movements also can be found while performing the job in the sawmill industries [10]. 

Besides, Griffith [21] stated that sawmill processes including timber raising, 
turning or dragging, adjusting knives of the tool, removing blockages, and cleaning 
are handled by human strength. Thus, it is essential to walk through the work area, 
including the access way, and identify all hazards to avoid slips, trips and falls, and 
MSDS injuries. Surveys such as that conducted by Hermawati et al. [22] have shown  
that the most often addressed ergonomics issues were working posture and worksta-
tion or tool design, followed by material handling and MSDS. Thus, redesigning and 
evaluating workstations or tools to accommodate worker anthropometry and promote 
better working postures is crucial.
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Activities that are conducted primarily by manual handling often lead to overex-
ertion and long-term risks to health [5]. It has been shown that sawmill workers expe-
rience MSDS risks, harsh environmental conditions, strenuous tasks such as manual 
load handling, awkward postures, and dangerous equipment and machinery [23]. 
Workplace risks, poor workers’ health, mechanical equipment injuries, disabilities, 
and MSDs caused by poor workplace design, which reduces worker productivity. 

Forty percent of sawmill injuries were related to manual material handling, mainly 
of wood and logs. With the high degree of manual handling in sawmilling processes, 
employees are exposed to higher risk rates associated with handling logs and oper-
ation of machines, environmental hazards, body injury associated with work, and 
death, in severe cases [24]. The finding showed twenty-seven percent of all indus-
trial back injuries are linked to some form of lifting or manual handling of material. 
These injuries are usually repeatable and result after months or years of work [25]. 
An injury is more likely to occur if the employees work in a physically demanding job 
and are prolonged. MSDS such as repetitive strain injuries (RSI), repetitive motion 
injuries (RMI), and cumulative trauma disorders (CTDs) are because of soft tissue 
injuries. 

3.4 Review of MSDs Risk 

As conjunction from the Table 3, WMSD is the most commonly reported concern 
in the sawmill business. Workers who are exposed to certain workplace risk factors 
are at a higher risk of MSDs. High job repetition exhausts a worker’s body beyond 
its capacity to recover, resulting in MSDs. MSDs have the most frequent effect on 
hands, elbows, ears, eyes, and back. In these areas, they directly affect the nerves, 
tendons, and muscles. MSDS can also affect particular fingers, elbows, and knees, 
although they are less common. Table 4 illustrates the previous studies related to the 
risk of MSDs among sawmill workers. 

Prolonged standing during sawmill activities was responsible for 65% of the 
number and incidence of joint discomfort at back, waist, and foot region. Also, the 
issue of vascular illnesses, which has grown as an occupational discomfort as a result 
of sawmill workers standing for long periods [26]. Meanwhile, in a study conducted 
by Awosan et al. [14] frequent injury reported was due to fatigue, sprains and joint 
discomfort, back pain, eye infuriation, stress, and exhaustion. Eighty percent of the 
workers do not undergo occupational health and safety training. So, if workers are 
uninformed of their working hazards, they are less inclined to defend themselves. 

On the other hand, Queenslan [7] reviewed the cause of MSDs where contact with 
vibrating surfaces such as the heavy seat of machinery or vehicles caused whole-
body vibration and lead to low back pain. Heavy lifting, repetitive movements, and 
improper posture throughout work hours were the main sources of ergonomic risks in 
the wood processing sectors [27]. Crushed hands, severed fingers, amputations, and 
blindness are common woodworking accidents, including rotating devices, cutting or 
shearing blades, in-running nip points, and meshing gears as examples of industrial
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Table 4 Causes of musculoskeletal disorders (MSDs) 

Author Causes of musculoskeletal disorders 

Sutcu et al. [26] Loading and unloading of loggers, transportation of huge and heavy 
goods between machines, and machine loading factors 

Awosan et al. [19] Poor training in occupational health and safety, as well as a lack of 
understanding of workplace hazards such as back pain, sprains, and joint 
pains 

Queenslan [7] Grip, manipulate, strike, toss, carry, move (raise, lower, push, pull), hold, 
or constrain an object or load are all dangerous manual tasks 

Mong’are et al. [27] Hazardous woodworking, high noise levels from operating machines, 
dust conditions, and work-related musculoskeletal diseases caused by 
repetitive movements are all factors that are likely to have an impact on 
employees’ health 

Saldanha et al. [23] The inappropriate use of equipment, systems, and tasks creates 
musculoskeletal system illnesses, particularly back discomfort 

Ali et al. [2] Workers are at risk of MSDs because of hard environmental conditions 
such as cold temperatures, slick and uneven ground; heavy work likes 
manual handling of loads, back flexed and twisted, and risky tools and 
machinery such as chainsaws 

Bello et al. [24] The high occurrence of musculoskeletal and respiratory diseases in the 
industry was partly due to a disregard for the usage of individual 
protection devices and other safety equipment 

Bjoring et al. [15] Gripping the spray gun trigger was identified as a high risk for WMSD 
in the wrist for some of the wood painters 

injuries. Previous epidemiological research has shown that assessing the lower arms 
is critical to avoiding MSDs [28]. 

In a previous study by Saldanha et al. [23] accidents related to occupational 
diseases such as RSI and MSDs occur each year in the wood industry, which includes 
the manufacturing of lumber, veneer, plywood, crowded and pressed wood, products 
for construction, packaging, industrial, commercial, and domestic use. Moreover, 
as  Ali et al.  [2] stated, many employees work in poor postures; nearly 80% of the 
workers suffered pains in the thighs, legs, and back. As a result of the heavy manual 
workload, environmental conditions, and dangerous instruments, the loggers may 
develop MSDs. 

Bello et al. [24] reported that fifty-eight percent of sawmill workers were affected 
with back and lower back injuries. The prevalence of joint discomfort such as back, 
waist, foot caused by standing in prolonged periods reached sixty-five percent. The 
worker disregards the use of individual protection such as hand gloves when moving 
and stacking logs or sawn lumbers and not wearing overalls while carrying logs that 
primarily serve as lumbar back support. 

Bjoring et al. [15] believe that manual spray painting is still widely used in the 
woodworking sector despite rationalisations. When painting the horizontal surface 
of the workpiece, the majority of these painters abduct the right upper arm so much 
that they risk supraspinatus tendinitis. According to recent reports, manual spray
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painting is a likable labour task. As a result, spray painters with musculoskeletal 
issues probably work longer than other employees with similar symptoms. 

4 Conclusion 

The issue of the sawmilling sector in Malaysia is revealed. Occupational safety and 
ergonomic issues occur among workers, especially in PPE usage and WMSDs while 
performing lifting, adjusting machine knives, releasing blockages, and cleaning activ-
ities. Furthermore, this industry was susceptible to a wide range of risks, including 
noise, environmental factors, and ergonomic issues such as awkward work posture, 
hand-arm, and whole-body vibration. Lifting these problems caused a hazardous 
workplace environment, affects the worker’s health, disabilities such as body injuries 
while using mechanical equipment, WMSDs and thus result in low efficiency among 
workers if the ergonomics field is not adequately considered. So, an ergonomic risk 
assessment should be carried out to determine the workplace risk factors that lead to 
musculoskeletal disorders. 
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Pressures on Manufacturing Industry 
to Practice Green Supply Chain 
Management in Malaysia 

Muhammad Fakhrul Yusuf, Rashidah Ramle, and Norhazirawani Abdullah 

Abstract Green Supply Chain Management (GSCM) has received increasing atten-
tion, at least in recent decades. During this time, it has become apparent that are signif-
icant complexities in its management. From both a practical and research perspec-
tive, there is a need to simplify and understand this complexity. To further deepen 
the understanding of the problem, institutional theory, which consists of three insti-
tutional pressures, namely government pressure (coercive pressure), market pres-
sure (normative pressure) and competitive pressure (mimetic pressure), was used to 
investigate the relationship between institutional pressure and GSCM practices in 
the manufacturing industry in Malaysia. Data were collected using questionnaires 
in different Malaysian manufacturing companies. The hypotheses were tested using 
SmartPLS 3. The results from the 118 respondents showed that the command and 
control instrument and competitive pressure supported the hypothesis, while the 
economic incentives instrument and market pressure did not support the hypothesis. 
Finally, the enactment of stringent environmental regulations by the government was 
found to be most effective in promoting the adoption of GSCM practices. 

Keywords Green supply chain management (GSCM) · Institutional theory ·
Institutional pressures · Sustainable development · PLS-SEM 

1 Introduction 

Changes in the industrialization of supply chain management (SCM) are happening 
very fast, which has a negative impact on the environment and ecology. These issues
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have led to many climate change agreements between nations to act in a more envi-
ronmentally friendly manner. In response to the increased pressure to become more 
environmentally friendly, manufacturing companies are moving away from a tradi-
tional profit-driven approach to a more balanced approach where both economic 
and environmental needs are simultaneously pursued as key business objectives [1]. 
There is no doubt that implementing environmental objectives in the supply chain 
requires a holistic approach [2]. Green supply chain management (GSCM) is one of 
the innovations that should be practiced in the industry to overcome the problem. 
GSCM is a combination of environmental thinking and SCM that includes product 
design, material sourcing and selection, manufacturing processes, delivery of the 
final product to the consumer, and end-of-life management of the product [2, 3]. 
The goal of green supply chain management is to minimize waste and pollution by 
integrating environmental thinking into product design [4]. 

In many countries, green innovation has already taken hold. But how many indi-
vidual companies are addressing this issue? Are they willing to incur more costs 
for environmental certification such as ISO 14001? Although GSCM research has 
come a long way, there are still gaps, including but not limited to the identification 
of GSCM antecedents, their impact on supply chain performance, and barriers from 
stakeholders, suppliers, and consumers [5]. Abdullah et al. [6] stated that despite the 
given value and benefits, manufacturers’ contribution to green practices falls short of 
expectations. Due to the difficulties involved, many manufacturers are discouraged 
from engaging in innovation and remain stuck in familiar routines. 

External pressure is the main driving force in getting companies to adopt GSCM 
practices. Based on several previous findings, [7–12], GSCM has become more 
important due to pressure from various stakeholders, such as government regula-
tions, government support, consumers, and competitors. These stakeholders exert 
pressure and motivate companies to minimize the risk of pollution in the supply 
chain to become an environmentally responsible company [13]. 

The findings of [11] show that this pressure encourages the adoption of environ-
mentally friendly practices in China. In Malaysia, the awareness of environmental 
issues is still at moderate level [6, 14]. Therefore, this study aims to determine 
the relationship between institutional theory and GSCM practices in the manufac-
turing industry in Malaysia. This theory consists of three institutional factors, namely 
coercive pressure which consists of two instruments: first, command and control 
instrument and second, economic incentive instrument. The second pressure is the 
normative pressure with market pressure as the variable in this study and finally the 
mimetic pressure with competitive pressure as the variable [15].
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2 Literature Review 

2.1 Green Supply Chain Management (GSCM) 

Since the early 1980s, when the first concept was introduced, the term SCM has 
been used to describe the planning and control of raw materials, the flow of informa-
tion and logistics activities within a company and also externally between companies. 
Over time, the focus of SCM study has broadened. Originally, SCM focused more on 
material flows. More recent studies emphasize other aspects of SCM such as perfor-
mance, risk, and integration. In addition, there is an increasing focus on information 
flows, internal and external relationship networks, and supply network management 
[4, 16]. 

Due to environmental issues, many countries are striving for green innovations, 
and GSCM is one of the green innovations. In today’s world, GSCM has become 
an increasingly complex challenge for companies. Suppliers, customers, regulators, 
stakeholders, and organizations are increasingly demanding solutions and responses 
from companies that cause significant environmental impacts in their production 
cycle [17]. 

There are 22 different definitions of GSCM by Ahi and Searcy [4], but the most 
commonly used definition in the literature is by Srivastava [18], who defines GSCM as 
the integration of environmental thinking into SCM, including product design, mate-
rial sourcing and selection processes, delivery of the finished product to consumers, 
and end-of-life management of the product after its useful life [17]. Srivastava 
[18] added that the scope of GSCM ranges from reactive monitoring of general 
environmental management programs to more proactive practices implemented 
through various Rs which are reduce, reuse, rework, reclaim, recycle, reprocess, 
remanufacture, reverse logistics and more. 

2.2 Institutional Theory 

Institutional theory is concerned with the deeper and more efficient aspects of institu-
tional structure. It looks at the processes by which systems, including schemes, rules, 
norms and routines, are developed as authoritative social guidelines for behaviour 
[15]. Organisations are part of a social system with their own unique culture and 
values, apart from having a production system. Organisational decisions are based 
on cultural values, norms and behaviours under the influence of the external environ-
ment. When all organisations in the same industry adopt the same institutionalised 
practises and decision-making approaches, it shows that they are trying to become 
verified. Institutional theory is used to understand the types of external factors that 
compel an organisation to adopt or apply a new practise [1]. Based on institutional 
theory, this study assumes that organisational decisions depend on the social structure 
in which the organisation operates both externally and internally [19].
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The pressures for GSCM practises in this study use an institutional theoretical 
framework of DiMaggio and Powell [15], which consists of three isomorphic pressure 
factors, namely coercive pressure, normative pressure, and mimetic pressure. Each 
of these three pressure factors offers testable hypotheses relevant to the study of 
green supply chain management antecedents. Many researchers have recognised the 
importance of institutional theory in explaining corporate behaviour. Institutional 
theory proposes that organisations can improve their ability to grow and survive in a 
competitive environment by satisfying their stakeholders [5]. 

Government Pressures as Coercive Pressure 
DiMaggio and Powell [15] stated that coercive isomorphism arises from the pressures 
exerted on a dependent firm by other organisations, as well as the cultural expecta-
tions of the society in which it operates [19]. In this research, government legislation 
is defined as coercive pressure that drives Malaysian GSCM production practises to 
improve their performance. Coercive pressure is usually an important factor driving 
the environmental management practises of producers in developing countries like 
Malaysia. The government is the overarching organisation that can influence the 
actions of an organisation [20]. Although government legislation can be an encour-
agement for GSCM practises, managers usually assume that the government exerts 
the strongest external pressure on the organisation’s environmental initiatives. Organ-
isations must comply with these environmental legislation, otherwise they face legal 
action, penalties or, in the worst case, exclusion from the market [11]. Following Li 
[5], other researchers show that innovation-friendly rules provide ample incentives 
to encourage organisational environmental innovation practises. While there is some 
empirical evidence, the results are mixed [5, 21]. 

There are two types of instruments that influence government regulation, namely 
command and control instruments and economic incentives for GSCM practises. In 
the command and control instrument, the authorities or governments give instruc-
tions to the public or organisations through the enactment of laws, the development 
of behaviours and the use of enforcement machinery to make people comply with 
the laws. The command and control instrument in environmental policy essentially 
involves setting standards to protect or improve the quality of the environment [22]. 
Economic incentive instruments rely on market prices and relative price changes to 
change the behaviour of public and private polluters in ways that support environ-
mental protection or improvement [23]. Some researchers believe that economic 
incentive instruments are more effective than command-and-control instruments 
because they provide more benefits to the organisation. In this case, the basic message 
is more important than the choice of basic instruments. Other researchers argue 
that there is no single rule that is suitable for all cases, but that a combination of 
policy instruments should be made depending on the different circumstances of each 
instrument. For example, with the implementation of command-and-control poli-
cies such as environmental regulations, emission standards, product restrictions and
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economic incentive instruments such as better taxes, trade permits and subsidies for 
environmental innovation [5, 21]. 

Market Pressure as Normative Pressure 
According to DiMaggio and Powell [15], normative pressure comes from profes-
sional pressure. Normative pressure arises from certain norms and standards that are 
formalised by the approach based on the expectations of the environmental culture. 
Various groups can be a source of normative pressure, including educational institu-
tions that teach cognitive behaviour, professionals from industry groups and associ-
ations, non-governmental organisations (NGOs) with a special interest in particular 
industries, and also the general public. In addition, suppliers and customers are also 
one of the main components of this pressure [1]. 

Li [5] added, market demand can exert strong pressure on companies’ environ-
mental initiatives and can be an important normative pressure. Customer demand 
analysis focuses on identifying, understanding and responding to customers’ needs 
and developing products that meet their expectations [24]. Li [5] also noted that 
previous studies identified two reasons for companies to produce green prod-
ucts. First, there is an increasing demand for green products from end consumers. 
According to this, retailers who want to green their supply chain take into account 
customer pressure, and if customer pressure does not affect companies, they may not 
be willing to practise GSCM. The other reason is the initiatives within the company 
to protect the environment [11]. 

Market pressure can come from two types of consumers. First, from the pressure 
from overseas customers. With the increasing economic globalisation from seller’s 
to buyer’s markets, companies need to adopt environmental practises to meet the 
demand for exports and sales to overseas customers and partners. This in turn leads 
to a green multiplier effect, where the requirements for green products and materials 
must also be adopted by suppliers [25]. Second, domestic customers. Awareness of 
environmental issues leads domestic customers to want to buy more and more green 
products, so companies need to take measures to implement GSCM [5]. 

Competitive Pressure as Mimetic Pressure 
Mimetic pressure is a company’s default response to uncertainty [15]. Environmental 
practises have become an area where companies can gain a competitive advantage 
over their rivals as more and more companies nowadays have high quality goods, 
good customer service and other competitive advantages. Other studies have also 
examined the need for companies to pay more attention to changes in their competi-
tors’ environmental strategies. In order to gain a competitive advantage, more and 
more environmentally friendly products are being offered in the market nowadays. 
Many companies are starting to use environmental innovation as an important differ-
entiation tool to improve their efficiency, product quality and green image. However, 
there are some problems in understanding competitors’ strengths, weaknesses, capa-
bilities and strategies and identifying their technologies to meet the demand of target 
customers [5].
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According to Ye et al. [19], competitive pressure puts pressure on companies to 
adopt reverse logistics. As reverse logistics management becomes a standard practise 
and thus an appropriate capability, companies will support and sustain these compet-
itive practises. Moreover, as more companies establish environmentally friendly 
production facilities, they will put pressure on their upstream suppliers to improve 
their environmental performance. The growing competition and expectations trig-
gered by the widespread use of reverse logistics and recovery measures will put 
pressure on top managers to address reverse logistics practises. As reverse logistics 
is part of the GSCM, this pressure may encourage Malaysian manufacturers to adopt 
environmentally friendly practises. 

From the above arguments, the framework in Fig. 1 was derived and the following 
hypotheses were developed to be tested in this study. 

H1a Government command and control environmental regulations are positively 
related to green supply chain management practises. 

H1b Economic incentive instruments are positively related to green supply chain 
management practises. 

H2 Market pressure is positively related to green supply chain management 
practises. 

H3 Competitive pressure is positively related to green supply chain management 
practises. 

Fig. 1 Research framework
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3 Methodology 

In this quantitative study, stratified random sampling was used to collect data. Data 
was collected through email from various manufacturing companies in Malaysia. 
The 118 respondents who answered the questionnaire were from 21 different manu-
facturing industries with green certifications such as ISO 9001, ISO 14001, MyHijau, 
etc. 

The questionnaire consists of three parts, namely demographic information, 
GSCM practises and institutional pressure. GSCM practises were measured using an 
already established instrument that has been shown to be reliable and valid in previous 
research [26]. The instrument consists of fourteen items. Each question was scored on 
a five-point scale, with 1 representing ’not considered’, 2 representing ’considering’, 
3 representing ’currently considering’, 4 representing ’beginning implementation’ 
and 5 representing ’successful implementation’. Three-part questions on govern-
ment pressure, market pressure and competitive pressure were used to measure the 
construct "institutional pressure". All questions were in the form of a 5-point numer-
ical Likert scale ranging from 1 (strongly disagree) to 5 (strongly agree) [5, 19]. The 
hypotheses were analysed using the PLS-SEM method. The decision to accept or 
reject the hypothesis was made and supported by the researcher based on the t-value. 

4 Results 

Convergent validity means that a measurement should be positively correlated with 
alternative measurements of the same construct. The average variance extracted 
(AVE) and the outer loadings of the indicators were determined to establish the 
convergent validity of the model [27]. The average variance extracted (AVE) is 
a leading measure of convergent validity. It measures the unidimensionality of 
a construct to avoid systematic measurement error [28]. Table 1 shows that all 
constructs yield a AVE of more than 0.5 and can thus be considered acceptable 
[28]. 

A look at Table 2 shows that the moderate and strong relationships with GSCM 
practises are the command and control instrument CCI (0.434) and competitive pres-
sure CP (0.328). And, the economic incentives instrument, EII (− 0.163) and market 
pressure, MP (− 0.131) respectively. 

To run the PLS-SEM algorithm in SmartPLS, a few parameters need to be set. 
Figure 2 shows the results after the estimation is complete. The impacts on green 
supply chain management practises are command and control instrument (CCI) 
(0.431), economic incentive instrument (EII) (− 0.194), market pressure (MP) (− 
0.134) and competitive pressure (0.327). Path coefficients above 0.2 are significant 
according to the rule of thumb and path coefficients below 0.1 are usually not signif-
icant (Hair et al. 2014). The finding that the economic incentive instrument and 
market pressure provide a direct path to green supply chain management practises
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Table 1 Convergent validity 

Construct Item Outer loading CR AVE 

CCI CC127 0.952 0.951 0.907 

CCI26 0.953 

CP CP35 0.908 0.936 0.829 

CP36 0.904 

CP37 0.92 

EII EII28 0.904 0.922 0.798 

EII29 0.868 

EII30 0.908 

GSCM GS12 0.834 0.953 0.594 

GS13 0.835 

GS14 0.816 

GS15 0.795 

GS16 0.768 

GS17 0.812 

GS18 0.838 

GS19 0.796 

GS20 0.814 

GS21 0.616 

GS22 0.786 

GS23 0.689 

GS24 0.677 

GS25 0.664 

MP MP31 0.759 0.913 0.724 

MP32 0.879 

MP33 0.881 

MP34 0.879 

Note CCI Command and control instrument; EII Economic incentive instrument; CP Competitive 
pressure; GSCM Green supply chain management; MP Market Pressure 

that is below 0.1 was of concern, so further analysis such as a multi-group analysis 
was planned at a later stage to understand the real-life phenomena compared to the 
theory. 

Bootstrapping is used to identify the supported relationships of the structural 
model. To support the decision, the T-value must be greater than 1.6457. Table 2 
shows that two factors support the decision and the relationship with GSCM practises, 
namely the command and control instrument and competitive pressure. On the other 
hand, the economic incentive instrument and market pressure do not support the 
relationships.
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Table 2 Summary of hypotheses testing of initial PLS path model 

Hypotheses Relationship Std.Beta Standard 
error 

t-value Confidence 
interval 

Decision 

5.00% 95.00% 

H1a CCI— > GSCM 0.434 0.119 3.625 0.226 0.614 Supported 

H1b EII— > GSCM − 0.163 0.121 1.596 − 0.443 − 0.051 Not 
supported 

H2 MP— > GSCM − 0.131 0.127 1.051 − 0.366 0.057 Not 
supported 

H3 CP— > GSCM 0.328 0.133 2.459 0.11 0.55 Support 

Note * p < 0.05  

Fig. 2 Hypothesized PLS path model 

5 Discussion 

The first research objective was to determine the relationship between government 
pressure and GSCM practices in the manufacturing industry in Malaysia. As shown 
in Table 2, H1a (command and control instrument) supports the hypothesis that there



634 M. F. Yusuf et al.

is a positive relationship with GSCM practices. This is in line with the findings of Ye 
et al. [19] who found that command and control instrument is an effective driver of 
GSCM practices. Esfahbodi et al. [29] found that under institutional pressure, coer-
cion related to compliance due to the influence of those in power is the most important 
driver of manufacturing firms’ environmental initiatives. However, hypothesis H1b 
(economic incentive instrument) showed that the hypothesis was not supported. The 
results are consistent with Li [5] who observed that the economic incentive instrument 
is not well established in China and remains weak, so it does not provide sufficient 
incentives for manufacturers to adopt GSCM practices. Abdullah et al. [6] also noted 
that although the government in Malaysia supports manufacturers through loans, 
subsidies and grants to encourage firms to adopt environmentally friendly practices, 
the control and pressure of regulations and incentives are rather inconsistent. This is 
demotivating for manufacturers. 

The second research objective was to determine the relationship between market 
pressure and GSCM practices in the Malaysian manufacturing industry. As shown 
in Table 2, hypothesis H2 (market pressure) indicating that there is an insignificant 
relationship with GSCM practices. The results are also consistent with Vanalle et al. 
[13], who found no positive relationship between normative pressure (market pres-
sure) and GSCM. Yusuf et al. [24] found that the purchase of an eco-friendly product 
in Malaysia is not primarily because of the environmental benefits, but consumers 
purchase the product because it fulfils the desired functions and requirements. 

The third research objective was to determine the competitive pressure from 
GSCM practices in the manufacturing industry in Malaysia. As shown in Table 2, 
hypothesis H3 (competitive pressure) is supported and shows a positive relationship 
with GSCM practices. The results are consistent with Hsu et al. [30] who found that 
competitive pressure also has a positive influence on green product practices. Several 
other studies have also found that competitive pressure has a direct impact on the 
adoption of green product practices [5, 11]. Companies’ improvements in the inter-
national market are indirectly reflected in the domestic market, as green products 
are also marketed in Malaysia. This puts pressure on upstream suppliers and their 
domestic competitors to improve their environmental practices as well [19]. 

6 Conclusion 

The purpose of this study is to determine the relationship between institutional pres-
sure and GSCM practices in the manufacturing industry in Malaysia. The study 
found that only two factors positively influence the practices, namely command 
and control pressure as coercive pressure and competitive pressure as mimetic pres-
sure. Malaysian manufacturers seem to adopt green practices when there are strict 
environmental regulations to avoid being penalized by the government. They will 
also adopt green practices for competitive reasons to gain a competitive advantage. 
However, the economic incentives instrument in the form of coercive measures has 
little influence on the decision to adopt GSCM practices. This could be due to the
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fact that government regulation and support is rather inconsistent. The same is true 
for market pressure as normative pressure coming from consumers. Low consumer 
environmental awareness means that manufacturers do not need to set higher stan-
dards for environmentally friendly products. In general, this result will help policy 
makers to enact strict regulations, researchers to conduct further studies on the causes 
and drivers of GSCM, and manufacturers in Malaysia to incorporate green features 
in their traditional products. This will also have an impact on raising awareness of 
green products among consumers in Malaysia. 
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The Crashworthiness Performance 
of the Energy-Absorbing Composite 
Structure—A Review 

Irshad Ahamad Khilji , Siti Nadiah Mohd Saffe , 
Chaitanya Reddy Chilakamarry , and Siti Aishah Rusdan 

Abstract The improved energy absorption capacity of composite materials will 
upgrade people’s safety in accidents. Several parameters affect energy absorption 
such as fibre type, matrix type, fibre architecture, specimen geometry, processing 
conditions, fibre volume fraction, and test speed. These parameters influence the 
composite material-specific energy absorption. The distinct characteristic properties 
of composites play an essential role in a variety of industries. Automotive applications 
have attracted worldwide attention due to their rapid use and are expected to increase. 
This review focuses on understanding the effect of a particular parameter on the 
energy absorption capability of composites, an analysis of the energy absorption 
properties of polymer composites. The data from the various researchers are collected 
and categorised in the field of energy absorption of composites. Many testing methods 
and refraction types for composites are described. 

Keywords Crash assessment · Composite material · Energy absorption ·
Polymer · Testing 

1 Introduction 

The energy absorbed by metallic materials during an impact or crash of moving 
vehicles is converted into plastic deformation energy. However, composite structures 
also absorb energy to convert impact or kinetic energy into deformation-absorbed 
energy [1]. The energy absorption capacity (EAC) of composite structures is higher 
than metallic equivalents. Recently, composite materials gained popularity due to 
their ability to absorb energy from crushing objects. The daily usage of composite
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materials intended for crushing objects by energy absorption attracted human. Promi-
nent investigators specialising in crash resistance have carried out of highly unique 
research undertakings. The word crashworthiness means the ability to secure stuff 
from accidents or damage or death of passengers, cargo, or valuables. The factor that 
impacts the adequate energy absorbed is determined by the material used to produce 
energy absorption equipment. Energy-absorbing metallic structures (EAMS) have 
increased in popularity for more than twenty years [2]. 

Further, researchers have increasingly embraced the utility of energy-absorbing 
composite structures (EACS) in crashworthiness applications [3]. The desire to apply 
EACS to aviation, automobiles, vessels, wind turbines and space exploration arises 
from their significant benefits over metals and alloys. One of the benefits of EACS 
over EAMS is its lightweight that results in low consumption of fuel, and making it 
environmentally friendly. Additional benefits include improved mechanical qualities 
like greater strength, greater specific rigidity, promising vibration regulators, lesser 
density, and lower noise potential [4]. 

The significant key role is to provide safety and protection during crash incidents. 
Thus, choosing the right combination of composite material and the best manufac-
turing process must be confirmed. A variety of composite materials are used with 
various syntheses approaches to construct and design composite energy absorbers. 
The ultimate strength and crash resilience performance of EACS life cycles depend on 
the material composition, process of production, and sustainability maintenance. As 
a result of the crash, composite crushed tubes or structures break through a complex 
microstructural mechanism. Their performance is determined through many param-
eters that include specific energy absorption (SEA), the ability for energy absorp-
tion (EA), crush strength efficiency (CSE), mean crushing force (MCF), and loss 
of sound transmission (STL) [5–7]. Additional performing indices comprise initial 
peak force (Fi), peak/critical crushing force (Fp), initial failure indicator (IFI), and 
energy absorption efficiency (EAE) [8]. Figure 1 depicts the formula with absorp-
tion indicators of major crashworthiness. Various research on composite structure 
claimed that SEA and EA parameters are most important for industry 4.0. 

The energy absorber exhibits an improved SEA, CFE, and EA and reduces the 
initial peak force through crushing or impacts. Increased early peak load and force 
lead to a decreased crashworthiness efficiency of the crushed tube. Once exposed 
to quasi-static or lower velocity the dynamic stress conditions, composite tubes, 
sections, and lattices were examined. Almost many surveys found failure mechanisms 
following crushing impact circumstances [9]. In technology, many investigators have 
focused on fracture processes while analysing the crashworthiness of the composite 
structure. Fibre breaking, delamination, cracking matrix, and debonding matrix are 
responsible for fracture processes. Figure 2a, b show a ply model schematic from 
different fracture mechanisms. Matrix cracking and fibre breakage are called an 
intralaminar breakdown mechanism caused by damage in the layer because of low 
resin and laminated structure tensile properties [10]. In this case, the stress-energy 
created on the surface during the fracture is more than the vital energy. Warrior et al. 
have thoroughly conveyed the influence of inter-luminary methods on the crushing 
implementation of EACS [11]. Many researchers reported the crushing failure due
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Fig. 1 Formulas for EACS 

to lamina bending, brittle fracturing, splaying, and transverse disintegration [12]. 
Another purpose of this assessment is to investigate the various composite materials 
that researchers have utilised to create energy absorbers. These can be obtained in 
either a natural or artificial manner. Polymer composites can be formed using different 
fabrication procedures to make varied energy absorption composite structures due 
to fibre reinforcements and matrix resins [13]. 

Composites are materials created by combining existing materials that are made 
up of at least two materials. The first continuous component, the matrix, acts as a 
binder, while the secondary discontinuous component (particle, fibre, or layer distri-
bution) is enforced [14]. Because of their excellent mechanical properties, they are 
used in a variety of industries. However, high prices and labour-intensive production 
primarily hamper composites. The automotive industry was the first to use composites 
in motorsport. Composite materials are now used in mass-produced cars as well as 
sports and luxury vehicles. Car manufacturers are working to reduce vehicle weight 
and emissions by improving vehicle safety and durability for long life. The composite 
materials manufacturers noticed the use of composites to develop an appropriate tech-
nology that will make composite parts easier, cheaper, and faster [15]. Composite 
structures are the most advanced in the automotive industry, and their use in the 
production of automotive components has a promising future. Automobile manufac-
turers make an attempt to lower the vehicles weight by enhancing their durability and 
safety. The number of cars driven and the amount of pollution emitted are consis-
tently regulated [16]. Composite materials provide various advantages with a wide 
range of qualities that satisfy the needs of today’s automobiles.
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Fig. 2 a Ply model schematic different fracture mechanisms. b Schematic of fibre fracture 
mechanisms 

Composites are primarily used in automobile manufacturing alternative to steel 
and other metal materials, to decrease weight, enhance strength and durability. The 
adoption of contemporary composite materials triggered a revolution in automobile 
technology worldwide at the beginning of the 1990s. In 1984, McLaren made carbon 
fibre from the monocoque of F1 vehicle [17]. The use of composites is currently 
more or less standard, particularly in sports vehicles. There are many advantages of 
composite material over conventional material, as shown in Fig. 3.
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Fig. 3 Advantages of composite material 

Using composite material, manufacturers can reduce vehicle weight by more 
than 30% by carbon fibre or other composite material [18]. Reducing vehicle weight 
lowers fuel consumption as fuel is an emerging issue for automobile engineers and 
vehicle manufacturers. The most substantial reason for using composite material is 
its high impact strength, making it more safe and secure against accident impact 
and saving human life [19]. However, we still need to improve the strength of 
this material. The fundamental reason for using composite material is shown and 
described in Fig. 4. Composite material is reusable, like steel and plastic. However, 
the composite material require unique manufacturing process and a high-skilled engi-
neer for developing new material with high cost and time. This review focuses on 
types of composite material, energy absorption characteristics. 

2 Material for Energy Absorber 

Energy absorbers constructed using composite materials exhibit mechanical quali-
ties that are not found in their metallic equivalents. These features include increased 
strength, decreased weight, increased specific stiffness, increased vibration and noise
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Fig. 4 Composite material strength 

control capability. Composite materials are employed to construct the structures 
thatcombine fibre reinforcement with a polymer matrix. Fibre/matrix composites 
combined with suitable amounts of hardener/curing materials for faster curing and 
strengthening of polymer materials depending on developing processes [20]. The 
two types of polymer matrices are thermosetting and thermoplastic, while fibre rein-
forcement can be natural or synthetic origin [21]. Sandwich and nanostructure as 
advanced materials used in the automobiles sector. However, hybrid structures used 
for the front bumper and windshield. Synthetic compound structures like carbon 
GRP and glass GRP are used for high speed and armed class vehicles. 

3 Polymeric Matrices and Foams 

Usually, thermoplastics or thermosets are used as polymeric matrices in crashwor-
thiness applications. All thermoplastics have a rigid molecular structure that reform 
on heating. Polyamide [22], polypropylene, polystyrene [23], polyvinyl chloride, 
polyether ether ketone are thermoplastics. Whereas, thermosets have a low molec-
ular weight and are incapable of reforming. The standard type of thermosets is epoxy 
resin, vinyl ester resins [24]. 

3.1 Synthetics Composite 

EACS has been formed by combining a variety of synthetic materials with their 
polymers. Carbon, glass, and aramid fibres are synthetic fibres used in EACS are 
listed in Fig. 5, the caron/graphite and glass two fibre types are often used due
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Fig. 5 a Physical property of energy-absorbing composite and natural fibre. b Mechanical property 
of energy-absorbing composite and natural fibre

to greater mechanical strength than the Kevlar fibre. Many aspects of the energy 
absorption capability of reinforced polymer of glass fibre and carbon were reported by 
Ochelski and Gotowicki [25]. They observed 20% greater specific energy absorption 
for the epoxy composite of carbon than glass. To enhance the mechanical strength of 
synthetic fibres, graphene nanoparticles blended with EACS structure as shown in 
Fig. 5a, b (Graph). Glass fibre has the most robust physical property than natural and 
synthetic composite. The combination of synthetic composites with nanoparticles
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functions as good reinforcing elements to improve the energy absorbers of crushing 
characteristics. The model for the crash box’s mechanical behaviour was developed 
by Elmarakba et al. [26]. The composite comprised of three materials like glass 
fibres, with graphene nanoparticles (round shape) placed in a polymer matrix. The 
mass of more than 1673 Pond is used for crushing the box to calculate values by finite 
element and mean field homogenization (MFH). The finding determines graphene 
composite has better compactibility then glass fibre reinforces composite in terms of 
SEA value.

3.2 Carbon Fibre Based Reinforced Polymer (CFRP) 

Many researchers worked on the crash resilience of CFRP nano-composite structures. 
Zhu et al. recently developed single-cell with multi-cell CFRP forms to evaluate 
the overall absorbance of energy throughout the distinct dual configurations and 
concluded that the multi-cell structure generated a greater EAC than the single-cell 
design [27]. The CFRP presented by Xin et al. shows the effect of the cut angle on the 
crushed tubes of SEA. The investigator also examined the energy absorbing of the 
crushed structure enhanced by adjustment of the cuts [28]. For instance, Boria et al. 
examined the CFRP wall thickness, conical structures angle, and internal diameter 
of minor conical structure as a significant EA parameter. Based on the results, the 
inclination angle greatly influences the failure of a structural model [29]. 

Though, the EAC was improved by increasing the CFRP laminate thickness and 
the average diameter and by lowering the wall thickness. Energy absorbers created by 
combining graphite, a carbon fibre, with matrix resin. EAC of circular graphite/epoxy 
tubes impact was examined experimentally by Siromani et al. [30]. According to their 
findings, the effect of the trigger mechanism results in a substantial drop in peak load 
and simultaneous increase in SEA. 

3.3 Glass Fibre Reinforced Polymer (GFRP) 

Glass Fibre Reinforced Polymer has received considerable attention, similar to 
carbon fibre reinforced nano-composite tubes the glass fibres with their matrices 
is used as energy absorbers. Glass Fibre Reinforced Polymer is available in various 
forms A-GFRP, C-GFRP, D-GFRP, E-GFRP, and S-GFRP. The E-GFRP and S-GFRP 
are primar energy absorption forms. The amount of fibre and staking series affect 
the implementation of the composite. Solaimurugan et al. investigated the effect of 
fibre orientation and stacking sequence with GFRP tube shown SEA enhancement 
upon axial impact by the increasing axial fibre content [31].
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3.4 Composite Sandwich Structures 

Sandwich structure form is designed by composite energy absorbers. The inspiration 
for this design style is to create a lightweight and strong structure. Use of such design 
in automobiles and other commercial vehicles reduce vehicle weight by improving 
fuel efficiency. Sandwich composite structures are constructed from two adjacent 
lightweight plates of any size that joined by a core. To further enhance the energy 
absorption sandwich device’s crushing ability, the core is also structurally aided 
by polymer or metallic foams. For instance, Sun et al. used closed-cell Al foam 
substrate and different panels to support metallic foams to examine their dynamic 
impact resistance [32]. In collaboration with other scientists, a few researchers have 
previously investigated the absorption and impact architecture of aluminium-based 
graded core sandwich structures for low-speed impact; their findings indicate the 
deformation and failure characteristics of the impact panel are significantly affected 
by the density gradients of the graded foam core. Metallic foams were recently 
structured as honeycombs for providing better safety in addition to superior structural 
strength [33]. 

4 Functionally Graded Crash-Resistant Composites 

Functionally graded crash-resistant composites emerge with great potential to 
provide more excellent, effective energy absorption patterns. Crushing tubes are also 
manufactured via integrating various composites’ features in one energy-absorbing 
graded component. The graduated design has lightweight qualities, strong bonding, 
and reduced stress due to smooth interface changes [34]. The progressive change in 
the Unit Cell increases the connecting force, guarantees that the mechanism of failure 
is progressive during a crash and improves the energy absorber’s crash resistance. 
Therefore, functionally graded crash-resistant composites are an excellent technique 
to reduce fracture in composite constructions [35]. It is also highly efficient for 
isolating noise and vibration and can be an alternative material for the equipment’s 
casing to reduce vibration and noise in the crash. But the use of graded materials for 
energy absorbents is not studied well. One of the probable reasons for this may be 
the task to form a single material type by combining a composite material with two 
or more incompatible features. Therefore, most research has recommended metallic 
materials with functionally graded thickness (FGT) and functionally graded foams 
(FGF). FGT metal alloys are a unique type of composite materials produced by infil-
tration of molten metals, resulting in graded preforms of varied shapes. FGT metal 
alloys are categorized as a unique composite material produced when molten metals 
are melted infiltration to generate preforms of varied forms [36].
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5 Solutions to the Problems, for the Sustainable 
Development of Energy Absorber Crash Assessment 

This review has demonstrated that EACS performs better in a crash than metallic 
counterpart if crushed under axial or oblique stress conditions. However, several prob-
lems in the synthetic structure and its manufacturing methods remain challenging. 
Practical solutions to some of these difficulties have been provided with probable 
progress in manufacturing highly efficient energy absorbers. EACS damage evalua-
tions are also revealed with potential composite fixes. Figure 6 pie chart demonstrates 
the future need for crash assessment regarding the material used for future-ready vehi-
cles, advanced manufacturing process with better adhesive material that last longer, 
and low cost for repair and sustainability. 

5.1 Material Comparison 

The comparison of different metallic and composite materials is shown in Fig. 7. 
Among the various materials, IM carbon is excellent for composite material in 
specific strength, tensile strength, and elasticity, followed by HM carbon and 
fiberglass. 

Weight reduction and vehicle usage decrease 

Automobile makers are employing new, ultra-light polymers to reduce carbon 
dioxide emissions. The composite material is the main advantage of making vehi-
cles lightweight and more secure against accidental impact and fuel efficiency. Still,

Fig. 6 Crashworthiness assessment for industry 4.0 ready vehicles
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Fig. 7 Comparative chart for different metal and composite material 

the only obstacle to use such materials is their high price and complex production 
process. Figure 8 show the comparison of carbon composite with other essential 
material used for vehicle body manufacturing. The lower vehicle weight by 30%, 
resulted in fuel efficiency of 7% and is helpful for reducing CO2 to build eco-friendly 
and EURO 7 standard vehicles [37]. Also, a comparison with an engine that provides 
higher efficiency than a diesel engine.

The tensile strengths are the material structure’s capacity to absorb energy via a 
controllable approach. The requirements for the durability of automobiles are:

• Reconfigurable vehicle end part that protects the integrity of the rear passenger 
area and protects the gas tank [38].

Fig. 8 Fuel efficiency comparison with composite material and primary material
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• The side framework and doors of vehicle were design in ergonomics standerds 
[39].

• Rooftop structure should protects passenger when vehicle turnover [40].
• Proper utilisation of available space using the latest ergonomics [41].

5.2 Manufacturing Technique 

In producing energy-absorbing materials, the hybrid components are generally inade-
quately connected, resulting in increased structure weight and less energy absorption 
during impact. A good adhesion material can provide an actual answer to increasing 
hybrid structure’s stability. More studies focused on the testing and production of 
materials can increase hybrid structure adhesion quality [42]. 

5.3 Assessment of Damage 

Residual pre-impact crashworthiness could arise through production, maintenance, 
and handling of the energy absorber. These numerous tiny impacts may result in 
the formation of early cracks. The energy absorber suffers from metal fatigue and 
pre-damage, lowering its entire crashworthiness [43]. 

5.4 Composite Material Repairing 

The most challenging issue of composite repair is composite constructions includes 
detecting fractures, riveting, and bolting. Because they enhance tensile stress and 
increase structure weight, other repair techniques like scarfing and injection repair 
techniques need depth research, or apart from repair, composite structures need to 
develop to replace a particular part. It is a common practice called scarf patches; it 
provides the best stress transfer and effectiveness. 

6 Conclusion 

This review summarises investigations on the crash behaviour of EACS. The 
increasing amount of fatalities, injuries, and damage to precious objects in the 
previous decades during the disaster crash has raised academics’ interest in finding 
more effective means of detaining the situation. Structures or gadgets built of 
composite materials absorb energy exhibit more integrity and crash resilience 
than metallic equivalents. They are unmatched to other materials because of their
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low weight, environmental friendliness, low densities, more incredible strengths, 
higher specific rigidity, and excellent possibilities for noise reduction. However, this 
research has demonstrated that choosing composite materials and manufacturing 
processes may significantly impact their more effective energy absorption capacity. 
Finally, there have been several ideas and plans for future progress. 
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Evaluation of Cooling Channels Design 
for Plastic Injection Mold 

Muhammad Harris Hisham and Alias Mohd Saman 

Abstract Injection molding is the most common type of plastic production process. 
As the time goes, the production needs to develop and explore advance techniques 
to keep up to with the demand from the market for a faster and greater product. The 
quality and time of production for plastic injection molding can be improved by better 
cooling channel design. Faster cooling of the molding part means a shorter process 
cycle time. This study aims to evaluate the different cooling channel design for the 
mold. A case study of automotive cup holder was used in this study. Cooling channels 
were designed and verified by the used of Moldflow Insight simulation to achieve 
the best injection molding performance and effective design. Three cooling channels 
were proposed and analyzed the molding performance in term of time for ejection 
temperature, average part temperature, volumetric shrinkage, and deformation. The 
results shown that conformal cooling channel design give the best result compares to 
others. This type of cooling channel provides faster cooling, lowest part temperature 
as well as product quality. 

Keywords Plastic injection molding · Cooling channels ·Moldflow insight 

1 Introduction 

Injection molding is a significant process in the plastic industry. The process 
consumes around 32% of the world’s plastic [1]. The capability of injection molding 
to produce a complicated shape when compared to other processes is one of the 
reasons for its appeal. Injection molding process begins with a grain of plastic being 
fed into the barrel through a hopper, heated, then compressed and injects into the 
cavity of the mold [2]. The plastic material must be heated to liquid condition before 
being injected into the mold and then cooled to return to solid state. The process
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might also have an impact on the product’s quality. A well-designed cooling channel 
can reduce cooling time while maintaining consistent temperature distribution. 

Injection molding has several cycle phases including mold close, injection stroke, 
holding period, cooling period, mold opening and lastly ejection period [3]. Cooling 
is the important step; it took about 50–80% of the cycle time [4]. The cycle time can be 
controlled by cooling process, therefore determine the cost-effective of an injection 
molding process. An efficient cooling channel design can reduce the cooling time 
and provide a uniform temperature distribution, thus improve the quality of the final 
product. A cooling channel usually done by drilling a straight hole inside the core 
and cavity, called conventional cooling channel. The conventional cooling channel 
however does not able to give a uniform thermal cooling compared to the conformal 
cooling channel because its capability to conforms to the shape of the cavity in the 
mold. 

Studies were done on the cycle time reduction in injection molding process 
by providing varies cooling channel design shows different in results of time to 
reach ejection temperature, freezing time, shrinkage, and temperature variance [2– 
6]. Another study shows the used of 3D printing to improve cooling efficiency of a 
conformal cooling channel [7]. The channel’s cross section was adjusted to ensure 
that the temperature difference is kept to the lowest. 

The use of analytical formulas and programming in injection molding was also 
introduced. Researchers used Boundary Element Method (BEM) and sequential 
Quadratic Programming to optimize the cooling channel [8]. The correlation between 
cooling channel’s location, solidification, and temperature distribution was also 
performed [9]. Variable mold cavity thicknesses and cooling channels were simulated 
with a finite volume model and confirmed with a numerical computation. Various 
cooling channel designs were made to optimize the cooling effect and minimize the 
cooling defects in injection molding process by using Taguchi method [10]. Finite 
element analysis is used to analyses thermal stresses in the mold surface geometry 
generated around the mold. 

Plastic injection parts produce to meet the quality set by the customers. Product 
quality can be defined into dimensional properties, surface properties and mechanical 
properties [11]. These can be achieved by controlling the parameters during plastic 
molten injection and solidification such as injection pressure and speed, mold and 
processing temperature and cooling time. The experiment has been conducted to 
investigate the interaction between process parameters to minimize the shrinkage 
and warpage defects of thin-wall section [12]. 

Previous case study utilizes the inputs from flow analysis for designing a plastic 
Injection Molded Component [13]. Other researchers use multiple design parameters 
of cooling channel such as cross section shape and diameter, pitch diameter together 
with design of experiment to identify best combination of parameters give the best 
performance [14]. 

This study emphases on the optimization of the cooling channels for plastic injec-
tion molding using Moldflow simulation. The effect of cooling channel on product 
quality and process can be significant. The cooling channel is normally design by 
the mold maker based on practical knowledge and expertise. The project’s goal is
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to improve the cooling channels of the mold. A good cooling channel design helps 
ensure product quality and prevent defects like shrinkage, mold release problem, and 
internal tension. A case study is made to see the design performance of the cooling 
channel based on the parameters of the process. Several parameters are chosen for 
the process and the results from the cooling analysis are then compared between 
them. 

2 Methodology 

2.1 Product Specification 

The case study used was a cup holder in a car that can be seen in Fig. 1. This part is 
used to hold the canned drinks for the car passengers. Cooling control is important in 
order to improve the product cycle time as well as to eliminate the defect occurrences. 
3D model was developed by using CATIA software then convert to the STL format 
file which compatible with Moldflow software. Overall dimension of the cup holder 
is 170 mm × 100 mm × 70 mm with overall thickness of 2.5 mm. Figure 2 shows the 
3D model of the part. Table 1 shows the specifications of the product material which 
is Acrylonitrile butadiene styrene (ABS). ABS possess good characteristics such as 
high rigidity, strong strain resistance and good impact resistance which suitable for 
its function. Table 1 shows thermal and mechanical properties of ABS. 

Fig. 1 Actual cup holder 
product
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Fig. 2 3D model of cup 
holder 

Table 1 Thermal and 
mechanical properties 

Number Property Value 

1 Density (g/cm3) 1.1 

2 Melt temperature (°C) 260 

3 Thermal conductivity (10–4 cal/s cm °C) 4.1 

4 Heat capacity (cal/g °C) 1.86 

2.2 Cooling Channels Design 

Cooling channels system is the main focus of this study. Cooling channels functions 
to absorb the heat from the mold cavity effectively. They must be able to keep the 
temperature and heat transfer rate uniform across the mold cavity. In this study, 
three cooling system designs were proposed which are straight drill cooling channel 
(DCC), conventional series cooling channel (SCC) and conformal cooling channel 
(CCC). 

As shown in Fig. 3, 3 cooling channel designs were proposed. The elements 
proposed included cooling tubes (dark blue), gating system (green) and 2 product 
cavities (light blue). DCC consist of 4 cooling tubes at the top and 4 at the bottom of 
the part cavity. SCC has similar design as the DCC but come with 2 inlet and 2 outlet 
which connected to flow all over the part. The CCC conforms to the shape of the 
product, with some area of the cooling tube entering the internal shape of the product 
as shown in Fig. 3c. The diameter for all the cooling channels was keep constant at 
8 mm, with circular shape in cross-section. Distance between of the channels and 
to the cavity wall was fixed at 50 and 25 mm. However, the channels at the bottom 
side (core-side) for the DCC and SCC were straight and not maintained the channel-
cavity wall distance. The best flow for all the cooling channels is turbulent flow and 
Reynold number above 10,000 [5]. Because of its strong cooling effect, water was 
chosen as the cooling medium. Inlet water temperature was set at 25 °C. Unlike oil, 
water is inexpensive and ecologically beneficial.
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(b) Conventional Series Cooling 
Channel (SCC) 

(c) Conformal Cooling Channel (CCC) 

(a) Straight Drill Cooling 
Channel (DCC) 

Fig. 3 Cooling channel designs with gating system and product cavities 

2.3 Moldflow Analysis 

Step for cooling channels analysis or cool FEM + fill + pack + warp analysis starts 
with the creation of the mold component, which produced around the product. The 
size of the mold is adjusted such the cooling system and gating system is inside the 
mold. A small part of the inlet, outlet and runner system being allowed to be outside 
of the mold. This can be seen in Fig. 4. 

Before running the analysis, 3D mold mesh is created to represents the mold 
by filling the volume of the mold with four-node, tetrahedral elements. The element 
only covers the mold area, not including the cooling channels and gating system. The 
total number of elements for each design are 3,184,613, 3,005,454 and 2,877,454 
for DCC, SCC and CCC respectively.
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Small part of the 
sprue inlet outside of 
the mold 

Fig. 4 Mould area around the part 

3 Results and Discussion 

In this section, simulation results in terms of time to reach ejection temperature 
(time required to reach the ejection temperature, which is measured from the start 
of fill), volumetric shrinkage at ejection, and the average temperature of the part are 
discussed. 

3.1 Time to Reach Ejection Temperature 

Time to reach ejection temperature is important because it display the time required 
before reach the ejection temperature. This is recorded from the start of the cycle. 
Molded plastic part is considered ready to be removed from its mold once it is near 
or below the heat deflection temperature (HDT). At this time, part deformation will 
be resulted within the acceptable limits. 

Figure 5 shows the comparison of time to reach ejection temperature for different 
cooling channel. The time to reach ejection temperature for DCC and SCC cooling 
channels recorded similar results of 30 s. While CCC cooling channel needs about 
19.9 s to reach the ejection temperature. Design of DCC and SCC is almost identical, 
therefore similar result is understandable. The CCC was designed that the channel is 
conformed to the cavity walls at both cavity and core sides. Therefore, highly effective 
cooling was achieved, and earlier ejection temperature was reached. In overall, CCC 
provided the fastest time to reach ejection temperature for the part, where 37% of 
time reduction compared to the other 2 cooling channels. This is preferable because it 
will reduce the overall process cycle time and subsequently increase the productivity.
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(a) DCC (b) SCC 

(c) CCC 

Fig. 5 Time to reach ejection temperature for different cooling channels 

3.2 Volumetric Shrinkage at Ejection 

The volumetric shrinkage at ejection is the compression of the polymer due to the 
change in temperature from melt temperature to reference temperature. This param-
eter gives information about the percentage reduction in the volume of the part at the 
time of ejection. The lower the percentage of the volumetric shrinkage the better the 
part accuracy. 

Figure 6 shows the volumetric shrinkage results for different cooling channels. 
The simulation result show that DCC resulted 6.88%, contrasted to SCC 6.86%, and 
CCC 6.62% of volumetric shrinkage. The conformal cooling channel has the lowest 
percentage of volumetric shrinkage between them all. With the reduction of 0.2%. 
Additionally, Fig. 6c shows that better tabulation of shrinkage percentage (uniform 
green color) compares to the other two. This indicates that the cooling effect was more 
effective for CCC, which provided identical cooling rate for overall part cavities. 

3.3 Average Temperature 

The average temperature for the part is the overall temperature profile across the 
part thickness. The average temperature for the part shows the effectiveness of the 
cooling channels in transferring the heat. The value is halfway between the target
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(b) SCC 

(c) CCC 

(a) DCC 

Fig. 6 Volumetric Shrinkage at ejection for different cooling channels 

mold temperature and the ejection temperature. The initial temperature of the part 
is 260 °C during the injection of the material. For the comparison, the temperatures 
were calculated at t = 30 s. 

Figure 7 shows the result of the temperature part average from Moldflow simula-
tion. While Fig. 8 shows a comparison of temperature part average of the different 
cooling channel configurations. The DCC part average temperature is 76.9 °C, SCC 
75.71 °C, and CCC is 52.34 °C. The lowest temperature part average is CCC with 
the overall temperature reduction almost 25 °C of temperature. The CCC prefer-
able because it provides the lowest average temperature, subsequently speed up part 
ejection process which reduce the overall cycle time. 

3.4 Deformation 

The total deformation of the part is affected by shrinkage, orientation, and cooling 
system. Figure 9 shows the most deflection on the part is red and the lowest deflection 
in blue color. The part mostly deforms on the edge side of the cup holder. The 
deformation is very similar between the parts for each cooling channels, because of 
similar cavity design. The color variation shows that CCC provided better proportion 
of deflection color which indicated uniform cooling rate was attained.



Evaluation of Cooling Channels Design for Plastic Injection Mold 659

(b) SCC 

(c) CCC 

(a) DCC 

Fig. 7 Temperature part average for different cooling channels 

Fig. 8 Comparison of 
temperature part average for 
different cooling channels 
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Figure 10 shows that the DCC and SCC parts has the utmost deformation compares 
to the CCC. In general, maximum deformation occur at DCC and SCC parts with 
a deformation of 0.722 mm the CCC part with 0.656 mm. Even though the value 
is small, but the occurrences show CCC has the most optimal cooling temperature 
distribution and gave lowest product deformation.
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(b) SCC 

(c) CCC 

(a) DCC 

Fig. 9 Deflection for different cooling channels 

Fig. 10 Comparison of 
deformation for different 
cooling channels 
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4 Conclusion 

This study evaluates the cooling channel for plastic injection mold by using Moldlfow 
simulation. Three variations of cooling channels design were created names as 
straight drill cooling channel (DCC), conventional series cooling channel (SCC) 
and conformal cooling channel (CCC) with the constant process parameters have 
been analyses. The result from the simulation analysis is then compare between 
each other. The analysis result shows that the conformal cooling channel has advan-
tage over other type of cooling channels, with smaller deformation, lowest average 
temperature of part, smallest volumetric shrinkage, and shortest time for part to reach 
ejection temperature.
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Uniform cooling system of molded part in the plastic injection mold is very 
important to be prepared by appropriate cooling system design. This is to ensure 
that the cooling cycle is optimized, and part defects can be eliminated. In this paper, 
the evaluation of different cooling channel has been done by using of computer 
simulation. This can be an advantage to the manufacturer in deciding the best cooling 
options for the mold. 
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