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Preface 

We are proud to present these updated research papers of the Lecture Note in Mechan-
ical Engineering which contain 53 scientific papers. The papers discuss the latest 
research and advanced development works in the field of computational mechanics, 
metallurgy and material sciences, biomechanics, mechantronics and robotics, manu-
facturing processing and system, industrial and system engineering, engineering 
design, as well as thermal and fluid engineering. This book provides informa-
tion about the research activities in various countries since the authors came from 
Indonesia, Malaysia, Japan, India, Thailand, and Taiwan. 

The editors would like to extend their gratitude to Prof. Dr. FTWI Y. Hagos; 
Dr. Hendra Hermawan; Dr. Terence Essomba; Ir. Jaka Kirwanto; and Dr. Ir. M. 
Dirhamsyah for sharing their knowledge and insights in the keynote address. A 
special thanks is awarded to the reviewers and editorial team for their effort in the 
review and editing of the manuscripts. The editors would also like to express their 
appreciation to the staff of Lecture Notes in Mechanical Engineering (LNME) for 
their full cooperation during the preparation of this collection of research papers. 

Aceh, Indonesia Irwansyah 
Chairman, Chief Editor
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The Posterior Tibial Slope Effect to Gap 
Difference on a Single Radius System 
for Total Knee Arthroplasty Based 
on the Computer-Aided Design Approach 

Darmanto Darmanto, Robin Novriansyah, Rifky Ismail, Jamari Jamari, 
Athanasius Priharyoto Bayuseno, and Paulus Wisnu Anggoro 

Abstract Total knee arthroplasty (TKA) is one of the most successful ways of 
treating pain and functional limitations due to osteoarthritis. Asians and Middle 
Easterners need a large range of flexi angles for religious, social, and cultural activi-
ties. Prayer activities and seiza required flexible angle from 150° to 165°. To support 
these activities, a TKA high flexion (high-flex) type is required. The application of 
high-flex TKA causes a difference between extension gap and flexion gap, called gap 
difference. Gap difference is strongly influenced by posterior tibial slope (PTS) and 
single radius system, and it causes TKA instability. This study aims to analyze the 
stability of AKJ with GD measurement on a single radius system with a computer-
aided design (CAD) approach to prayer, social, and cultural activities for Asians, 
especially in Indonesia. This study uses the CAD approach with stages that are 
implant scanning, surface processing, curve processing, components improvement, 
and gap difference measurement. This study has successfully tested the stability of 
the model against the difference between gap extension and gap flexion. TKA model
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with a maximum of PTS 6° can be recommended for the purposes of Asian activi-
ties, especially Indonesians in religious, social, and cultural activities. In the future, 
stability tests will be needed for the movement of anterior–posterior translation. 

Keywords Total knee arthroplasty · Posterior tibial slope · Gap difference ·
Single radius · Computer-aided design 

1 Introduction 

Currently, TKA is one of the most successful ways of dealing with pain and functional 
limitations due to osteoarthritis (OA) [1]. The range of postoperative TKA flexion 
angles is an important indicator in the success of knee joint replacement [2]. Younger 
patients need a wider range of movement than older patients. Asians and Middle 
Easterners need a greater range of flexion angles for religious, social, and cultural 
activities when compared to westerners [3]. 

Normal patient activity on the chair as western habits requires TKA standard 
type (flexion angle < 125°), while extreme activities such as Asian and Middle 
Eastern habits require TKA high-flex type (flexion angle > 125°) [4]. Prayer and seiza 
required flexion angle from 150° to 165° [5, 6]. The development of TKA high-flex 
was carried out by enlarging the posterior tibial slope (PTS) [7–10], thickening the 
posterior femoral condyle (PFC) [10–13], and applying the single radius system at 
[14–16]. 

The application of TKA high-flex type causes the difference between extension 
gap (EG) and flexion gap (FG), hereinafter referred to as gap difference (GD). Exten-
sion gap is the gap between the tibia and femur in the extension condition (flexion 
angle = 0°), while the flexion gap in the flexion angle condition is 90° [17–19]. This 
GD causes unstable knee joints. Ideally between extension gap and flexion gap, it 
is the same, so that in the case of anterior–posterior (AP) motion, the knee remains 
stable [20]. The GD threshold limit is 2 mm, below 2 mm is considered insignificant 
(stable), while above 2 mm is considered significant (unstable) [20]. According to 
previous research, GD is directly proportional to PTS [17, 21]. Likewise, GD is also 
directly proportional to the addition of FPC [20, 22, 23]. 

Currently, TKA has developed a multi-radius system (MR) and single radius (SR) 
on the femoral part. In the MR system, femoral condyle is formed from more than a 
radius, while the SR system is only formed from one radius. According to previous 
research, SR systems have the advantage of reducing GD [24]. In this study, GD 
will be analyzed based on a single radius system. MR and SR systems on femoral 
components as shown in Fig. 1.

CAD modeling has been widely used in the medical field, and anatomical informa-
tion in the body from computed tomography (CT) and magnetic resonance imaging 
(MRI) acquisition data can be analyzed and developed with the concept of reverse 
engineering (RE) [25–27]. Model reconstruction of CT and MRI data can be done 
using specialized medical software or general software such as SolidWorks inventor
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Fig. 1 Radius system on a condyle femoral component: a multi-radius, b single radius

and Autodesk fusion. The development of CAD-based AKJ models that have been 
widely done by researchers is to create a new design free of existing standard designs. 
The results of CAD modeling development can be simulated into the human body to 
know the success rate before manufacturing. CAD modeling has been used in bone 
tissue engineering, and manufacturing results using 3D printing with biomaterial 
material can be directly applied to the human body [26]. Other studies have applied 
CAD for the development of EG and FG to TKA, this application is referred to as 
CAD-gap, and if modification of CAD-gap is compared to actual, the results show a 
very small difference [28]. 

This study aims to analyze the stability of TKA with GD measurement on a single 
radius system with a CAD approach so that it is comfortable for prayer, social, and 
cultural activities for Asians, especially in Indonesia. 

2 Materials and Methods 

In this study using existing implants as the basis for development, the physical model 
used was a standard type of implant produced by DePuy-type CS-Revision. The 
femoral size on this physical model is Size 2 (S2), posterior anterior length (AP) 
56 mm (AP56), and lateral medial length (ML) 60 mm (ML60). In tibial insert, 
components use Size 2 (S2), AP length 43 mm (AP43), and ML length 64 mm 
(ML64). The AKJ components are complete as seen in Fig. 2.
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Fig. 2 Complete AKJ 
components 

3 Image Processing 

In this process, used Einscan Pro 2X Plus scanner brand: accuracy up to 0.04 mm, 
scan speed 1,500,000 point/s, point distance 0.2–3 mm, point depth 100 mm, work 
area 209 × 160 mm–312 × 240 mm, LED light source, and equipped with Solid 
Shining 3D Edition software. Before the scanning process, the physical model is 
coated with insulation whose color does not reflect light, and in certain parts, it is 
marked as a marker of the boundary of the pattern. The shooting process is done by 
rotating the physical model (fixed scan), while the scanner is fixed. Another way is 
by moving the desired side scanner (handheld rapid scan), while the physical model 
does not move. The scanning process is performed until the entire surface is detected, 
resulting in a complete cloud point. The next process is to close the marker and black 
side holes with the fill hole feature in the scanner software. Data scanning can be 
exported to Fusion 360 software with formats available like STL, OBJ, PLY, ASC, 
and P3.
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4 Model Reconstruction 

The scanning data has been exported, then modeled using the Autodesk Fusion 360 
application, and there are steps in this process as follows: 

Surface processing, this process aims to describe the same surface as the physical 
model. At this stage, the scanning image is made meshing to get the surface profile, 
too tight meshing causes the surface to be not smooth (many indentations), while it 
too rarely causes deviations to the original shape. Therefore, good meshing is not 
too tight and does not change the shape and details of the surface. 

Sketch processing, to get the shape and facilitate the drawing of sketches, the data 
from surface processing did convert to BRep. A solid is described as a collection of 
surface elements connected to each other, with interior and exterior point boundaries. 
This method of limiting solids is a representation of the BRep system. Point sketches/ 
curves can be seen by losing the visibility of the model, with certain modes of 
visibility of the model can be displayed again. The result of the next sprocket can 
be reconstructed in accordance with the desired design, so it is expected to create an 
ideal model. 

Improvement components, in this study the development of tibial inserts compo-
nents with TPS settings by changing the thickness of the AP section. These settings 
start at − 11°, − 8°, − 5°, 0°, + 3°, + 6°, + 9°, and + 12°, with increments of 
about 3° [29, 30]. Reconstruction of femoral components is done by changing the 
thickness of FPC from 8 to 12 mm. 

Measurement of GD, in this study GD measurement is carried out by calculating the 
difference between the EG and FG [19]. The EG is measured from the upper piece 
of tibia bone against the center of the condyle femoral radius system at the extension 
position with a flexion angle of 0° (d1). The FG is measured from the upper piece 
of the tibia bone against the center of the condyle femoral radius system at a flexion 
position with an angle of 90° (d2) [19]. GD measurement is shown in Fig. 3 and 
calculated by Eq. 1. 

GD = d1 − d2 (1)  

where d1 is extension gap and d2 is flexion gap  [19].
Overall, the reconstruction process of CAD-based AKJ models is seen in Fig. 4.

5 Results 

The results of the complete EG and FG measurements and GD calculations are shown 
in Table 1. From Table 1, it can be seen that EG tends to be stable to changes in PTS, 
while FG is inversely proportional to PTS. Visually, the relationship between PTS
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Fig. 3 Measurement of gap on TKA: a extension gap, b flexion gap

and GD is shown in Fig. 5. From Fig.  5, it can be seen that the larger the PTS, the 
greater the GD, and the maximum GD is 4 mm. According to the TKA standard 
criteria, the GD is 2 mm, so the results of the reconstruction of the model that meets 
the requirements are PTS − 11° to 6°.

6 Discussion 

Referring to the research on CAD-gap [28], it is expected that later this study gives 
results that are not very different from the original knee joint. The approaches to this 
study have been kept as close as possible to the real condition. 

The EG and FG measurements are easier to perform on SR systems because the 
contact radius in extension and flexion conditions is the same. While in the MR 
system, the radius of contact is different, so the reference center of the femoral 
condyle is determined by the intersection point between the extension line and the 
flexion, such as in Fig. 6.

The balance between EG and FG is an important indicator in the success of TKA, 
which causes stability in the knee joint. Instability in the TKA will reduce the range 
of motion (RoM), because the total knee arthroplasty does not function optimally 
[31, 32]. The GD threshold has been set at 2 mm [20]. GD is directly proportional 
to PTS (see Fig. 5), and this result is in accordance with previous studies [17, 21]. 
The posterior thickness of the tibial insert is affected by PTS; if the PTS is greater, 
the posterior tibial thickness decreases, so that the FG becomes smaller. If the FG is 
reduced, it will cause the GD to enlarge. In this study, the model that has stability 
requirements is the model with PTS from − 11° to 6°, see Table 1.
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Fig. 4 TKA reconstruction process of CAD based
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Table 1 Results of the complete EG and FG measurements and GD calculations 

PFC (mm) PTS (°) EG (mm) FG (mm) GD (mm) 

12 − 11 34.80 34.87 − 0.07 
12 − 8 36.16 36.06 0.10 

12 − 5 36.52 36.32 0.20 

12 0 35.62 34.82 1.00 

12 3 36.25 34.81 1.44 

12 6 36.32 34.05 2.27 

12 9 36.21 32.67 3.54 

12 12 36.44 32.44 4.00 

Fig. 5 Graph of the relationship between changes in PTS to GD

Fig. 6 Determining the 
reference point on the MR 
system
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Fig. 7 Illustration of TKA instability conditions: a extension condition with red dot round center, 
b shift with blue dot rotation center, c unstable condition (saggy ligament), and d unstable condition 
(too tight ligament) [19] 

The large GD (GD > 2.00 mm) causes the ligament to become saggy, while the 
GD < − 2.00 mm causes the ligament to become too tight, and this is what causes 
the instability of TKA, as an illustration can be seen in Fig. 7. 

7 Conclusion 

This study has successfully tested the stability of the model against the difference 
between gap extension and gap flexion. TKA model with a maximum of PTS 6° 
can be recommended for the purposes of Asian activities, especially Indonesians in 
religious, social, and cultural. The results of the study can be used as a reference 
by orthopedic doctors and biomedical engineers to perform knee joint replacement 
surgery in Indonesia. In the future, stability tests will be needed for the movement 
of anterior–posterior translation. 
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Failure Analysis of the Minibus 
Crankshaft Using Experimental Methods 

Husaini, Edi Saputra, and Nurdin Ali 

Abstract This study aims to analyze the causes of crankshaft failure. The methods 
implemented to examine the value of stress acting on the crankshaft include visual 
observation, SEM observation, chemical composition testing, and hardness testing. 
Furthermore, the visual observation of the fourth crankpin fracture surface showed the 
presence of beachmarks and rivermarks that become characterize fatigue fractures. 
The SEM observations showed that the crack originated around the fillet on the 
fourth crankpin. Furthermore, the chemical composition test showed that the type 
of material used on the shaft was Steel Alloy ASTM A29 standard Grade AISI 
4140. The hardness test showed that its value is not homogeneous at each test point 
with an average value of 99.67 HRB. This exceeds the standard hardness of the 
AISI 4140 material, which is 92 HRB, leading to the decrease in the toughness of the 
crankshaft material. The lower surface hardening in the crack initiation region triggers 
initial defects in the material, while there was friction with the bearing. Because the 
crankshaft experiences dynamic loads, over time crack propagation occurs from the 
initial crack to the final fracture. 

Keywords Crankshaft · Failure analysis · Stress intensity factor
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1 Introduction 

Crankshaft is the part of an engine that translates reciprocating linear piston into 
rotary motion [1, 2]. Furthermore, the amount of power output produced leads to 
a decrease in engines component life. The crankshaft continuously receives a high 
gas pressure in the cylinder. Therefore, the crankshafts are of materials that are 
strong with high durability [3]. For suitable mechanical properties, most crankshafts 
are made from medium carbon steel or alloy, with chrome and nickel metal using 
forging or casting techniques [4]. Mechanical failure can be defined as any change 
in size, structure, and part of an engine that makes it unable to perform its intended 
role satisfactorily [5, 6]. 

In diesel engine, the compression ratio is higher compared to gasoline engine 
to achieve maximum power. Therefore, its components tend to experience fatigue 
or decreased life span [7, 8]. Failures are usually caused by design errors, material 
defects, operating conditions, and faulty maintenance. The fracture originates from 
the initial crack which occurs on the surface of the material or in areas where stress 
is applied. These initial cracks gradually develop into micro-cracks, then propagate 
until final failure [9–11]. 

Farrahi et al. [12] analyzed the faults of several crankshafts of a four-cylinder 
diesel engine. The FEM results showed that the most critical part is the area of 
the last crankpin fillet closest to the flywheel. The crankshaft failure study carried 
out by Husaini et al. [13] showed the initial crack occurred in the fillet area of 
the first crankpin. Furthermore, the visual observation showed a beachmark on the 
fracture surface indicating the characteristic of fatigue fracture. Also, Pandey [14] 
investigated the crankshaft failure of a tractor diesel engine with a carbon content of 
0.45%. The result showed that the high stress acting in the crankpin-web fillet area 
was around 175 MPa which led to the fatigue and eventual failure of the crankshaft. 
The crack initiation continued to propagate as long as the engine was running and 
finally had a final rupture. Research related to the magnitude of the stress intensity 
factor that occurs around the crack tip using the finite element method which has also 
been studied previously. That the crack will propagate if the stress intensity factor 
exceeds the fracture toughness of the material [15]. 

Therefore, this study investigated the failure of a crankshaft that occurs in diesel 
engine passenger minibus car. This occurred in the fourth crankpin after the car 
had been operating for twenty months. The failed crankshaft was obtained from a 
mechanic shop in the Aceh Besar District, Aceh, Indonesia. The purpose of this study 
is to investigate the causes of crankshaft failure. 

2 Material and Methodology 

Material. The material used in this study is a failure crankshaft. Figure 1 shows a 
failure crankshaft.
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Fourth crankpin 

Counter weight 

Farcture 

Fig. 1 Crankshaft that failed due to fracture 

The failure originates with a crack as shown in Fig. 1 around the fillet area of the 
fourth crankpin. This propagates to the counterweight during operation and even-
tually failed. From some literature, it shows that the crankshaft material is made of 
alloy steel. 

Visual observation. The macro-visual observation is the first step in identifying the 
causes of material failure. This aims to determine where the possible location of the 
crack initiation or initial defect and other indications of the cause of failure based 
on the topographic pattern seen on the fracture surface. Generally, the shape of the 
fatigue fracture is indicated by the presence of a beachmark and a rivermark on the 
fracture surface. Furthermore, the fatigue fracture mechanism occurs in three main 
stages starting with the initial crack, propagation of the crack, and final fracture [16]. 

The observation of fracture samples using scanning electron microscope (SEM) 
was carried out to examine the fracture surface, location of the crack initiation, and 
the direction of the crack propagation [17]. Figure 2 shows the location of initial 
crack for sampling SEM observations (indicated by red circle). 

Fig. 2 Location of the initial 
crack

Initial 

crack 
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The SEM sample in Fig. 2 (indicated by red circle) is the part of the crankshaft 
which is the location of the crack initiation. These observations were carried out with 
magnification up to 500×. 

Chemical composition testing. The chemical composition testing was carried out to 
determine the content of the chemical elements contained in the crankshaft. Further-
more, the data of this test results will be compared with the standard chemical element 
data for the crankshaft material to reveal the mechanical properties of the mate-
rial used. The chemical composition test specimen is part of the fourth crankpin. 
Chemical composition testing is carried out with a PDA-700 spectrometer. 

Hardness testing. The hardness testing was carried out to determine the hardness 
value of crankshaft failure, whether it matches the specified standards or not. Further-
more, this testing used a Rockwell-type Zwick/Roell ZHR testing equipment as 
referred to the ASTM 18 standard with a compressive load of 100 Kgf. The type 
of indentor used was 1/16 inch. Figure 3 shows hardness testing point at crankshaft 
cross-section. 

The hardness test specimen in Fig. 3 is the fourth crankpin part where the crack 
initiation occurs in the crankshaft. Hardness testing was carried out at 34 points as 
in Fig. 3 where 17 points were in the x-axis and y-axis direction, respectively. The 
distance between 5 points on the edge was 1 mm, and the distance between the other 
points was 6.5 mm.

Fig. 3 Hardness testing 
point at crankshaft 
cross-section 
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3 Result and Discussion 

Visual observation. The visual observation of the crankshaft fracture surface indi-
cated a fatigue failure process. This is characterized by crack initiation, propagation, 
and final rupture. Figure 4 shows the fracture surface of the crankshaft. 

The results of visual observation in Fig. 4 showed that the crack originates 
from a defect in the fillet area that connects the fourth crankpin with the coun-
terweight. During the combustion process, the stress concentration in the fillet 
area increased, while the crankshaft obtained maximum pressure in the combus-
tion chamber. Furthermore, the initial of crack propagates during crankshaft oper-
ation. From the cracked surface, it can be observed that there is a beachmark that 
characterizes fatigue fractures. 

SEM observations. The location of the SEM observations was carried out in the 
initial defect area in the fourth crankpin section with 500× magnification. Figure 5 
shows the crack initiation and crack propagation observed using the SEM. 

Final Rupture 

Beachmark 

Initial crack 

Fig. 4 Fracture surface of the crankshaft 

Crack 
propagation 

Crack 
initiation 

Initial crack 

Fig. 5 Fracture surface observed by SEM near the initial crack tip



18 Husaini et al.

Figure 5 shows the results of the SEM observations in the crack initiation area 
referred to in Fig. 2, and the surface area of the crack shows the presence of crack 
initiation which originates from the initial defect around the fillet on the fourth 
crankpin and propagating to the counterweight. The crack initiation originates from 
fine scratches on the surface of the wearing crankpin. 

Chemical composition testing results. An examination of the chemical composi-
tion of the crankshaft shows that the material used was alloy steel. Based on the 
ASTM A29 standard, the material used was AISI 4140. Table 1 shows the results of 
examining the chemical composition of the crankshaft. Table 2 shows the mechanical 
properties of AISI 4140 Alloy Steel. 

Hardness testing results. The results of the crankshaft specimen hardness test at 
each point based on the hardness test specimen sketch referred to in Fig. 3 show 
varying values. Furthermore, the average hardness values of the x-axis outer layer at 
5 mm thickness were 102.16 HRB and 94.82 HRB. Meanwhile, the average hardness 
values of the y-axis outer layer at 5 mm thickness were 94.54 HRB and 101.1 HRB. 
Figure 6 shows the graph of hardness test results.

Table 1 Chemical composition examination results 

Element Chemical composition test results 
(%) 

Chemical composition of AISI 4140 
(%) 

Carbon, C 0.41 0.38–0.43 

Manganese, Mn 0.86 0.75–1.0 

Phosphorous, P 0.02 Max. 0.035 

Sulfur, S 0.01 Max. 0.040 

Silicon, Si 0.26 0.15–0.30 

Cromium, Cr 0.95 0.80–1.110 

Molybdenum, Mo 0.16 0.15–0.25 

Nickel, Ni 0.05 Max. 0.25 

Iron, Fe 97.087 96.785–97.77 

Table 2 Mechanical 
properties of AISI 4140 alloy 
steel [18] 

Mechanical properties Unit 

Tensile strength, (σB ) 655 MPa 

Poisons ratio, (υ) 0.27–0.30 

Yield strength,
(
σys

)
415 MPa 

Young’s modulus, E 190–210 GPa 

Hardness Rockwell B 92 HRB 

Density, ρ 7850 kg/m3 

Shear modulus, (μ) 80 GPa 

Shear stress, (τa ) 140 GPa 
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Fig. 6 Hardness values of crankpin cross-section 

Based on the curve in Fig. 6, the average material hardness value of the crankshaft 
was 99.67 HRB. Meanwhile, the material hardness value of AISI 4140 was 92 HRB. 
The hardness value that exceeds the standard causes the toughness of the material 
to decrease, therefore leading to failure. Based on Fig. 6, the hardness depth of 
the crankshaft is not uniform. The non-uniformity of hardness is caused by several 
main factors which include heat treatment faults, irregular lubrication, which leads to 
overheating and wear of the crankpin surface while operating the engine. Moreover, 
due to high friction between the crankpin and the bearing, the wear of the crankpin 
material leads to an initial crack. 

4 Conclusion 

From the study on the causes of crankshaft failure that has been carried out, it can 
be concluded that the SEM observations showed the presence of crack initiation and 
the direction of crack propagation. Furthermore, the SEM observations in the crack 
initiation area show the presence of crack initiation which originates from the initial 
defect around the fillet on the fourth crankpin and propagating to the counterweight 
until the final fracture. The hardness test results showed that the average hardness 
value of the crankshaft was approximately 99.67 HRB which exceeds the standard 
of AISI 4140 material, namely 92 HRB. The high hardness led to a decrease in the 
toughness of the crankshaft. Additionally, the depth of hardness of the crankshaft 
was lower in the crack initiation area which triggered initial defects in the material 
while there was friction with the bearings. 
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Study on the Impact of Mesh Size 
Selection and Contact Model on Stress 
Distribution on Internal Fixation 
of Fibula Fracture Analyzed by Finite 
Element Method 

Syifaul Huzni , Teuku Muhammad Rizki, Israr Bin M. Ibrahim , 
Rudi Kurniawan , Syarizal Fonna , and A. K. Arifffin 

Abstract The fibula is a small bone that runs parallel to the tibia in the lower leg. The 
fibula receives 15% of the human body weight. Under certain conditions, fractures 
can occur in the fibula due to certain human activities. One of the medical solutions 
to treat fractures that occur in the fibula is to install internal fixation. In the case of 
internal fixation, the interaction between bone and bone, bone with plate, bone with 
bolt, bolt with bone, is complicated to study experimentally. Numerical analysis is an 
option to study these interactions. Several parameters that affect the analysis results 
need to be fully known to perform an excellent numerical analysis. The purpose of 
this study is to investigate the impact of mesh size and coefficient of contact model on 
stress distribution on the internal fixation of fibula fracture. They were analyzed by 
finite element method under loading conditions that represent the standing position. 
The stress distribution was analyzed using ANSYS software. Three mesh sizes are 
selected, namely coarse, medium, and fine. Friction contact models were applied to 
the area between the fibula and the implant. The load used in this study represents 
three human body weights, namely 80, 90, and 100 kg. The material chosen for the 
plate and screw is AISI 316. Among the three meshes used, it is seen that the fine mesh 
produces the highest stress and is concentrated in one particular area. Furthermore, 
the coefficient friction of the contact model did not produce any significant difference 
in the stress distribution on internal fixation. 
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1 Introduction 

Bone fractures are a common problem, one of which is a fracture of the fibula bone. 
Fractures of the fibula due to stress from bodyweight are rare since the fibula only 
supports 15% of the body’s weight [1]. Fractures of the fibula are usually caused by 
driving accidents or sports accidents. 

A typical procedure for repairing bone fractures is the installation of internal 
fixation. Internal fixation is an orthopedic surgical procedure by placing temporary 
or permanent implants, in the form of plates and screws, on broken bones to maintain 
and stabilize the position of the bones to speed up the healing process [2]. In its 
implementation, internal fixation can fail to perform its function. Failure can occur 
in the fixation plate or the bolts that attach the plate to the bone. The form of failure 
that occurs is the fracture of the fixation plate or fixation bolt. Although the case is 
rare, failure of internal fixation of the fibula bone is still found [3]. The interaction 
between bone with bone, bone with plate, plate with screw, and screw with bone 
needs to be known to minimize the risk of internal fixation failure in carrying out its 
function. Therefore, the behavior of internal fixation attached to the fractured fibular 
bone needs to be studied further. 

Experimental studies are complicated to investigate the failure of internal fixation 
for fibular fractures. The finite element method is one of the numerical methods that 
are widely used to overcome these difficulties. To ensure that the parameters and 
variables used in the finite element analysis for further investigation are appropriate, 
it is necessary to study the effect of the parameters that will be used on the analysis 
results to be achieved. Two parameters that will be tested in this study are the effect of 
mesh size and contact coefficient on the contact model used on the stress distribution 
of the finite element analysis. This research is focused on studying the effect of 
mesh size and contact coefficient on stress distribution on internal fixation of fibula 
fracture, which was analyzed by finite element method. 

2 Research Methods 

2.1 Models and Geometry 

The shape and size of the fibula bone used in this study were adopted from the model 
developed by Slobodan Simic [4]. The plates and screws used were adopted from the 
model used by Manoharan [5]. Figures 1 and 2, respectively, show the fibula bone’s 
shape and geometry, plate, and screw used. The mechanical properties of the bone 
used were referred to Ozkan [6], with an elastic modulus of 5 GPa and a Poisson 
ratio of 0.302. The assembly of the internal fixation of the fractured bone is shown 
in Fig. 3. Number 1–7 in Fig. 3 shows the serial number of the screws installed in the 
internal fixation to simplify the analysis. The plates and screws used in this study are 
316 stainless steel with an elastic modulus of 193 GPa. The contact between bone and
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Fig. 1 Geometry of fibula 

Fig. 2 Geometry of plate and screw

plate and plate and bolt is modeled by the friction contact model. Two coefficients 
of friction were tested for all contacts, plate-bone, plate screw, which were 0.4 [7] 
and 0.2 [8]. At the same time, the fracture gap between bone and bone uses a bonded 
contact model. 
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Fig. 3 Installation of plates and screws on the fibula bone 

2.2 Boundary Conditions 

The load used to study the effect of mesh on stress distribution is 15% of 80 kg body 
weight, considered to be evenly distributed on two legs, then converted and rounded 
to 60 N. Study on the effect of load on stress distribution: three loads were used, 
each representing body weight of 80, 90, and 100 kg. Assuming the load is evenly 
distributed on the two legs, 15% of the applied load can be written as 60 N, 68 N, and 
75 N. The boundary conditions of the finite element analysis can be seen in Fig. 4. 

Fig. 4 Boundary condition
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2.3 Finite Element Mesh 

The mesh type used in the analysis is tetrahedrons, with the software default mesh 
sizes as follows: coarse (± 6 mm), medium (± 4 mm), and fine (± 2 mm). Mesh is 
generated automatically by the software used, ANSYS. 

3 Results and Discussion 

3.1 Mesh Generation 

Figure 5 shows the results of the mesh generation on the fracture internal fixation 
model used for the three selected mesh sizes. The number of elements and nodes 
generated for each element size can be seen in Table 1.

There is an almost 40% difference in nodes between coarse and medium meshes 
and almost 9% between fine and medium meshes. Likewise, with the number of 
elements produced, there is a difference of almost 56% between coarse mesh and 
medium mesh. In comparison, between medium and fine mesh, the difference is 
almost 8%. The number of elements and nodes will undoubtedly affect the calculation 
and analysis time from the computational aspect. 

3.2 Von Mises Stress Distribution 

The impact of mesh size selection on the stress distribution of finite element analysis 
results can be seen in Fig. 6. The three mesh sizes used produce different stress 
distribution patterns resulting from finite element analysis. Suppose the lighter color 
is considered to have more significant stress. In that case, it can be seen that the finer 
mesh size gives a broader distribution pattern than the coarser mesh. According to 
the theory of finite element analysis, finite modal with small element size yields high 
accuracy compared to the modal with large element size. However, the location of 
the higher stress concentrations was similar for the three mesh sizes used in the plate 
area around the bolt. This phenomenon can be explained that a hole area is a form 
of irregular of geometry that causes stress concentration around it.
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a. Coarse mesh 

b. Medium Mesh 

c. Fine Mesh 

Fig. 5 Meshing generated for three different sizes of mesh
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Table 1 Number of element 
and node Mesh size Nodes Elements 

Coarse 78,391 39,954 

Medium 109,580 62,344 

Fine 119,346 67,564

The magnitude of the von Mises stress at the location around the bolt on the 
internal fixation plate can be seen in Fig. 7. The average percentage difference in the 
magnitude of the von Mises stress resulting from the finite element analysis using 
coarse and medium mesh is 9%. The difference between fine and medium mesh is 
12%. The difference between coarse and fine mesh is 22%. The difference in analysis 
results due to different mesh sizes significantly affects the results of stress analysis, 
so for further analysis, a fine mesh will be used.

3.3 Coefficients of Friction 

As  shown in Fig.  8, different COFs do not cause differences in the trendline of the 
stress calculation results. The difference in the average percentage of the von Mises 
stress resulting from COF 0.4 and 0.2 is 7.5%. The small effect of COF on the results 
is suspected because the difference in the COF magnitude used is close.

3.4 Bodyweight 

The results of the load effect analysis, in the form of bodyweight, for standing still 
can be seen in Fig. 9. The trendline of the magnitude of the von Mises stress obtained 
is generally not affected by the applied load. The same pattern was found for all three 
given loads. The average percentage difference in the results of stress analysis for 
60 N and 68N weight is 16%, 75 N and 68 N is 10%.
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a. Coarse mesh 

b. Medium Mesh 

c. Fine Mesh 

Fig. 6 Von Mises stress distribution results from the analysis of different mesh sizes
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1 2 3 4 5 6 7  
Weight 60 N 115.48 125.61 119.82 78.54 71.86 85.47 58.21 
Weight 68 N 124.36 138.83 127.38 92.43 82.24 112.42 72.87 
Weight 75 N 132.34 150.64 139.57 84.88 96.84 119.82 94.45 
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Fig. 9 Magnitude of von Mises stress under different loads 

4 Conclusion 

The results of this study show that the mesh size used affects the distribution and 
magnitude of the stress resulting from the finite element analysis. Mesh with fine size 
gives better results than other mesh sizes. Further studies on the friction coefficient 
of the contact model and the applied load did not produce any significant difference 
in the stress distribution on internal fixation. 
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Mechanical Properties of Quenched 
and Tempered Low Alloy Steel Grinding 
Media 
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Izzan Nur Aslam, Teuku Irvan Ramadhan, and Tommy Octaviantana 

Abstract The effect of tempering temperature on mechanical properties of the 
quenched low alloy steel was studied. The as-received low alloy steel samples were 
heated to 950 °C, held for 30 min, and then oil-quenched. The as-quenched samples 
were finally tempered in the temperature range of 200–600 °C for 30 min. The chem-
ical composition of as-received alloy steel was determined using spectrometer. The 
microstructures of the samples were observed using optical microscope. A Rock-
well hardness test was done to measure the hardness of the alloy steel samples, 
and a Charpy impact test were conducted to measure the impact toughness of the 
samples. The results showed the microstructures of the as-quenched and as-tempered 
samples consist of martensite with different orientation and small inclusions of irreg-
ular shapes. Compared with the as-received low alloy steel, the hardness of the 
quenched steel increased while the impact energy decreased. In comparison with 
the quenched samples, increasing tempering temperature in the range of 200–600 °C 
would improve the impact energy of the tempered steels, and it significantly increased 
above 400 °C.
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1 Introduction 

Major operating costs associated with grinding mills in mining and mineral industries 
typically encompass energy consumption, mill liner, and grinding media wear [1, 2]. 
Grinding mills represent up to 40% of the direct total operating costs of mineral 
processing. The cost of grinding media and liner wear itself is around 15–25%. Due 
to incorrect liner designs, the grinding media would fall down on the liner rather than 
on ‘the toe of the charge’, resulting in less efficient energy utilization, poor grinding, 
and high maintenance costs [3–5]. The increased height of fall of such grinding balls 
in larger SAG mills results in severe impact between the grinding balls and also 
between the balls and the mill liners. Therefore, it is suggested to utilize tougher 
steels that exhibit good resistance to wear and high energy impact as well. 

The hardening capacity of a steel depends mostly on the carbon content and, 
somewhat, on the amount of alloying elements and austenite grain size [6]. If the 
carbon content of martensite increases, its hardness would increase. As a quenched 
steel contains retained austenite, the hardness of a quenched steel is not the same as 
the hardness of martensite crystals. The hardness of a steel quenched from austenite 
temperatures reaches its maximum at a carbon concentration of 0.8–0.9 wt% C and 
then decreases. 

The martensitic stainless steel grinding balls could be heat treated to produce 
microstructures at their surfaces which ranged from 100% austenite to basically all 
martensite [7]. Wear rate of grinding ball consisting fully of hard martensite increased 
under an oxygen environment. The balls that were furnace-cooled and the ice-water-
quenched balls would obtain combined microstructures of soft austenite and hard 
martensite and thus result in less wear under an oxygen atmosphere. 

The investigation of the differences in microstructure, hardness, abrasion, and 
impact toughness of steel media from different manufacturing sources showed that 
abrasive wear has a tendency to be dependent on media hardness for grinding media 
with a chromium content of less than 0.7% and independent of hardness for media 
with chromium content bigger than 0.75% [8]. Hardness and abrasion wear are 
slightly interrelated to the chemical composition. Charpy impact energy strongly 
depends on the carbon content, and alloy steels with carbon content more than about 
0.2% would produce a brittle fracture at room temperature. 

The previous research showed that increasing quenching temperature from 840 
to 900 °C would result in an increase in hardness and tensile strength of multi-
element low alloy steel [9]. The toughness increased at tempering temperature of 
above 300 °C, and the excellent wear resistance could be obtained by tempering at 
350 °C. The optimum heat treatment conditions could be achieved by conducting 
quenching at 900–920 °C and tempering at 350 °C.
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Furthermore, the effects of austempering and martempering processes using salt 
bath quenching media on wear resistance and impact toughness of Cr–Mo steels 
were studied, and the results were compared with compressed-air quench [10]. The 
samples austempered for 2 h exhibited the best impact toughness, and the samples 
martempered for 2 h showed the highest values of wear resistance. The austempered 
and martempered specimens quenched in salt bath showed a better combination of 
wear resistance and toughness than compressed-air quenched specimens. 

In order to improve mechanical properties and wear resistance of high-carbon 
low alloy steel, the proper heat treatment should be established. In this research, the 
influence of tempering temperature on mechanical properties of quenched low alloy 
steel was studied. 

2 Materials and Methods 

The 100.75 mm diameter grinding ball was come from a mining company. The low 
alloy steel was melted using induction furnace and cast into sand mold. Because 
of insufficient information on heat treatment of the as-received grinding ball, it is 
believed that after casting it was followed by quenching using compressed air. A wire 
electro discharge machine (EDM) cutting tool was utilized to cut the as-received steel 
into examination and mechanical testing specimens. 

The chemical composition of as-received alloy steel was determined using spec-
trometer. Table 1 provides the chemical composition of as-received low alloy steel 
that was used in this research. In terms of carbon content, the steel includes 
hypo-eutectoid steel. 

The metallographic samples were prepared according to the standard ASTM E3-
01 [11]. The mounted sample was polished by a sequence of 100, 320, 600, 1000, 
1200, and 2000-grit silicon carbide papers and was finished by vibratory-polishing 
using an aqueous suspension of 0.01-µm alumina. The polished specimen was then 
etched in a solution of 3% nital at room temperature to reveal microstructure and 
grain boundaries. The microstructures of the samples were observed using optical 
microscope. 

Figure 1 shows the heat treatment cycles of quenching and tempering. The samples 
were austenitized at 950 °C for 30 min. holding time [12]. Then, they were quenched 
in oil media and were finally tempered at a temperature range of 200–600 °C and 
held for 30 min. Both as-quenched and as-tempered specimens were also prepared 
for microstructural examination and mechanical tests.

Table 1 Chemical composition of as-received low alloy steel 

Element C Mn Si Cr Ni Mo S P Fe 

% Weight 0.61 0.78 0.28 0.95 0.06 0.01 0.003 0.005 Bal 
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Fig. 1 Heat treatment cycles of quenching and tempering 

A Rockwell hardness test was done in accordance with ASTM standard E 18-03 
[13] using a Rockwell type hardness tester. A Rockwell C scale with a load of 150 kg 
that employed a diamond point (Brale indenter) was used. Impact Charpy test was 
conducted in accordance with ASTM E23-02 [14]. 

3 Results and Discussion 

Microstructure. Figure 2 shows optical microscope images of the as-received low 
alloy steel and the as-quenched samples as well. The microstructure at near surface 
(Fig. 2a, b) consists of martensite with different orientation and small inclusions of 
irregular shapes. It was found in the previous research that pearlite with ferrite along 
prior austenite grain boundaries had been observed across most of remaining ball 
[12]. The measured hardness across the as-received steel ball also showed that the 
steel ball had been quenched but with lowered hardenability. The high carbon content 
of steels could also produce low hardenability during heat treatment [15, 16].

The optical microscope images of as-quenched samples are shown in Fig. 2c, 
d. The microstructures of the as-quenched samples are also composed of martensite 
with different orientation and small inclusions of irregular shapes. The brighter areas 
observed in Fig. 2 could be retained austenite. 

Figure 3 exhibits optical images of as-tempered samples after being tempered in 
the range of 200–600 °C. The microstructures of the as-tempered samples also consist 
of martensite with different orientation and small inclusions of irregular shapes. It 
is very hard to differentiate the characteristics of quenched and tempered martensite 
with optical microscopy magnification. Scanning electron microscopy needs to be 
used to define martensite morphologies.
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(a) As received at near surface (200x M) (b) As received (500x M) 

(c) As quenched sample (200x M) (d) As quenched sample (500x M) 

Fig. 2 Optical microscope images of as-received and as-quenched samples. Etchant: 3% nital, M: 
magnification

Mechanical Properties. Table 2 provides the results of Rockwell hardness and 
impact energy of the as-received and as-quenched low alloy steel samples. As 
reported in previous research, impact energy of the as-received steel ball based on the 
specimen location within the steel ball was independent of location [8, 12]. Compared 
with the as-received steel, the hardness of the as-quenched steel increases while the 
impact energy decreases.

Figure 4 shows impact energy of as-tempered samples after being tempered in the 
temperature range of 200–600 °C. Compared with the as-quenched samples (indi-
cated at 0 °C temperature), as the tempering temperature is increased to 400 °C, 
the impact energy of the as-tempered steel increases, and at a higher temperature 
(above 400 °C), it significantly increases. It is well documented that the degree of 
tempering has an effect on toughness and in this study, increasing tempering temper-
ature would produce increased impact energy. Tempered martensite embrittlement 
could happen for certain cases, resulting in decreased impact toughness in certain 
ranges of tempering temperature.
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(a) As tempered at 200 
o 
C (200x M) (b) As tempered at 200 

o 
C (500x) 

(c) As tempered at 300 
o 
C (500x M) (d) As tempered at 400 

o 
C (500x M) 

(e) As tempered at 500 
o 
C (500x M) (f) As tempered at 600 

o 
C (500x M)  

Fig. 3 Optical microscope images of as-tempered samples. Etchant: 3% nital
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Table 2 Mechanical properties of as-received and as-quenched samples 

Samples Testing 1st 2nd 3rd 4th 5th Average 

As-received HRC 55.8 62.3 59.0 55.2 60.6 58.6 

Impact [J] 8 8 8 8 

As-quenched HRC 61.9 66.3 57.7 58.6 57.4 60.4 

Impact [J] 5 4 5 4.7
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Fig. 4 Impact energy as a function of tempering temperature for as-tempered steel samples 

As shown in Fig. 5, the fracture surfaces of the tested as-received, as-quenched, 
and also as-tempered specimens clearly exhibits brittle fracture. It seems that the 
mode of fracture is most likely slant brittle fracture and no ductile fracture is found 
on the fracture surfaces of all impact test specimens. According to the brittle fracture 
criteria, if the impact energy (toughness) values of all the tested specimens are found 
to be below the brittle fracture impact energy of 20 J, the specimens would fracture 
in a brittle manner [17].

4 Summary 

The microstructures of the as-quenched and as-tempered samples are composed 
of martensite with different orientation and small inclusions of irregular shapes. 
Compared with the as-received low alloy steel, the hardness of the quenched steel 
increased while the impact energy decreased. If tempering temperature in the range 
of 200–600 °C increased, the impact energy of the as-tempered steels would increase,
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(a) As-received specimen (b) As-quenched specimen (c) As-tempered (200 
o 
C) 

(d) As-tempered (300 
o 
C) (e) As-tempered (400 

o 
C) (f) As-tempered (500 

o 
C) 

Fig. 5 Fracture surfaces of broken Charpy V-notch impact specimens

and it significantly increased above 400 °C. Apparently, tempering of the as-quenched 
low alloy steels would enhance impact toughness, and it was not found tempered 
martensite embrittlement resulting in decreased impact toughness in certain ranges 
of tempering temperature. The fracture surfaces of the broken impact as-received, 
as-quenched, and as-tempered specimens as well obviously shows brittle fracture. 
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Managing Defects in Steel Fabrication 
Process Using Failure Mode and Effect 
Analysis Approach 

Nina Aini Mahbubah, Abdul Muid, and A. A. Atho’illah 

Abstract Quality is a primary focus to both maintain and increase customers. A 
manufacturing production process and service business’s failure impacts operational 
costs. Assessments are needed to instigate fabrication process failure and main-
tain good quality output. PT AA is a fabrication contractor firm that experienced 
process failures in the steel fabrication division. This study aims to evaluate the steel 
fabrication process to recommend improvement solutions to eliminate failures at the 
fabrication stage. Failure mode and effect analysis was used as the research approach. 
The result of the research found that two defects, namely peeling and ruuns, in the 
painting process gain the highest defect numbers with 117 compared to other stages. 
With a score of 576, the highest risk of defects ruuns the painting process. Recom-
mendations for improvement are that the company’s management regularly provides 
briefings and education on the importance of SOPs and installing SOP stickers on 
every painting equipment and tools. 

Keywords FMEA · Fabrication · Defect · RPN · Ishikawa 

1 Introduction 

The sustainability of manufacturing and service businesses is one of the focuses of 
enterprises management [1]. Accurate plans and determinations are needed to sustain 
the quality of products and services and retain and add new customers [2, 3]. The 
company performs efficiently in all production and service process flows to have
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an advantage in business competition. Failure of the process or production results 
is one of the factors that must be minimized because it results in additional costs 
[4–6]. The impact of this failure is an increase in production costs. Subsequently, it 
impacts the possibility of an increase in service or product prices and a decrease in 
company profits [7]. Such defect gain the probability that consumer confidence in 
the company will decrease and consumers will switch to another enterprise. 

PT AA is a firm engaged in general contractors. This firm has been implementing 
a job shop as a production system. Steel is considered the primary raw material. The 
steel fabrication process is illustrated in Fig. 1. 

It can be seen in Fig. 1. That marking is the initial stage: drawing the material 
according to specifications. Furthermore, the cutting process uses a mixture of LPG 
and oxygen for plate cutting using a skater cutting machine to precise the results. 
For WF and CNP materials, the cutting process uses manual tools. Drilling using 
mall tools made of zinc material is given a hole as a point or location marker on the 
material. This process avoids differences in the distance between one material holes 
with another material hole that is planned to be connected. Sub-assembling combines 
plate and WF material to make rafters and columns. The next stage is the welding 
process. The components assembled on the column and the rafters can be connected 
perfectly and have the strength of the building following the required specifications. 
After the welding process, a re-grinding process is carried out to clean the dirt caused 
by the welding process. Sandblasting is spraying abrasives in sand or steel grit with 
high pressure to remove contamination such as rust or oil. Painting is done to protect 
the material from the corrosion process. Erection is the final process, namely the 
assembly or installation of steel structures according to the location specified by the 
customer. 

PT AA experienced a problem, namely a defect, throughout the steel fabrica-
tion process. Table 1 illustrates defects in the stages of the fabrication process that 
occurred for three months.

Table 1 shows that defects occurred at all stages of fabrication. There were 12 
failures during the three months of the fabrication process. The highest defect of 117 
occurred in the painting process activity. The impact of the defect was that rework 
was carried out, resulting in an increase in operational costs and causing a delay in 
order completion time. Quality problems that cause these losses require an approach 
to evaluate the quality of the steel fabrication process.

Marking Cutting Drilling 
Fitting-

up 
Welding Grinding 

Sanblasting  Painting 
Inspection and finished 

goods 

Fig. 1 Steel fabrication process 
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Table 1 Number of products and defects in November, December 2019 to January 2020 

Process Type of defect Number Total defect 

Marking The size does not match the picture 95 95 units 

Cutting Not straight 30 73 units 

Lots of crust 43 

Drilling The hole does not fit 45 68 units 

Oval 23 

Constructing Assembly does not match the picture 84 84 units 

Undercut 22 

Welding Porosity 13 95 units 

Over spatter 60 

Grinding Broken object 87 87 units 

Painting Ruuns 33 117 units 

Peeling 84 

Source Company data

Quality is a significant part of the production process. Quality management is 
part of the production process, which is influential in improving product quality. A 
strategy is needed to maintain process stability and control the process to minimize 
defective products [4]. One way to maintain and expand the market is by increasing 
supervision and quality inspection of product products [5]. 

Quality control is verifying and maintaining the desired level of product or process 
quality through careful planning, appropriate equipment, continuous inspection, and 
corrective action when necessary [8]. Service and manufacturing businesses always 
pay attention to the quality of their products and provide the best possible quality. One 
of the factors that must be minimized is production defects, resulting in additional 
production costs [9]. Failure mode and effect analysis (FMEA) is used to evaluate 
manufacturing and service business failures [3, 4, 9–11]. FMEA is a robust approach 
to evaluating defects in the production process of PVC pipes and pipettes [3, 12]. 
FMEA is an appropriate method for identifying potential defective and their effects 
through the product life cycle system [13]. The FMEA approach has also proven 
effective in recommending changes to the system to eliminate defects in loading 
and unloading machines at ports [11]. Other methods also implement FMEA, for 
example, statistical process control, six sigma, fault tree analysis, six sigma, or  
maintenance management methods [4, 7–9, 12–14]. 

This study aims to evaluate defects and analyse the causes of the failure of the 
process to get recommendations to minimize defects in the steel fabrication process 
at PT AA.
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2 Material and Method 

This research uses a qualitative descriptive approach. The research instrument used 
was the FMEA questionnaire design. Data collection technique by walk-through 
survey and brainstorming with four respondents from PT AA. The data was taken 
from November and December 2019 to January 30, 2020. The historical data from 
the firm was data on the number of defects and SOPs for the fabrication process. 

The initial stage of the research was to conduct direct observations at the PT AA 
workshop on all activities and production processes, from marking to painting. The 
second stage was to identify, to some extent, deviations that affect production defects. 
At this stage, it identifies the factors that make the product defective. Determination 
of severity (S), occurrence (O), and detection (D) was the fourth stage. The deter-
mination of the SOD value was carried out using the brainstorming method with the 
head of the production and quality division and three employees. The ranking and 
description of SOD can be seen in Table 2.

It can be seen in Table 2 that rankings from 1 to 10 were then used to determine 
the risk priority number (RPN). The RPN value was the product of S and O, and D. 
The RPN value is then used as a reference for recommendations based on the highest 
to lowest values. The RPN recommendation is given to the highest score. 

3 Results and Discussion 

The results of data calculation result were in the form of rework costs for the fabri-
cation process, a causal diagram depicted in the Ishikawa diagram and failure mode 
and effect analysis. 

3.1 Rework Cost 

Rework costs incurred by the company to make repairs due to process miscalculations. 
Rework costs include operator costs and raw material costs. The length of time 
for repairs for each process is as low. The marking process takes 2 min to repair, 
and cutting is repaired for 4 min. Drilling takes 4 min to repair. The fit-up process 
takes 6 min, and welding, grinding, and painting repair times are 5, 3, and 7 min, 
respectively. The total rework cost and the cumulative percentage of the total cost 
can be seen in Fig. 2.

It can be seen at Fig. 2 that cost of rework for the rounds and peeling process in 
the painting process was approximately 1.5 million rupiahs. The painting process is 
an activity stage that becomes the main priority for further evaluation.
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Table 2 Ranking, severity, occurrence, and detection 

Rank Severity Occurrence Detection 

10 Critical without warning 
Failure causes the process 
itself or the customer to stop 
entirely without warning 

Constant 
1 per shift or more 1 of 
2 
Almost or in total 
failure 

Almost not viable 
No known controls are 
available 
Failure will pass 

9 Critical with a warning 
Failure causes the process to 
stop completely with a few 
warnings 

Critical 
Failure rate 1 in 3 
The failure rate is likely 
to kill the process 

Very remote 
Random checks are done at 
low frequency, with no 
prevention 
Failure 

8 Very high 
Delays or additional costs 
incurred. Significant impact 
on business metrics 

Very high 
1 in 8 failure rate  
Causing significant 
disturbance 

Isolated 
Random on-site inspection and 
prevention based on the 
operator noticing problems 

7 Tall 
High level of customer 
dissatisfaction due to failures 
such as system shutdown 

High 
1 in 20 failure  rates  
Frequent failure 

Very low 
Routine on-site inspection (not 
100%). Prevention was based 
on operator training. Failure is 
possible to escape 

6 Very significant 
Failure causes significant 
customer dissatisfaction, 
disruption, or cost 

Very significant 
1 in 80 failures rate  
Current failure rate is 
likely to cause 
disruption 

Low 
Prevention is based on operator 
persistence and regular 
training, regular checks, and 
significant chances of escape 

5 Important 
Failure leads to customer 
dissatisfaction, for example, 
increasing costs 

Important 
1 in 400 failures rate 
The failure rate 
is quite significant 

Presently 
Failure prevention considered, 
100% checking output, 
medium breakout chance 

4 Currently 
Extra effort or rework 
required 

Moderate 
1 in 2000 failure rate 
Medium failure rate 

High enough 
Failure prevention built into 
the system, 100% recorded 
process audit 

3 Low 
Failure causes minor 
problems that take a little 
time to work on 

Low 
1 in 15,000 failure rates 
Low incidence of failure 
with identical processes 

Tall 
Error checking is used to try  
and prevent failure. 100% 
audit process recording 

2 Very low 
The nature of the failure 
causes only minor delays or 
minor rework 

Very low 
1 in 150,000 failure rate 
Only isolated failures 
associated with 
identical processes 

Very high 
Almost always control or 
detect failure 

1 Minor 
Process customers will not 
see the effects of failure. No 
impact on supplier or 
customer processes 

Very low 
<1 in 15,000,000 
failure rate 
Failure is unlikely. No 
failure is associated 
with the identical 
process 

Almost sure 
Controls will always prevent 
failures from occurring or, if 
they do, will always detect 
problems before they go away 

Sources [10, 11, 13–15]
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Painting Welding Fitup Cutting Grinding Drilling Marking 

Cost Cumulative % 

Fig. 2 Rework cost of the fabrication process (in a million rupiah)

3.2 Cause-and-Effect Diagram of the Highest Defect 

Ishikawa diagram was a tool to outline the cause and effect of two significant defects 
[3]. The results of defect identification in Table 2 show that the defects that occur 
were classified into two: defects peeling and defects ruuns. Figures 3 and 4 represent 
the Ishikawa diagram of defect peeling and defect ruuns, respectively. 

It can be seen in Fig. 3 that employee factors, raw materials, methods, and work 
environment were the dominant factors that caused defects peeling. 

It can be seen in Fig. 4 that five factors caused defects: humans, raw materials, 
machines, methods, and work environment.

Defect Peeling 

Material 
unskilled 

exhausted 
Disobey SOP 

Less careOutspect 
painting 
quality 

Painting 
expired 

Mistake in 
painting 

composition 
Unprecise in 
chosen tiner 

Humid working 
environment 

Untidy and 
polluted surface 

Fig. 3 Ishikawa diagram of defects peeling
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Defect Ruuns 

Limited 
technical 

skillsUn focus 

Limited 
supervision 

Do not 
obey SOP 

outspect paint 
quality 

Noozle dirty 

Unprecise  noozle 
setting Unstable 

compressor 
pressure 

Unprecise 
painting 
direction 

Unprecise 
pain mixing 

Unprecise 
painting 
distance 

windy Low level 
illumination 

Fig. 4 Ishikawa diagram of defects ruuns

3.3 Failure Mode Calculation and Analysis Results 
and Effect Analysis 

FMEA results are based on field searches, historical data, and clarification from 
respondents’ experts. The values of severity, occurrence, detection as well as risk 
priority number can be seen in Table 3.

It can be seen in Table 3 that there were six effects of defect ruuns and peeling. 
The lowest severity score was four, and the highest was 10. While the human error 
was the highest potential cause with a score of 7, namely the activity of errors in the 
use of thinner in the painting process. In the defect identification process, it is known 
that the occurrence of errors in the painting process shows the most significant value 
compared to the other six processes. In line with the number of defects, the rework 
cost of the painting process is nearly fifty percent of the total rework due to defects in 
the fabrication process. The result of mapping the causal diagram shows that human 
factors, work methods, and equipment used in the fabrication process are inadequate. 
The highest risk priority number of defect ruuns and peels is caused by human error.
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Table 3 Results of and failure mode effect analysis 

Process 
potential 
Failure 
Mode(s) 

Potential 
effect (s) 
of failure 

Severity 

Potential 
Cause(s) 

O
ccurrence 

Current 
Design 
Controls 

D
etection 

R
PN

 

Recommended 
Action(s) 

Painting 

Ruuns 

Rework 
product 

Schedule 
delay 

additional 
cost 

4 Unskilled 
worker 

4 visual  5  80 

5 Fatigue 5 visual 6 150 
6 Unfocused 5 visual 5 150 

5 The 
composition 
of the paint 
is not right 

4 visual  5  100 

7 The paint 
quality is 
not good 

6 visual  3  126 

4 Wrong 
direction of 
painting 

5 visual  4  80 

4 Wrong 
painting 
distance 

6 visual  5  120 

6 Dirty 
nozzle 

5 visual  3  90 

4 Lack of 
supervision 

4 visual  7  112 

8 
Not 
following 
the SOP 

9 visual 8  576 
Perform daily 
briefing. 

8 
Lack of 
concern for 
employees 

8 visual 7  448 

Provide 
education on 
the importance 
of SOP. 

Installing the 
SOP sticker on 
each machine. 

5 Incorrect 
nozzle 
setting 

4 visual  5  100 

5 Compressor 
pressure 
unstable 

7 visual  4  140 

4 Lack of 
lighting 

4 visual  5  80 

4 Wind 
velocity 

5 visual  4  80

(continued)
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Table 3 (continued)

Process 
potential 
Failure 
Mode(s) 

Potential 
effect (s) 
of failure 

Severity 

Potential 
Cause(s) 

O
ccurrence 

Current 
Design 
Controls 

D
etection 

R
PN

 

Recommended 
Action(s) 

Painting 

Peeling 

Rework 

Scheduled 
down 

Costs add 
up 

3 Less skilled 4 visual 5 60 
6 Fatigue 5 visual 5 150 

7 
Wrong 
paint 
composition 

5 visual  5  175 

6 Poor paint 
quality 

4 visual  5  120 

10 Wrong use 
of thinner 

5 visual  3  150 

7 Paint has 
expired 

4 visual  6  168 

5 Dirty media 
surface 

5 visual  5  125 

6 Humid 
temperature 

3 visual  3  54 

6 
Not 
following 
the SOP 

7 visual 8  336 Perform daily 
briefing. 

7 
Lack of 
concern for 
employees 

6 visual 9  378 

Provide 
education on 
the importance 
of SOP. 
Installing the 
SOP sticker on 
each machine.

4 Conclusion 

The most critical cause of each defect based on the RPN value is employees who work 
not following the SOP; employees’ concern for the company is lacking. The defect 
that occurs is ruuns and peeling. In that case, the highest defect in the manufacturing 
process at PT AA is the painting process, namely ruuns and peeling. 

The suggestion given to the company to reduce defects is for the management 
to provide education on the importance of SOPs in every work process so that 
the company’s operational activities run smoothly. The second recommendation 
is that management is transparent in explaining every policy and consideration to 
employees to feel involved and valued so that employee loyalty is high. The third 
recommendation is to provide rewards based on employee achievement.



52 N. Aini Mahbubah et al.

References 

1. Li H, Teixeira AP, Guedes SC (2020) A two-stage failure mode and effect analysis of offshore 
wind turbines. Renew Energy 162:1438–1461 

2. Doshi J, Desai D (2017) Application of failure mode & effect analysis (FMEA) for continuous 
quality improvement—multiple case studies in automobile SMEs. Int J Qual Res 11(2):345–360 

3. Hernawan A, Mahbubah NA (2021) Integrasi statistical process control dan failure mode and 
effect analysis guna meminimalisasi defect Pada Proses Produksi Pipa PVC. J Engine Energi 
Manufaktur dan Mater 5(2):65 

4. Priambodo S, Mahbubah NA (2021) Implementasi metode overall equipment effectiveness 
berbasis six big losses guna mengevaluasi efektivitas mesin packing semen. J Serambi Eng 
6(4):2363–2374 

5. Prajapati DR (2012) Implementation of failure mode and effect analysis: a literature review. 
Int J Manage IT Eng 2(7):264–292 

6. Sharma KD, Srivastava S (2018) Failure mode and effect analysis (FMEA) implementation: a 
literature review. J Adv Res Aeronaut Sp Sci 5(1&2):1–17 

7. Hasanah TU, Wulansari T, Putra T, Fauzi M (2020) Penerapan lean manufacturing dengan 
Metode Takt time dan FMEA untuk Mengidentifikasi waste pada proses Produksi steril 
PT.XYZ. J Rekayasa Sist Ind 07(02):1–7 

8. Pratama FS, Suhartini S (2019) Analisis Kecacatan Produk dengan Metode Seven Tools dan 
FTA dengan Mempertimbangkan Nilai Risiko berdasarkan Metode FMEA. J Senopati 1(1):41– 
49 

9. Krisnaningsih E, Wirawati SM, Febriansyah Y (2021) Penerapan statistical process control 
(SPC) dan failure mode effect analysis (FMEA) pada proses Produksi Tisu Wajah. J PASTI 
14(3):293 

10. Khasanah SN, Mahbubah NA, Hidayat H (2021) Deteksi defect proses Produksi Sarung Meng-
gunakan ATBM Berbasis failure mode and effect analysis. Jati Emas (Jurnal Apl Tek dan 
Pengabdi Masyarakat) 5(3):143–150 

11. Rislamy AF, Mahbubah NA, Widyaningrum D (2020) Analisis Risiko Kerusakan Pada Alat 
Berat Grab Dengan Metode failure mode and effect analysis (Studi Kasus: PT Siam Maspion 
Terminal Gresik). Profisiensi 8(1):36–43 

12. Lestari A, Mahbubah NA (2021) Analisis defect proses Produksi Songkok Berbasis Metode 
FMEA Dan FTA di home—Industri Songkok GSA Lamongan. J Serambi Eng 6(3):2197–2206 

13. Anthony MB (2018) Analisis Penyebab Kerusakan Hot Rooler Table dengan Menggunakan 
Metode failure mode and effect analysis (FMEA). J INTECH Tek Ind Univ Serang Raya 4(1):1 

14. Suherman A, Cahyana BJ (2019) Pengendalian Kualitas dengan metode failure mode effect 
and analysis (FMEA) Dan Pendekatan Kaizen untuk Mengurangi Jumlah Kecacatan dan 
Penyebabnya. In: Seminar Nasional Sain dan Teknologi, pp 1–9 

15. Prasetya RY, Suhermanto S, Muryanto M (2021) Implementasi FMEA dalam Menganalisis 
Risiko Kegagalan proses Produksi Berdasarkan RPN. Performa Media Ilm Tek Ind 20(2):133– 
138



Design and Investigation of Archimedes 
Screw Turbine: Influence of Inclination 
Angle on Power Production 

Suherman, Andika Pratama, M. R. Prayogi, M. F . Pane, S. Priyono, 
T. I. Sugatra, Faisal Azmar, and Ilmi 

Abstract The Archimedes screw turbine (AST) is a type of turbine that produces 
micro-hydro power that can operate at low heads. In this article, the performance 
of AST is experimentally investigated for the angle of an inclination. This study 
aims to analyze the effect of variations in the turbine screw shaft angle on the shaft 
rotation, output power, current, and voltage generated. The AST turbine’s lower 
inclination angle (25°) results in higher efficiency. The test results show that the 
optimum inclination angle is obtained at 35° for water discharge 0.011 m3/s delivering 
a torque of 2 N.m. 

Keywords Archimedes screw turbine · Inclination angle 

1 Introduction 

Increasing CO and CO2 emissions as a consequence of fossil fuel consumption 
has resulted in one of many problems, such as acid rain, global warming, and ozone 
depletion. Climate change due to human activities requires a rapid transition in devel-
oping environmentally friendly technologies that utilize renewable energy sources 
[1]. Using renewable energy sources can considerably reduce these problems [2]. 
Only 22.8% of worldwide electricity production comes from renewable sources. 
Using renewable energy as a generator of electrical energy will be beneficial. Renew-
able energy sources such as geothermal energy, wind, solar energy, and hydropower 
are easy to find worldwide [3]. Compared to wind turbines and solar PV systems,
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the advantages of hydropower generation are low investment and operating costs [4], 
the capability to operate at a low flow rate, and low environmental impact [5]. 

In general, hydroelectric power is used to supply the world’s energy [6]. A small-
scale hydropower device known as an Archimedes screw turbine (AST) is often 
installed as a diversion (or run-of-river) system. Since the 1990s, AST has been used 
to generate hydroelectric energy [7]. The Archimedes screw turbine is a micro-hydro 
power plant (1 MW) that can be installed at a discharge of 1–10 m3/s and with an 
elevation difference of 8–10 m [8]. Furthermore, the advantages of the Archimedes 
screw turbine (AST) are that it is more friendly to wildlife and especially fish than 
other hydroelectric power generation options [9] and can reduce erosion and sedi-
mentation [10]. However, the AST will produce unstable power, especially if the 
river flow is much less in summer [6]. 

Several types of water turbines, such as the Pelton and the Kaplan turbine, have 
been used as power plants. However, the cost of making AST is 10% less, while the 
energy generated is 15% more [3]. The Archimedes screw reappeared in the latter 
half of the twentieth century, this occasion as a turbine in a new and inverted form. 
For the first time, the AST turbine device was installed in Europe in 1994 and only 
later in 2004 in the UK [11]. Archimedes screw turbine (AST) is a renewable power 
plant that converts the potential energy of fluids into suitable mechanical energy for 
the low head. The advantages of AST, even if the inflow fluctuations, high efficiency 
can still be achieved [12]. Archimedes screw turbine (AST) as a micro-hydro power 
plant is used to utilize renewable energy sources, which are very useful for rural 
development [5]. 

Recently, researchers have taken great interest in micro-hydro power plants as an 
alternative energy source. Many researchers have approached simulation and exper-
imental to obtain the relationship between the effect of blade count and inclination 
angle on AST power performance. Lee and Lee [5] stated that the optimal inclination 
angle of the AST is 45°, producing a torque of 0.9 N.m and a rotation of 179 rpm. 

Dedić-Jandrek and Nižetić [13] compared three different inclination angles on 
the AST efficiency, power output, and torque. The result shows maximum efficiency 
of (64%) with an inclination angle of 21°. Siswantara et al. [4] stated that the turbine 
efficiency is not affected by the inclination angle due to the increase in power due to 
the value of the head. The flow rate increases, and the torque and power increase. In 
addition, torque and power are affected by pitch length and the angle of inclination— 
the inclination angle of 35° results in the highest efficiency of 81.4% [14]. Almost 
similar results were obtained by Dellinger et al. [15], where the optimum efficiency 
was obtained at inclination angles of 20° and 24.5°. Shahverdi et al. [3] reported 
that an AST efficiency of 90.83% was obtained at an inclination angle of 20°. Next, 
a steep angle of 33.8 with a short screw is poor performance while a low angle of 
inclination (15) with a long screw is the best design [7]. Simmons et al. [16] suggest 
the angle of inclination for AST with a long screw in the range of 20°–25°. 

Several components cause power loss in AST, such as bearing friction, outlet 
expansion, and outlet immersion power loss [17]. Rohmer et al. [6] reported 
experimental, and simulation of the AST 0.84 m diameter Archimedes turbine 
screw delivers torque 250-Nm. The performance of the Archimedes screw turbine
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was studied by developing a numerical optimization using MATLAB 2013a. The 
optimum inclination angle of the screw turbine is 20°, with the highest efficiency 
of 90.83% [18]. Edirisinghe et al. [19] conducted a simulation with a maximum 
efficiency of about 82% with a head of 5.2 m. 

The AST performance is influenced by various factors such as inclination angle, 
water flow rate, the distance between screws, and turbine length. In this work, the 
influence of four varies the inclination angle and flow rate (0.008 to 0.01 m3/s) to 
obtain optimal performance and efficiency from the developed AST (Table 1).

2 Experimental Methods 

2.1 Manufacturing of AST 

The turbine frame made of mild steel (30 × 30 mm) is joined by SMAW welding, 
as shown in Fig. 1. Plate mild steels with a thickness of 1.2 mm are cut in a circle 
with a diameter of 300 mm and joined with the shaft of AST by shielded metal arc 
welding (SMAW) (Fig. 2). The AST shaft is connected to a low-speed DC motor 
with a V belt type A to generate power (Fig. 4a).

The AST casing (mild steel) with a thickness of 2 mm is placed under the screw 
turbine so that water flows along the length of the screw. The distance between the 
turbine screw and the casing is 2 mm. The AST shaft tilt angle indicator is placed 
at an angle to facilitate variations in the shaft angle of AST. The display indicator 
voltage, current, and power generated by the AST are placed above the screw AST. 
Four light bulbs as a load are connected to a direct current (DC) generator to generate 
power DC to turn on the lamp. The water tank (198 L) is placed above a tower and 
is connected to a water pump with a pipe diameter of 3 in. The ball valve is joined at 
the bottom of the water tank and connected pipe (4 in.) to drain water from the tank. 
Main components of the AST turbine are shown in Table 2.

2.2 Experimental Procedure 

The water pump with 0.0167 m3/s used water supply from the water bath to the top of 
the tank during an experiment. Next, the ball valve opens for water flow into the AS 
turbine. Water flows with a flow rate of 0.0064–0.01 m3/s, respectively, causing the 
turbine screw to rotate. The turbine shaft is connected to an electric motor using a v 
belt to change the mechanical force on the shaft into electrical energy. The parameters 
measured in this study, such as the water flow rate, used a flow meter. The rotation of 
the Archimedes screw turbine shaft is measured using a tachometer, and the current 
discharged from the Archimedes screw turbine is measured using an Avometer. The 
parameters to be measured are presented in Table 3.
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Table 1 Parameters of AST various researchers 

Parameter of AST Performance of AST Author 

The experiment was conducted with a 
discharge of 0.00106 m3, radius ratio of 
0.5369, angle of 36–44°, pitch ratio of 0.1863, 
and length of 2.09 m 

The turbine did best operation head 
1.23 m at an angle of 36° 

[4] 

The author conducted the numerical model, 
and the experiment was developed AST carried 
out at a flow rate of 0.15 m3/s with an 
inclination of 30°, pitch 0.21, outer radius 0.42 
m, inner radius 0.21 m, radius r ratio 0.505, 
and three-blade screws 

The result of the modeling and 
experiment shows a maximum 
efficiency of 72%. The flow rate is 
0.25 to 6.5 m3/s on a head from 1 to 
6.5 m. The maximum power can be 
estimated to be between 1.7 and 300 
kW 

[6] 

The experimental study was to find out the 
varying length screw (478, 617, and 952 mm) 
and the number of blades 4, inner diameter of 
168 mm, outer diameter of 381 mm, the pitch 
of 381 mm, and the varying tilt angle ranges 
from 15.6 to 33.8° 

The most extended screw (with the 
slightest inclination angle of 15°) 
performed the best 

[7] 

Conducted experimental study with inclination 
angle 20–25, outer diameter 150, inner 
diameter 150, inner diameter 82.5, the pitch of 
helical surface 300 mm, the gap with 0.0025 m, 
screw length 1000 mm, water flow 1–4 l/s 

Inclination angles 21–30, the 
maximal efficiency of the AST is 64% 

[13] 

Experimentation carried out at the shaft angles 
are 30°–45°, the pitch is 70 mm, the screw 
length is 1000 mm, the outer diameter is 130 
mm, the inlet diameter is 70 mm, the gap width 
is 2 mm, and the number of helices 12 m 

Maximum efficiency is 81.4% at the 
flow rate is 1.12 l/s and the angle 35°. 
The best operation at the angle of 45° 
with maximum power obtained is 
25.13 W with a flow rate is 2.065 l/s, 
and the efficiency was recorded at 
72% 

[14] 

The author developed the AST by comparing 
experimental data with simulations on a turbine 
length of 1221 mm, an outer diameter of 316 
mm, and an inner screw diameter of 168 mm. 
The inclination angle varied from 10 to 38, and 
the number of blades is 3, 4, and 5 pieces 

Efficiency is obtained at the 
inclination angle of 20 and 24.5. The 
most power is obtained at the number 
of screw blades 5 

[15] 

CFD-based study to find out efficiency for low 
pitch angles. The study was carried out at 
0.232 m3/s, gap width of 0.005 m, screw outer 
radius of 1.2 m, screw inner radius of 0.643 m, 
and screw pitch of 0.846 m with a hydraulic 
head of 5.2 m 

At the head 5.2 m and discharge 
0.232 m3/s, the result shows 
maximum efficiency of 82% 

[19]

(continued)
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Table 1 (continued)

Parameter of AST Performance of AST Author

The experimental study was inclination angle 
20–25, water flow 20–25 l/s, head 1.26 m, load 
0.3–0.9 kg, flow rate 1–4 l/s 

The result shows efficiency of 74% 
was attained at a tilt angle of 25°. The 
flow rate of 4 l/s with a power of 
0.00057 kW 

[20] 

The authors developed an AST with a length of 
646 mm and an outer diameter of 142 mm. a 
casing diameter of 152 mm, and a gap casing to 
blade width of 5 mm. Varying input parameters 
angle of inclination (22–40°) with a water flow 
rate 1.2 l/s studied 

An efficiency of 49% is obtained at 
the AST head of 0.25 m. The 
optimum power is obtained at an 
angle of 22 with a water flow rate of 
1.2 l/s 

[21]

1. Chassis 
2. Holder Cover Turbine   
3. Bolt Adjuster  
4. Holder Turbine  
5. Holder Turbine  
6. Bearing 
7. Pulley  
8. Turbine Casing 
9.  Turbine  
10.  Alternator 
11.  Belt 
12.  Hinge 

Fig. 1 Design of AST test

3 Result and Discussions 

The experimental setup of the Archimedes screw turbine used in this study is shown in 
Figs. 3 and 4. This study used four inclination angles 22°, 28°, 30°, and 35°, respec-
tively (Table 3). The parameters measured were water flow rate, torque, mechan-
ical power, hydraulic power, and turbine efficiency. The relationship between power 
production and water discharge at an inclination angle of 25–35 (Fig. 5). The angle of 
the shaft inclination affects the volume of water in the space between the two blades 
(bucket). At angles shaft above 35°, the amount of water in the bucket will decrease
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Fig. 2 Engineering drawing of prototype AST

Table 2 Main component of AST 

No. Name of part No. Name of part 

1 Frame of AST 6 Electric fenerator 

2 Casing of AST 7 V belt  

3 Archimedes screw 8 Basin 

4 Display volt and ampere 9 Indicator degree 

5 Light

Table 3 Geometric identities for Archimedes screw 

Parameters Variable Units Value 

Inclination angle B Degree 25, 28, 30, 35 

Outer diameter Do M 0.260 

Inner diameter Di M 0.038 

Pitch P M 0.20 

Number of screws N Unit 1 

Gap width Gw M 0.005 

Screw length L M 1.230 

Flow rate Q m3/s 0.006, 0.0088 and 0.011 

Casing diameter Dt M 0.290

because some of the volumes of water will flow at the top of the screw blade and not 
produce an optimum power generated on the shaft.

Figure 5 shows the effect of the flow of water and inclination angle on the power 
generated by the AST. The optimum output power is obtained at an angle of 35°, 
which produces a power of 6.7 W. The results obtained are similar to the statements 
of Kumar et al. [20].
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Fig. 3 Experimental setup of AST 

Fig. 4 a Transmission V belt for DC generator, b AST in final production

The effect of turbine angle and water flow on turbine shaft rotation is shown in 
Fig. 6. Increasing the turbine shaft angle and water flow increases the turbine shaft 
rotation. The optimum turbine shaft rotation is obtained at a turbine shaft angle of 
35° at a water flow rate of 0.011 m3/s (300 rpm).

Figure 7 shows the effect of inclination angle and flow rate on AST efficiency. It 
was found that the highest efficiency was obtained at a low inclination angle of 25°. 
The inclination angle highest 25° will cause a more significant water overflow than a 
low slope angle [11, 15]. The maximum turbine efficiency % is recorded at an angle
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Fig. 5 Power production 
versus water discharge

Fig. 6 Rotation shaft versus 
water discharge

of 25° and a flow rate of 0.0064 m3/s. The turbine efficiency obtained is very close 
to that of Jandrek et al. [13].

Figure 8 shows the turbine torque produced with variations in the inclination angle 
at water discharge from 0.0064 to 0.011 m3/s. The optimum torque is obtained at an 
inclination angle of 35°, and the water flow rate is 0.011 m3/s. The increase in the 
flow rate and inclination angle at the turbine will be increased the torque produced 
by the AST turbine [15]. Optimum torque is obtained at an inclination angle of 35° 
and a water flow rate of 0.01 m3/s.
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Fig. 7 Efficiency versus 
water discharge

Fig. 8 Torsion versus water 
discharge 

4 Conclusion 

This work studied the effect of variations in inclination angle and flow rate on the 
output power, torque, rotation, and efficiency of the AST. The following conclusions 
can be drawn: 

1. The Archimedes screw turbine (AST) with a shaft length of 1230 mm and a blade 
screw diameter of 300 mm with a flow rate of 0.011 m3/s obtained a rotational 
speed of screw rpm of 243 rpm. 

2. The optimum turbine shaft angle is obtained at a slope of 35° producing optimum 
torque of 2 N.m, and the power generated is 6.4 W.
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3. The increase in the turbine shaft angle with a flow rate of 0.0064 to 0.011 m3/s 
increases the turbine shaft’s rotation but decreases AST’s efficiency. 
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Assessment and Strengthening of Cement 
Plant Clinker Silo Structure Due 
to Corrosion of Reinforcing Bars 

Azzaki Mubarak, Muttaqin Hasan, Taufiq Saidi, and Syarizal Fonna 

Abstract Strengthening and repairs need to be carried out on the clinker silo of 
the Lhoknga Cement Plant, where there has been significant damage, making the 
silo unable to function at full capacity. Damage to reinforced concrete where cracks 
and spalling occurred as well as corrosion of reinforcing steel was assessed. The 
assessment was carried out using the following methods: visual inspection, rebound 
hammer test, ultrasonic pulse velocity test, and corrosion potential measurement 
using a half potential cell. From the assessment results, there have been many cracks 
and severe corrosion in the reinforced concrete slab, which reduces the strength of 
the structure. For this reason, the structural strengthening of the slab using CFRP was 
carried out so that the structural capacity can increase and be able to withstand the 
required working load. Meanwhile, in the clinker silo wall, the potential corrosion 
is still at a moderate level and does not pose a significant hazard to the structure in 
the near term. 
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1 Introduction 

The Lhoknga Cement Plant clinker silo which is the object of this study was built 
using the reinforced concrete structure in 1976. The clinker silo is used for refining 
raw materials, which is to make Portland cement by heating the raw materials and 
mixing them at high temperatures [1]. The cement plant is located beside the Indian 
Ocean in Aceh Besar District, Indonesia, which is the most affected area during the 
tsunami Aceh in 2004. Many reinforced concrete structures affected by the tsunami 
have corrosion in reinforcing bars [2–4]. In this clinker silo, along the conveyor 
beltline, which is located underground, there has been damage to the reinforced 
concrete structure in the form of rebar corrosion, cracks, and concrete spalling as 
shown in Fig. 1. 

As a result of the damage that has occurred, it is necessary to conduct an assess-
ment of the current performance of the structure, so that the improvements can be 
planned for the structural system to be operational again. The assessment carried 
out consists of visual inspection; rebound hammer test, ultrasonic pulse velocity 
test, and corrosion potential test without damaging the concrete surface or so-called 
non-destructive test [5–7]. 

Repairs and reinforcements are carried out to restore the strength of the structure 
that has decreased due to the damage received, so that it has the ability to be able to 
sustain the load as before or the new load to be applied [8–10]. Repairs can be made 
using patching, grouting, and injection methods to repair concrete and using steel 
jacketing or FRP methods to strengthen the structural elements. 

This research was conducted to determine the structural damage to the clinker 
silo and the potential level of corrosion that has occurred. The strengthening method

Fig. 1 The damage to the clinker silo structure 
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is proposed so that the silo can be functionally again with a strength capable to carry 
the working load. 

2 Method  

Description of Clinker Silo. The clinker silo area that was assessed is located on 
the conveyor belt with a total length of 36.40 m, a width of 3.5 m, and a height of 
4.35 m from the floor as shown in Fig. 2. 

Visual assessment. The crack, concrete spalling, and rebar corrosion were visu-
ally assessed in accordance with ACI 562-19 [11]. The remaining rebar diameter and 
other structural dimensions were measured carefully. 

Rebound hammer test. The rebound hammer test was carried out by following 
the ASTM C805/C805M-18 procedure [12] by using an N/NR Schmid rebound 
hammer with a capacity of 10–70 MPa. The location of the rebound hammer test is 
shown in Fig. 3. Tests can be carried out in a vertical downward, vertical upward, or 
horizontal direction depending on the condition of the structure to be tested. At each 
location, 12 tests were carried out and the rebound number of the tested concrete was 
read and recorded, then the average value was calculated and converted into concrete 
compressive strength.

Ultrasonic pulse velocity test. The ultrasonic pulse velocity (UPV) test was 
carried out based on the ASTM C597-16 standard [13] using the UPV tool Proceq 
Pundit PL 200. The location of the UPV test is shown in Fig. 3. This test was carried

Fig. 2 Clinker silo: a Plan; b Section I-I 
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UPV : UPV Test 
T : Hammer Test  

Fig. 3 Location of hammer test and UPV test

Table 1 Criteria for 
corrosion level of reinforcing 
steel based on ASTM 
C876-15 [15] 

Cu/CuSO4 Corrosion risk 

> − 200 mV Low (< 10% corrosion risk) 

− 200 to − 350 mV Medium 

< − 350 mV High (< 90% corrosion risk) 

< − 500 mV Very high 

out to determine the density of concrete by using fast-wave propagation fired into 
the concrete, By using the relationship between longitudinal wave stresses in the 
concrete, the dynamic elasticity properties of concrete can be calculated using the 
following equation [14]. 

Ed = V 2 ρ
(

(1 + μ)(1 − 2μ) 
(1 − μ)

)
(1) 

where Ed = dynamic elastic modulus; V = speed of wave propagation; ρ = concrete 
density; and μ = Poisson’s ratio. 

Corrosion potential analysis. ASTM C876-15 is the standard used to measure 
the half-cell potential mapping method and is one way to apply half-cell potential in 
the field where the corrosion criteria can be seen in Table 1 [15]. The location of this 
corrosion potential test is shown in Fig. 4. 

Section-1 Section-2 

Fig. 4 Corrosion potential test location
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3 Results and Discussion 

Visual observation results. The results of visual observations show that the clinker 
silo slab reinforcing bars have severe corrosion, which had caused peeling of the 
concrete cover and a reduction in the diameter of the longitudinal reinforcing bars 
from 24 to 19.25 mm and transversal reinforcing bars from 16 to 14.5 mm. Mean-
while, the results of visual observations on the walls of the clinker silo showed that 
some of the walls were still in good condition, but some reinforcing bars have a low 
level of corrosion and the diameter of the reinforcing steel was reduced from 16 to 
15.10 mm. 

Compressive strength. The average concrete compressive strength of the walls 
and slab of the clinker silo based on the rebound hammer test is shown in Table 2. 
The results show that the compressive strength value is still above the minimum 
compressive strength value required in SNI 2847-19 [16],  which is 17.5 MPa.  

Dynamic elastic modulus. The results of the ultrasonic pulse velocity test of the 
clinker silo wall and slab structure are shown in Table 3. Based on the velocity data, 
the dynamic modulus of elasticity of the concrete is then calculated and shown in 
the same table.

The dynamic modulus of elasticity of uncracked concrete is generally greater than 
25 GPa. The smaller the value of the dynamic modulus of elasticity of concrete, the 
concrete has experienced more severe internal cracks. The results in Table 3 show that 
the clinker silo structure has significant internal cracks. These cracks are more severe 
in the slab structure than in the wall structure. Cracks in the clinker silo structure are 
caused by the corrosion of reinforcing bars. 

Corrosion potential. Corrosion potential testing is carried out in 2 sections, where 
the first section has a potential distribution indicating the magnitude of the potential

Table 2 The average compressive strength of the hammer test results 

Location Element Average cylinder compressive 
strength (MPa) 

Average cube compressive strength 
(kg/cm2) 

T1-1 Wall 27.16 333.7 

T1-2 Wall 30.05 369.2 

T1-3 Wall 27.55 338.4 

T1-4 Wall 22.87 280.9 

T1-5 Wall 26.65 327.4 

T1-6 Wall 21.59 265.3 

T1-7 Wall 26.02 319.7 

T1-8 Wall 24.92 306.0 

T1-9 Slab 25.44 312.6 

T1-10 Slab 26.66 327.6 

T1-11 Slab 26.12 320.9 

T1-12 Slab 19.50 239.5 
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Table 3 Pulse velocity dan modulus elastisitas dinamis beton pada struktur clinker silo 

Location Element Pulse velocity (m/s) Dynamic elastic modulus (GPa) 

UPV3-1 Wall 2890 18.04 

UPV3-2 Wall 3289 23.37 

UPV3-3 Wall 2825 17.24 

UPV3-4 Wall 2252 10.95 

UPV3-5 Wall 2273 11.16 

UPV3-5 Wall 2016 8.78 

UPV3-7 Slab 828 1.48 

UPV3-8 Slab 2375 12.18 

UPV3-9 Slab 154 0.05 

UPV3-10 Slab 387 0.32

value between (− 347) and (− 297) mV and in Sect. 2 the distribution of the potential 
value between (− 517) and (− 290) mV as shown in Fig. 5. 

Based on the ASTM C876-15 corrosion criteria, the clinker area measured in 
Section 1 has a medium corrosion level, while the measurements in Section 2, the 
measurement data show that this area has a medium to high corrosion level. The

Fig. 5 Distribution of corrosion potential value of concrete surface: a Section 1; b Section 2 
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Fig. 6 Required moment 
and capacity of clinker silo 
slab before and after 
strengthening 
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medium level is shown in green in the visualization results and the high level is 
shown in orange. 

The remaining capacity of the structure. Since only the clinker silo slab struc-
ture has cracks and rebar corrosion, then the remaining capacity of the structure was 
analyzed the slab only using SNI 1726 [17] and SNI 1727 [18]. The design capacity 
(ØMn design) was obtained using the minimum reinforcement ratio in the design, 
while the actual capacity (Mn actual) was obtained using the remaining reinforcement 
from field measurements. The required moment (Mu) was obtained by conducting 
a structural analysis considering all the possible loads acting on the structure. The 
comparison between working load and capacity is shown in Fig. 6. 

Based on Fig.  6, the actual moment is much lower than the design moment which 
means that the corrosion of rebars caused the degradation of the clinker silo slab 
structure a lot. The degradation of moment capacity is due to the reduction in bar 
diameter, the occurrence of cracks in the concrete, and the reduction in the effective 
height of the slab structure. The required moment for the clinker silo slab structure is 
greater than the actual capacity, this will cause the possibility of the structure failing. 

Strengthening of structure. Repair and strengthening of the structure need to 
be conducted to increase the ability of the slab to carry the applied load. Repairs 
are carried out to restore the strength of the concrete that has been damaged due to 
corrosion of reinforcement by injection of epoxy resin into the cracks and covering 
the loose concrete cover using mortar and wire mesh. Meanwhile, reinforcement is 
carried out to increase the capacity of the slab moment capacity so that it can be 
higher than the ultimate moment. Strengthening is proposed by using a carbon fiber-
reinforced polymer (CFRP) sheet following the ACI 440-17 [19] so that the resulting 
capacity can increase above the required moment as shown in Fig. 6. 

The reinforcing bars in the wall slab are still in good condition, there is no signif-
icant reduction in the diameter so the repairs carried out on the wall are sufficient 
for damaged concrete by using epoxy resin injection into the cracks and covering 
the loose concrete cover using mortar and wire mesh. The proposed strengthening 
design of the clinker silo structure is shown in Fig. 7.
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Fig. 7 Repair and strengthening details of clinker silo structure 

4 Conclusion 

From the results of this study, the following conclusion can be drawn: 

1. The corrosion and cracks in cement plant clinker silo slab structure are more 
severe than in wall structure. 

2. The compressive strength of the clinker silo structure meets the requirements of 
structural concrete based on the building code.
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3. The low dynamic elastic modulus was observed indicating that the concrete 
structure has been cracked already. 

4. The corrosion potential test results show that the corrosion level of reinforcing 
steel in the clinker silo slab is a high risk, while the corrosion level of reinforcing 
steel on the clinker silo wall is at medium risk. 

5. The residual strength of the slab clinker silo structure is lower than the required 
strength; therefore, the strengthening of the structure is required. The repair and 
strengthening of the structure can be conducted by injection of epoxy resin into 
the cracks and by applying a carbon fiber-reinforced polymer sheet on the surface. 
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Performance Evaluation of Pangium 
edule Biodiesel Developed Using Palm 
Kernel Shell Heterogeneous Catalyst 
as Alternative Fuel in Multifunction 
Diesel Engine 

Teuku Azuar Rizal, Khairil, Mahidin, and Husni Husin 

Abstract The main idea of this article is to provide further knowledge related to 
the application of pure biodiesel in a custom power generator. Previous research has 
shown preliminary results regarding the potential of Pangium edule. Biodiesel as 
feedstock and has been tested to run a diesel engine with lower rotational speed. The 
biodiesel in this research has been prepared using a heterogeneous catalyst derived 
from a palm kernel shell impregnated with K2CO3. In this research, small alternator is 
driven by Yanmar TF65 R-DI multifunction diesel engine, which is easily assembled 
and has been utilized as a power generator to be evaluated. The engine was tested 
under various biodiesel blend with given load and connected to multiple instrument 
to record data required, i.e. engine speed (rpm), fuel flow (ml/sec), voltage (V), and 
current (A) readings. The data series then used to analyse the engine performances. 
The custom power generator has been designed to work at 5.5 kWh in prolonged 
operation time, suitable to supply typical household wattage in the region, ranging
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from 0.9 up to 3 kWh. The fuel mixtures containing 20% biodiesel, or B20, is still 
desirable to use in general multipurposes diesel engine. While B30 show similar 
potential but it does not show a similar performance as in higher rotational speed 
diesel power generator as demonstrated earlier. However, PE biodiesel still shows a 
promising performance as an alternative source of diesel engine fuel. 

Keywords Performance evaluation · Pangium edule biodiesel · Palm kernel 
shell · Heterogeneous catalyst · Power generator 

1 Introduction 

Biodiesel has become one alternative fuel to petroleum diesel which is desirable to 
reduce the environmental impact of emissions without modifying engines [1]. Studies 
have shown that biodiesel has better combustion performance than petroleum diesel 
due to several factors, including higher cetane numbers [2] appropriate viscosity, and 
density. Important parameters commonly used as benchmarking in determining the 
performance of diesel engines include maximum brake thermal efficiency (BTE), 
minimal brake-specific fuel consumption (BSFC), and emission discharge from 
diesel engine exhaust [3–5]. Relatively, biodiesel is a highly oxygenated fuel that 
can improve combustion efficiency and can reduce unburnt hydrocarbons (HCs), 
carbon dioxide (CO2), carbon monoxide (CO), sulphur dioxides (SO2), nitric oxide 
(NOx), and polycyclic aromatic HC emissions [1]. However, the study indicates 
that biodiesel’s two primary pollutant gas emissions were generally reduced. There-
fore, biodiesel was claimed to provide a more environmentally friendly, secure, and 
renewable approach to obtaining energy in the long run [6]. 

Previously, the Pangium Edule biodiesel (PEB) blend with 10% and 20% mixture 
was tested in Yanmar TS 50, a 5.0 HP diesel engine that works at relatively lower 
rotational speed [7]. The process of biodiesel production has never been specified. 
The research indicated that at the higher rotational speed, there is a tendency to 
lower the SFC and the engine’s power while increasing the thermal efficiency at the 
same time. Much previous research related to PEB only focused on the production 
aspect, including the actual production of biodiesel and feedstock [8–10]. Other 
investigations emphasize physicochemical properties [11–13], while limited research 
on engine testing was implemented. 

This paper intends to examine the engine performances, particularly concerning 
engine power, fuel consumption, and thermal efficiency of a diesel engine using 
PEB blend and its comparison to petroleum diesel fuel. Several types of biodiesel 
blends have been prepared for this experimentation, including 100% PEB (B100) 
and 20%, 30%, and 40% mixture of PEB to Pertamina Dex (B0). All these fuels will 
be discussed later in the next section.
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2 Material and Methods 

Biodiesel preparation and properties. Various biodiesel blends have been prepared 
for engine performance calculation, and they are 100% PEB or B100, B40, B30, B20, 
and B0. In previous research, biodiesel with a 20% mixture has been found to work 
at most similar to the performance of pure petroleum diesel without sacrificing the 
default manufacture performance itself. Pertamina Dex, later called B0, was mixed 
with various percentages of PEB, including 20%, 30%, 40%, and 100% PEB mixture, 
later labelled as B20, B30, and B40, respectively. A homogenized biodiesel blend 
was prepared by stirring the mixture above its cloud point temperature for at least 
2–3 minutes. 

Experimental setup and Instrumentation. This study used multifunction diesel 
engine 2200 rpm YANMARTF65di connected to a 3 kW single-phase alternator 
xingxing working with a power factor of 1 and at maximum rotational speed at 1500 
rpm reduced by v-belt with pulley ratio at 1500: 2200 or 1: 1,4. Detailed specification 
of the diesel engine, YanmarTF65R in shown in Table 2. This engine was relatively 
small and affordable to many SMEs and households. It was also designed to run with 
commercial diesel in the fuel category of B0 up to B20. The engine was subjected 
to various biodiesel blends ranged from B0, B20, B30, B40, and B100 and later 
observed the engine’s performance during the utilization of such biodiesel blends. 
Table 1 presents the detailed technical parameter of the diesel engine. This research 
characterized the performance of a diesel engine including power (P), specific fuel 
consumption (SCF), and thermal efficiency (nth). Data required for the performance 
calculations include voltage, current, fuel consumption, and engine rotation (Tables 2 
and 3). 

The experiment was conducted by pulling out all data required, i.e., voltage, 
current, fuel flow, and rotational speed, based on the load provided to the generator. 
The data were recorded along with the increase of load subjected to the engine. Each 
data are provided through an additional measurement instrument with 1.5 kW load 
at the increment of 200 rpm starting from 1500 to 2100 rpm. Figure 1 presents the 
schematic of the experimental setup in this research.

Table 1 Properties of diesel and biodiesel blend fuel used in this experiment 

Fuel parameter Unit B0* B20 B30 B40 B100 

Kinematic viscosity mm2/s (cSt) 2.0–4.5 4.4–5.1 

Density kg/m3 820–860 845.9 848.85 851.8 851–888 

Calorific Value MJ/Kg 56.5 53.1 51.4 49.7 39.4 

*Reference: [11]
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Table 2 Technical parameter of Yanmar TF65 R-DI 

Model TF 65 R-di 

Engine model 4 stroke horizontal diesel engine horizontal 

Combustion Direct injection 

Aspiration Natural 

No. of cylinders 1 

Cyl. Bore × Stroke, mm 78 × 80 
Displacement, cc 382 

Cooling system Radiator/water 

Lubrication system Forced lubrication with trochoidal pump 

Starting system Manual 

Rated output, kW (PS)/min 5.5/2200 

Specific fuel consumption, gr/dk jam 178 

Fuel Diesel fuel 

Continuous rated output 5.5/2200 

Max. output 6.5/2200 

No-load Max. rotation speed, rpm (min) 2200 

Compression ratio 18.1 

Valve position Over head valve 

Ignition system Pressurized air 

Reference: [12] 

Table 3 Specification of 
Xingxing alternator Parameter Description 

Model NES-3 

Rated frequency (Hz) 50 

Rated output (kVA) 3 

Max. output (kVA) 5.0 5.5 

Rated voltage (V) 230 

Rated current (A) 13 

Rated rotation speed (r/min) 1500 

Phase NO Single phase 

Power factor (Cos Φ) 1.0

3 Result and Discussion 

Comparison of Energy Content. The energy content of two types of biodiesel 
blend is generally calculated by summing energy content from a percentage of type-
A biodiesel with another percentage of type-B biodiesel or expressed as in Eq. 1 [13] 
(Fig. 2).
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Fig. 1 Schematic illustration of the experimental flow and data recording procedure

HAB = #HLHVA × %VolA ∗ +#HLHVB × %VolB∗ (1)

HAB is a blended fuel energy content, while HA and HB are specific energy content 
of each fuel fraction. 

Fuel Consumption. Figure 3 indicates that B20 still dominating the performance 
both at lower and at higher load, burned at 0.465 kg/h, which has a minuscule differ-
ence of all biodiesel blend ranged from 0.465 to 0.5 kg/h in B30. However, all 
biodiesel blend show a similar fuel consumption pattern which was lower to default 
fuel consumption model as manufactured.

Brake-Specific Fuel Consumption, BSFC. Figure 4 implies that the maximum 
BSFC was 0.286 kg/kWh for the BPE 20% blend at 1500 rpm. Also, the minimum 
BSFC, 0.222 kg/kWh, occured at a 1900 rpm load for the fuel blend of 40% biodiesel.

Brake Power. As shown in Figure 5, the brake power shows a similar phenomenon 
related to the amount of biodiesel flow and the load given during engine runs. The 
lower heating value of each fuel directly affects the total power during combustion. 
At a 2100 rpm, B0 performs the highest brake power at 2.7 kW out of 5.5 kW total
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Fig. 2 Energy content of the biodiesel blend gradually decreased along with the increasing biodiesel 
content in the mixture
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Fig. 3 Fuel consumption at different load

engine power according to the manufacturing design. BPE blend 20% enlisted in the 
following to deliver 2.6 kW of power at the same rpm.

Brake Thermal Efficiency, BTE. The efficiency of a diesel engine is calculated 
when a fuel’s chemical energy is turned into valuable work, later defined as BTE 
[4]. Figure 6 shows biodiesel percentage and engine load effects on the BTE. In
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Fig. 6 BTE at different load 

all fuel and blends, BTE tends to increase along with the increase of applied load. 
This phenomenon happens due to the reduction in heat loss and increased power 
developed with increased load [4]. BPE blend 100% has the highest BTE at every load 
given in this case. Nevertheless, the implementation of pure biodiesel in the engine 
application will significantly impact the cost of production and possibly stimulate 
significant drawbacks on the environmental issue. 

4 Conclusion 

The experiment on Pangium Edule biodiesel blends on YanmarTF65 R-di has been 
conducted successfully. The biodiesel resulting from the transesterification process 
with palm kernel shell heterogeneous catalyst works smoothly in a custom power 
generator driven by multifunctional diesel engine. Unfortunately, it does not show 
tremendous performance at higher blend of biodiesel content in the fuel. It is simply 
due to limited engine rotational speed. However, if compared to small class power 
generator works on higher rotational speed, i.e. > 3000 rpm, biodiesel with BPE 
blend 30% are show a better performance. Since there were infinitesimal changes 
in each variable recorded during the experiments and operational conditions, the 
upcoming research data and calculation should be carried out with a more state-of-
the-art methodology.
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Study the Effect of Hyperparameters 
on Performance of BEIA to Detect 
Corrosion in Reinforced Concrete 

Muhibul Jamal, Syarizal Fonna, Syifaul Huzni, and Israr B. M. Ibrahim 

Abstract The purpose of this study was to determine the effect of hyperparameters 
on the performance of BEIA in detecting corrosion in reinforced concrete. BEIA was 
run with fifteen data of potential measurement values on concrete surfaces. Variations 
in geometry size, cognitive values (a1), and social parameters (a2) were performed 
in this study. Simulation result show the hyperparameters can affect the performance 
of BEIA in finding the location of corrosion in reinforced concrete. Due to the effect 
of hyperparameter values on BEIA performance in detecting corrosion on rebar, 
the recommended cognitive parameter value is < 0.4; meanwhile the recommended 
social parameter value is 0.6 < a2 ≤ 0.9. 

Keywords Corrosion · BEM · PSO · BEIA · Detecting corrosion · Reinforced 
concrete 

1 Introduction 

Corrosion is an electrochemical metal degradation process due to redox reactions 
between metals and the surrounding environment [1]. Based on research in the United 
States, corrosion results in losses of hundreds of billions of dollars. According to the 
study’s findings, the losses caused by corrosion in a country ranged from 1 to 5% of 
the Gross National Product (GNP) [2]. Corrosion that occurs in reinforced concrete 
can cause premature failure of infrastructure [3]. The half-cell potential mapping 
method is one of the techniques used to detect corrosion in concrete which was 
carried out extensively regarding ASTM C876 [4]. The half-cell potential mapping 
method performs by taking direct measurements on the reinforced concrete surface 
to evaluate the corrosion of the reinforcing steel. The measurement results on the 
concrete surface are potential values that can be used to analyze or predict corrosion
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in concrete reinforcement [5]. Each potential point represents an increased chance 
of corrosion. Because the reinforcing steel/rebar potential is nearly the same as the 
value on the concrete surface in the case of uniform corrosion, this method yields 
better results in detecting corrosion of reinforcement in concrete [6]. However, this 
method has many shortcomings, namely the interpretation of data from the results 
of measurements in the field must be considered [7]. Sadowski [8] has developed 
an inverse method based on the finite element method (FEM) and the conjugate 
gradient method. However, corrosion only occurs on surface materials, FEM is not 
suitable for corrosion, and the boundary element method (BEM) is more suitable 
for simulating corrosion of concrete [9]. Then, corrosion investigations in reinforced 
concrete have also been carried out [10] using artificial neural networks (ANN). 
However, this technique has a lower level of accuracy in detecting the location of 
corrosion due to the need of large data for training. 

One of the methods being developed that can overcome the weakness of half-
cell potential mapping is boundary element inverse analysis (BEIA). BEIA uses 
a numerical simulation based on the boundary element method (BEM) and particle 
swarm optimization (PSO). The effect of the constant weight parameter (W ) has been 
carried out to detect corrosion in reinforced concrete [11]. The numerical simulation 
shows the recommended constant value for the inertial weight (W ) (0.25 ≤ W ≤ 0.5) 
with an error of 5%. By breaking the RC column, the location and size of the corrosion 
were confirmed. This method was found to be up to 95.65% accurate in detecting 
the location and size of corrosion. If only half-cell survey potentials are used, this 
information will not be obtained. This method opens the way to comprehensively 
determine the corrosion profile of reinforced concrete for several locations with 
various shapes [10]. 

Hyperparameter is a learning parameter whose value is selected before the learning 
algorithm process starts. The hyperparameter value is independent of the data, and 
the value is constant as long as the model is optimized. The most appropriate value for 
the hyperparameter is selected through the hyperparameter loop. Hyperparameters 
are used to customize various aspects of the learning algorithm, the effects of which 
on the final model and its performance can be highly variable [12]. As a result, 
the purpose of this research was to investigate the effect of hyperparameters on the 
performance of BEIA in detecting the location of corrosion in reinforced concrete 
in order to detect corrosion more effectively. 

2 Boundary Element Inverse Analysis (BEIA) 

BEIA was developed by integrating two methods: boundary element method (BEM) 
and particle swarm optimization (PSO). The corrosion potential value on the concrete 
surface is calculated using BEM. Meanwhile, PSO is used to evaluate the cost func-
tion for detecting reinforcing corrosion of steel in concrete. PSO was first introduced 
in 1995 by Kennedy and Eberhart [13]. The social behavior of flocks of birds and 
schools of fish in search of food helped inspire the PSO mechanism. In 2018, the
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inverse using BEM and PSO was applied in the field on reinforced concrete columns 
in the 2004 tsunami area, with the inverse results detecting the location and size of 
corrosion on reinforced concrete columns with a 5% error of the actual corrosion 
[14]. 

BEIA is executed following the flowchart depicted in Fig. 1 by determining the 
required constant parameters such as Z, Jmax, ε0, a1, a2, and W. Parameter Z is the 
number of particles, Jmax is the maximum iteration, ε0 is the boundary condition 
(ε0 ≤ 10–4), a1 is the value cognitive, and a2 is social parameter W is the value 
of inertia weight. The word particle in this method is used for candidate solutions. 
Then, determine the corrosion profile or Xj at random on the concrete surface, and 
determine the particle velocity or Vj at random. 

The potential on the concrete surface is calculated using BEM. The next step is to 
enter N electrical potential data obtained from field measurements on the concrete 
surface (N). To obtain a corrosion profile, namely the location of the corrosion on 
reinforcement in concrete, BEIA uses the following Eq. (1). When the maximum 
number of iterations is reached, the simulation is finished. If it is not reached, the 
iteration resumes with doing on. For equations in updating solutions for personal best 
(pbest) and global best (gbest) can be seen in the Eqs. (2–6). From the polarization 
graph, it is then converted into the boundary conditions; the boundary conditions of 
the corroded and uncorroded parts are φa = −  10 × i + 0.600 V and φc = −  10 × i 
+ 0.270 V, where i is the current density, A/m2. Meanwhile, the conductivity value 
of concrete is k = 0.007 Ω−1.m−1 [16].
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Fig. 1 Flowchart of inverse analysis using PSO [15] 
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ε(X) = 
NΣ

l=1

[
φl − φl 

φmax

]2 

(1) 

X j+1 = X j + Vj+1 (2) 

V1 = a1r1
(
pbest − X j

)
(3) 

V2 = a2r2
(
gbest − X j

)
(4) 

V3 = WVj (5) 

Vj+1 = V1 + V2 + V3 (6) 

3 Case Study 

The geometry used is a two-dimensional shape with a rectangular geometric shape, 
which has a single reinforcing steel in the middle as shown in Fig. 2 and the concrete 
size can be seen in Table 1 with a meshing size of 1 cm. Potential data from field 
measurements were taken from the boundary element method (BEM) simulation in 
this case study, with the assumption that all corrosion sizes (CS) were 30 cm and 
the location of corrosion (CL) was known. This case study investigates the effect 
of geometry measures of values cognitive (a1) and social parameters (a2) on the  
performance of BEIA in detecting corrosion in reinforced concrete (Fig. 3). 

y 

x 

Anode/corrosion Cathode 

Concrete 

Rebar 

Fig. 2 Simple RC model of corrosion numerical simulation 

Table 1 Dimensions of 
geometry Case P (cm) T (cm) Mesh size (cm) 

I 560 5 1 

II 1120 5 1
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Fig. 3 Measured electrical potential data 

4 Numerical Simulation Results and Discussion 

The BEIA simulation results that have been obtained with variations in geometry, 
values cognitive (a1), and social parameters (a2) as shown in Tables 1, 2 and 3 can 
be seen in Figs. 4, 5 and 6. 

Figure 4 shows the BEIA simulation for case study I with parameters N = 15, 
a1 = 0.1, a2 = 0.5, and W = 0.25. It can be seen that in the 12th iteration, all the 
particles have been collected into one location when the iteration continues until 
the maximum iteration of the particles is still in the same position. BEIA has been 
shown to detect the location of corrosion with an average error of 1% under these 
conditions. 

Afterward, Fig. 5 provides the BEIA simulation for the case study I with variations 
in cognitive values (a1), and social parameters (a2). Figure 5a shows the results of 
the BEIA simulation with variations in cognitive values (a1). Variations in cognitive 
value (a1) did not affect the performance of BEIA in finding the location of corrosion 
in reinforced concrete. The location of corrosion was found in the 12th iteration, and

Table 2 Variations of 
cognitive values (a1)

Cognitive (a1) Social parameter (a2) 

0.1 0.5 

0.2 0.5 

0.3 0.5 

0.4 0.5 

0.5 0.5 

Table 3 Variation of social 
parameter values (a2)

Cognitive (a1) Social parameter (a2) 

0.5 0.4 

0.5 0.6 

0.5 0.7 

0.5 0.8 

0.5 0.9
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Fig. 4 Movement of particles for case I with N = 15, a1 = 0.1, a2 = 0.5, and W = 0.25

the variation of value cognitive (a1) in case I showed that BEIA can detect the location 
of corrosion with an average error of 1%. 

Furthermore, Fig. 5b gives the BEIA simulation with variations in the value of 
the social parameter (a2) contained in the PSO. Variations in the value of the social 
parameter (a2) can affect the performance of BEIA in finding the location of corro-
sion, the greater the value of the social parameter (a2), the faster the location of 
corrosion is found. For social parameter values (a2) 0.4, corrosion locations were 
found in the 17th iteration, for social parameter values 0.6, corrosion locations were 
found in the 9th iteration, while for social parameter values 0.7, 0.8, and 0.9, corro-
sion locations were found in the 8th iteration. For case study I, corrosion locations 
can be detected by BEIA with an average error of 1%. 

Figure 6 shows BEIA simulation for case study II with variations in cognitive 
values (a1) and social parameters (a2) contained in PSO. Figure 6a shows the results 
of BEIA in case II with variations in cognitive values that can affect the performance 
of BEIA in finding the location of corrosion in reinforced concrete. For cognitive 
values (a1) 0.1 and 0.3, corrosion locations were found in the 12th iteration, while 
for cognitive values (a1) 0.2, locations of corrosion were found in the 14th iteration. 
For cognitive values (a1) 0.4 and 0.5, corrosion locations were found in the 15th 
iteration. For case II, it shows that BEIA can detect the location of corrosion with a 
maximum error of 4%.  

Finally, Fig. 6b depict the BEIA simulation in case study II for variations in social 
parameter values (a2). Variations in the value of the social parameter (a2) affect the 
performance of BEIA in finding the location of the corrosion. For social parameter 
values (a2) 0.4, corrosion locations were found in the 16th iteration, while for social 
parameter values (a2) 0.6, 0.8, and 0.9, corrosion locations were found in the 11th
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Fig. 5 BEIA simulation results for case I with a variation of the value of a cognitive (a1), and 
b social parameters (a2)

iteration. For social parameter value (a2) 0.7, corrosion location was found in the 15th 
iteration. For the value of social parameters (a2) 0.4 in case II, corrosion locations 
cannot be detected by BEIA, while for social parameter values of 0.6, 0.7, 0.8, and 
0.9, corrosion locations can be detected by BEIA with < 5% error.
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Fig. 6 BEIA simulation results for case II with a variation of the value of a cognitive (a1), and 
b social parameters (a2)

5 Conclusion 

Based on the results of the BEIA simulation, it can be concluded that variations 
of geometry size, cognitive values (a1) and social parameters (a2), can influence 
the performance of BEIA in detecting corrosion in reinforced concrete. The recom-
mended values for the cognitive value are < 0.4, while the values for social parameters 
are between 0.6 < a2 ≤ 0.9. 
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Manufacturing Processes of Table Tennis 
Racket Coconut Coir Fiber/Polyester 
Composite Polymer 
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Partaonan Harahap, and Wahyudi Pranata 

Abstract Coconut oil waste is considered to be a promising prospect for use and 
development as natural composite materials. Before use, coconut oil fibers are treated 
for 24 h in an alkaline treatment of 2% NaOH. In this study, coconut coir fiber was 
used as a reinforcement for polymer composite materials. The purpose of this study 
was to make a table tennis racket from a composite polymer material reinforced with 
coconut fiber. Making of the table tennis racket is by using a press machine. Mixing 
of coconut fiber and polyester resin is based on mass fraction with a weight ratio of 
10:90. Making table tennis racket is by hand layup and compressing mold. Coconut 
coir fiber is arranged randomly with a layer on a mold in a press machine. The results 
obtained are a table tennis bat with a composite material that has a thickness of 6 mm 
and a mass table tennis bat after rubber coating on the bat part is 203 gr. 
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1 Introduction 

The development of materials engineering and the use of composite materials in 
Indonesia has not been very popular, and not many industries have developed this 
technology [1–5]. In modern countries, the development of composite material tech-
nology is growing rapidly. The need for materials with certain characteristics is also 
a driving factor. Various kinds of materials have been used, and further research 
continues to be carried out to obtain the right materials, one of which is composite 
materials. 

Its ability to be easily shaped according to needs, both in terms of strength and 
the advantages of other properties [6–9], encourages the use of composite materials 
as an alternative material to replace wood in various products produced by industry, 
especially the manufacturing industry. Many products use wood. The more wood is 
produced from the forest the more often, the results we take will affect the sustain-
ability of the forest. To maintain the ecosystem and forest sustainability, products 
made from wood can be changed to composite materials [7, 10]. One of them is the 
use of table tennis rackets, which currently still use wood. Therefore, a proto-type 
table tennis bat was made with composite materials with the same punch strength. 

On the other hand, coconut coir, which is waste, is only piled under coconut plants 
and then left to rot to dry; its use is mainly for fuel and other things such as foot 
mats. Although coconut coir still has a fairly good economic value. Coconut coir, 
when decomposed, will produce coconut coir fiber [11] and cocopeat. However, the 
derivative of coir is coir fiber. For the development of manufacturing processes that 
enhance and increase the presence of composite materials in the industrial sector 
[12–15]. The aims of this research are to design and make moldings for a table tennis 
racket and to make table tennis bats by molding using a press machine. 

2 Materials and Method 

The process of making the design [16–18] and the prototype of the table tennis racket 
begins with drawing the model using SolidWorks software and then making the mold 
by milling machine with the aluminum alloy metal material and then determining the 
composition of materials, and a weight ratio of 10% fiber and 90% resin (Table 1).

This study uses the hand-laying method and is then pressed with a hydraulic 
compression machine. Mixing of the constituent materials is carried out in a separate 
mixing container, and even distribution of the composite material in the mold is done 
by hand layup. Then, press the material, so that it is evenly distributed throughout 
the tennis bat and fills the hollow part.
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Table 1 Type of equipment and materials used 

No. Name Acct Unit Materials 

Equipment 

1 Table tennis racket mold 1 Set Aluminum alloy 

2 Glass 1000 ml 1 Ps Glass 

3 Glass100 ml 1 Pc Glass 

4 Cup 1 Pc Glass 

5 Stirrer 1 Pc Plastic 

6 Decomposer coir 1 Unit Steel 

Materials 

1 Matrix * gr Unsaturated polyester 

2 Coconut coir fiber * gr Fiber 

3 Catalyst * gr MEKPO 

4 Alkali * ml NaOH 

5 Cleaner liquid * ml Acetone 

6 Mold release * gr Wax 

*suitable composition of the product

The table tennis bat printing process is carried out with the following steps: 

1. Apply a separate layer on the inside of the mold with mold release wax for easy 
removal of the product from the mold. 

2. Preparation of the required materials, namely the fiber Yukalac BQTN 157-EX 
[19], which is an unsaturated polyester resin, then weighed according to the 
specified weight of the mixture. 

3. Mix unsaturated polyester resin and catalyst first, methyl ethyl ketone peroxide 
(MEKPO), then stir until evenly distributed, code C1. 

4. Pour some of the C1 mixtures into the mold and place the coconut coir fiber on 
top of the resin layer on the mold and again pour the C1 mixture into the mold 
as shown in Fig. 1a–c.

5. Next, press with a press machine and turn on the machine heater. 
6. Allow to harden and dry. Then, remove the specimen from the mold as shown in 

Fig. 2a, b.
7. Cover the table tennis racket with a rubber layer in red and black colors.
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(a) (b) (c) 

Fig. 1 Pouring resin and coconut fiber into a mold on a press machine

(a) (b) 

Fig. 2 Removing a table tennis bat from the mold

3 Results and Discussion 

The table tennis racket that will be made is made of composite mold using a mold 
as shown in Fig. 3.

The process of making table tennis bats is carried out as described above, and 
the results of the table tennis bat prototype are composite materials with a ratio of 
coconut fiber and polymer matrix as shown in Fig. 4. The mass of the table tennis 
bat prototype after the measurement is 203 g.

In the process of making conventional table tennis bats, plywood is cut and formed 
into table tennis bats. The plywood is made 6 mm thick, consists of 3 layers, and
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(a)              (b) 
Fig. 3 a Design and b molding of a table tennis racket

Fig. 4 Composite table tennis racket

then is again coated with a layer of red and black rubber on the outside. Conventional 
table tennis bats are shown in Fig. 5b.

Based on the SNI specifications on the mass of the table tennis racket, which is 
150–210 g, the prototype table tennis bat is made of polymer composite material 
reinforced with coconut fiber with a fiber and matrix ratio of 10:90, which is in the 
SNI standard. Furthermore, if a comparison is made with the mass of table tennis
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Fig. 5 Composite table tennis racket and wooden table tennis racket

Table 2 Comparison of table 
tennis racket of composite 
polymer and wooden 

Table tennis racket Mass (g) 

Polymer composite 203.7 

Wooden 157.9 

bats on the market, the mass of this prototype table tennis bat is still heavier than the 
table tennis racket on the market, and the value of this comparison can be seen in 
Table 2. 

As for the specifications of table tennis bats that follow the Indonesian National 
Standard (SNI), this composite table tennis racket product has reached the standard 
and is suitable for use. 

The following table tennis bat specifications are according to SNI (Indonesian 
National Standard) 

Total bat weight: 150–210 g 

Overall length: 260–270 mm 
Bat leaf width: 150–155 mm 
Bat leaf thickness: 6–7 mm 
Rubber layer thickness: 1.5–2 mm 
Rubber bat color: Red and Black 
Stem length: 105–110 mm 
Stem thickness: 22–25 mm 
Stem width: 28–35 mm
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According to SNI 12-0799-1995 
According to PTMSI (All Indonesia Table Tennis Association). 

4 Conclusion 

Based on the results obtained in the study, conclusions can be drawn including 
that the manufacture of table tennis racket molds is carried out in stages, including 
drawing model drawings, making molds from aluminum alloy material on the die, 
and punching sections with a milling machining process. The prototyping of table 
tennis rackets is carried out using compression molding, with a composition of a 
10:90 ratio of fiber and matrix. 

Acknowledgements The authors would like to thank the Universitas Muhammadiyah Sumatera 
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Abstract Porous structures have shown promise in biomedical applications, partic-
ularly for artificial implants, because they provide a large surface area for bone 
ingrowth. A simulation analysis model was developed in this study to evaluate the 
mechanical properties of various designs based on cubic unit cell scaffolds with 
varying strut geometries at the same porosity. Based on the diameter and cross-section 
type of the struts, porous bone scaffolds with the same porosity were developed. The 
porous structure bone scaffold with square cross-section struts is larger based on the 
pore size measurements. The porous structure bone scaffold with square cross-section 
struts has the highest compressive strength and modulus elasticity, according to this 
study. All bone scaffolds with porous structures, however, may meet the trabecular 
bone criteria (pore size, porosity, interconnectivity, and biocompatibility), but not the 
cortical bone criteria. Biomaterials with higher mechanical properties, or polymers 
combined with ceramics, will need to be researched in the future to match cortical 
bone’s mechanical strength. 
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1 Introduction 

Porous structures are used in various industries today, including aerospace, auto-
mobile manufacturing, and biomedical applications. The use of additive manufac-
turing methods to create porous structures has gained popularity recently [1]. Porous 
structures have shown promise in biomedical applications, particularly for artificial 
implants because they provide a large surface area for bone ingrowth. To achieve 
a good rate of bone ingrowth and mechanical properties, optimal morphological 
factors such as pore size and porosity must also be chosen [2]. The function and 
overall performance of a porous structure are determined by the careful selection 
of various morphological factors, such as average pore size and porosity, which 
determine the rate of bone ingrowth and interface strength [3]. The unit cell porous 
structure can be customized to provide appropriate mechanical properties for the 
biomaterial to handle physiological loadings, with regulated porosity and pore size 
for an optimal architectural environment for bone ingrowth [4]. Porosity should be 
greater than 50%, and pore size should be 100–700 mm to minimize pore occlusion 
and provide adequate surface area for cell attachment and load-bearing capability 
[5]. 

Polylactic acid (PLA), a biodegradable polymer that degrades to non-toxic 
compounds, can be used in a variety of applications such as biomedical devices, 
sutures, bone fixing, and food packaging [6]. Because of its unique biological and 
mechanical properties, PLA, a highly flexible synthetic polymer, has been used in 
bone scaffolds [7]. PLA is also FDA-approved for use in biomedical applications [8], 
which has resulted in extensive research into PLA for tissue engineering applications 
[9]. 

Recent bone scaffold research has primarily focused on three-dimensional, non-
stochastic, open-cell structures. The cubic structure has received a lot of attention 
because of its basic geometrical design and promising results [10]. Because of the 
regular strut dimensions on each vertex of the cube shape, the stress distribution on 
each strut is constant. Previous research discovered that different scaffold geometries 
had varying porosity percentages. These modifications may have a significant impact 
on the mechanical performance of scaffold topologies, making precise comparisons 
difficult [11]. In other studies, finite element analysis (FEA) was used to simulate the 
mechanical performance of scaffolds. Using finite element analysis, Sohrabian et al. 
[11] investigated the effects of different lay-down patterns on the mechanical proper-
ties of bone scaffolds. Olivares et al. [12] created a computational method for relating 
mechanical properties to cell differentiation in relation to scaffold morphology. Shi 
et al. [13] used mechanical compression simulation to evaluate the mechanical prop-
erties and permeability of the scaffold. Wieding et al. [14] used numerical analysis 
to optimize the geometrical parameters of open-porous titanium scaffolds to match 
the elastic properties of human cortical bone in terms of pore size. In this work, a 
simulation analysis model was developed to investigate the mechanical properties of 
several designs based on cubic unit cell scaffolds with varying strut geometry at the 
same porosity.
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Table 1 Properties od PLA 
materials [15] Properties Value 

Solid density (g/cm3) 1.252 

Elastic modulus (MPa) 3500 

Yield strength (MPa) 70 

Poisson ratio 0.36 

2 Materials and Methods 

2.1 Materials 

PLA was used as the bone scaffold material in the simulation, and its material 
parameters are listed in Table 1. 

3 Methods 

The design of the microarchitecture scaffold is the first stage of the methodology. The 
cube is the most fundamental porous structure unit cell shape, with all struts at 900 

to one another, making it easier to construct. The influence of strut geometry on the 
mechanical performance of porous structures like bone scaffolds was investigated 
using three distinct strut geometries: circular, square, and hexagonal shapes. The 
cross-sectional type of struts in porous structures bone scaffolds is depicted in Fig. 1. 
To achieve an excellent clinical result, the selection criteria in this study include 
appropriate porosity, pore size, and interconnectivity. Increased porosity in a structure 
promotes bone tissue formation while decreasing structural and mechanical strength. 
Porosity must be greater than 50% to allow for bone ingrowth [16]. 

Fig. 1 a Circular, b square, and c hexagonal struts geometry
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Fig. 2 Bone scaffolds sample based on a circular, b square, c hexagonal struts geometry 

All samples in this study were designed with a porosity of 60%. To assess the 
design’s suitability for implantation, the porosity of porous structures in bone scaf-
folds was determined. The porosity (P) of porous structures in a bone scaffold sample 
was calculated using Eq. 1 [13]. 

P = Ve  

V 
.100% (1) 

The pore volume of the porous structure is denoted by Ve, and the volume of the 
solid structure is denoted by V. The pore volume of porous and solid structures was 
extracted from CAD software and used to calculate porosity. 

Following the selection of modeling parameters, creo-parametric software was 
used to design three distinct porous structures of bone scaffolds with varying 
strut geometry. All designs’ unit cells were created using the ISO standard (ISO 
13314:2011), with a sample size of 6 × 6 × 6 mm. Figure 2 shows a CAD model of 
three different bone scaffolds. 

Pore size measurement is the second stage of the methodology. The size of 
the pores in a porous structure influences bone tissue regeneration significantly. A 
small hole can inhibit bone ingrowth by increasing pore occlusion, whereas a large 
hole reduces the surface area for cell adhesion and weight-bearing capability [16]. 
According to the literature, the optimal pore size is 100–700 mm [16]. A unit cell’s 
pore size is defined in planar view as the diameter of the circle inscribed between 
the unit cell struts. Pore size was measured in this study using the ImageJ software. 

The methodology concludes with simulation analysis. The simulation analysis 
software is used to convert all CAD model samples. Because of its mechanical and 
biological properties, PLA was chosen as the material for simulated sample examina-
tion. Autodesk Fusion 360 software is used in the simulated analysis technique. The 
mechanical properties of the materials used in the simulation are given in Table 1. 
In this study, the simulation method was carried out using the Autodesk Fusion 360 
software, and the boundary conditions are shown in Fig. 3. The scaffold’s bottom
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Fig. 3 Boundary conditions of porous structure bone scaffold 

half was fixed for boundary conditions, while the top section was compressed twice 
at 25 and 250 N. Due to the geometrical complexity of the joints, the components 
must be precise enough to accurately describe the effects of stress concentration on 
the joints. However, due to the large number of struts in the sample, simulation of the 
entire sample took a significant amount of time. A strategy has been developed for 
scaling and minimizing the number of struts as well as the amount of computation. 
The adaptive mesh refinement method was used to determine the fewest nodes and 
elements needed to produce accurate results. For accurately capturing solution, adap-
tive mesh refinement (AMR) methods are well known and widely used for accurately 
capturing solution characteristics in a steady or unsteady simulation [17]. 

In this study, deformation was considered only in the direction of force applied. 
Directional deformation data were collected, and strain was calculated from defor-
mation using Eq. 2. The stress was calculated from Eq. 3 [18]. The compressive 
strength of a material is defined as the stress in the material when it achieves a plastic 
compressive strain of 2%. The effective modulus of the scaffold can be calculated 
by Eq. 4 [19]. 

ε = F.l 

A.E 
(2) 

σ = F 
A 

(3) 

E = σ 
ε 

(4)
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4 Result and Discussion 

The characteristics of the sample were numerically analyzed and validated using 
an analytical method. Based on simulation and analytical data, Table 2 compares 
the mechanical properties of solid PLA samples. According to these findings, the 
difference between numerical and analytical values is insignificant.

The porosity of porous structure scaffolds can have a significant impact on their 
mechanical properties. The size of the strut cross-section has a significant impact on 
the porosity of the porous structure. Table 3 shows the cross-sectional size of struts 
that produce 60% porosity for each sample. In this study, we created a porous bone 
scaffold with a pore size of 500 µm because pore sizes greater than 300 µm are  
recommended to improve bone regeneration. The pore size of the porous structure 
bone scaffold with circular, square, and hexagonal cross-section struts measured 
using ImageJ software is 483, 556, and 551 µm, respectively.

This discovery demonstrated that the porous structure of bone scaffolds with 
square cross-section struts had a larger pore size. Table 4 shows the compression test 
simulation results, which show differences in strain caused by the same force. The 
results of two simulation runs can be used to derive the linear regression equation 
for each porous structure.

According to the linear regression equation, the maximum force for circular, 
square, and hexagonal shapes is 468.7, 492.62, and 454.06 N, respectively. The 
calculation results are based on the linear regression equation, which is then validated 
using a simulation, the results of which are shown in Fig. 4. The modeling results show 
that the stresses that occur in all porous structure samples as a result of each force 
are the same, which is 0.12 mm (2%). This demonstrates that the linear regression 
equation computation results are consistent with the simulation results.

Further, a bar chart in Fig. 5 compares the compressive strength and elastic 
modulus of struts with circular, square, and hexagonal cross-sections. Figure 5 
clearly shows that square cross-section struts have higher compressive strength. The 
compressive strengths of struts with circular, square, and hexagonal cross-sections are 
12.99, 13.68, and 12.61 MPa, respectively. Figure 5 shows, similarly to the compres-
sive strength data, that the porous structure bone scaffold with square cross-section 
struts has the highest modulus elasticity. Struts with circular, square, and hexagonal 
cross-sections have elastic moduli of 649.72, 684.19, and 630.64 MPa, respectively.

These findings are consistent with those of Khodaei et al. [20], who determined the 
elastic coefficients of biodegradable polylactic acid polymers with 29, 49, and 69% 
porosity to be 502.7, 537.7, and 483.3 MPa, respectively. Furthermore, the elastic 
modulus of porous structure bone scaffolds with circular, square, and hexagonal 
cross-section struts was found to be 81, 80, and 82% lower than the solid PLA elastic 
modulus value of 3500 MPa. The reduction in modulus of elasticity is consistent 
with the findings of Cho et al. [21], who discovered that a dual-pore scaffold reduced 
modulus of elasticity by 84%. Sohbarian et al. show similar results, in which the 
elastic modulus of porous structures with lay-down patterns of 0/90 decreases by 
86%. However, Tang et al. [22] found that the elastic modulus of circular and square
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Table 3 Cross-section size of struts and porosity resulted 

Struts 
geometry 

Unit cell (mm) Cross-section 
size (mm) 

Total volume 
(mm3) 

Pore volume 
(mm3) 

Porosity (%) 

Circular 6 × 6 × 6 0.49 216 129.7131 60 

Square 6 × 6 × 6 0.432 216 129.8962 60 

Hexagonal 6 × 6 × 6 0.539 216 129.7348 60

Table 4 Force–deformation relationship of every geometry strut 

Struts 
geometry 

F1 
(N) 

Deformation 
(mm) 

Strain 
(%) 

F2 (N) Deformation 
(mm) 

Strain 
(%) 

Linear 
regression 
equation 

Circular 25 0.006413 0.107 250 0.06413 1.069 y = 23,390.x 
Square 25 0.00609 0.102 250 0.0609 1.015 y = 24,631.x 
Hexagonal 25 0.006607 0.110 250 0.06607 1.101 y = 22,703.x

Fig. 4 Deformation caused by the applied force in the sample, a circular, b square, and c hexagonal

Fig. 5 Compressive strength (a) and elastic modulus (b) of porous structure bone scaffolds
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porous structures decreased by 81 and 68%, respectively, when compared to solid 
PLA. 

5 Conclusion 

Implant mechanical properties must be compatible with bone mechanical properties. 
Porous bone scaffolds with the same porosity were created based on the diameter 
and cross-section type of the struts. The porous structure of bone scaffolds with 
square cross-section struts is larger, based on pore size measurements. According 
to this study, the porous structure of bone scaffolds with square cross-section struts 
has the highest compressive strength and modulus elasticity. However, while all of 
the porous structure bone scaffolds designed may meet the trabecular bone criteria 
(pore size, porosity, interconnectivity, and biocompatibility), they do not meet the 
cortical bone criteria. Cortical bone has a compressive strength of 20–190 MPa and 
an elastic modulus of 4–30 GPa, whereas trabecular bone has a compressive strength 
of 2–80 MPa [23]. In the future, biomaterials with higher mechanical properties, 
such as polyether ether ketone (PEEK) or compound polymers with ceramics like 
hydroxyapatite, will be needed to match the mechanical properties of cortical bone. 

Acknowledgements The authors are grateful to the Deputy for Strengthening Research and Devel-
opment, the Ministry of Research and Technology and Higher Education, Republic of Indonesia, 
for research funding under Doctoral Research Grants Number: 345-35/UN7.6.1/PP/2022. 
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Performance of Car Radiators 
as Alternative Electric Energy 
Generators 

Partaonan Harahap, Benny Oktrialdi, Rimbawati, M. Yani, 
and Riadini Wanty Lubis 

Abstract Electrical energy is one form of energy that cannot be separated in life in 
the modern era. Over time, energy needs continue to increase, while fossil energy 
reserves are decreasing and even running out. This study uses several stages, namely 
meeting the needs of alternative energy, one of which is by modifying a car radiator 
or dynamo amperage on a car that functions as a generator of electrical energy when 
the electrical energy is still alive to supply electrical energy to the car, especially 
to charge electric batteries (car batteries). This study aims to determine the output 
in the form of speed, voltage, current, and power generated, in order to determine 
efficiency and good use for homes that are far from PLN supply and to save PLN 
costs. The results obtained at rotational speed and load will affect the low speed 
output because the higher the rotational speed, the higher the voltage and frequency. 
The larger the load, the lower the voltage and frequency. Under no-load conditions, 
the tested alternator can produce an average voltage of 664 V, the average current 
is 30.2 A, and the average speed is 4632 rpm. While the tested alternator is able to 
produce an average voltage of 484 V, the average current is 100 A and the average 
speed is 3489 rpm. 
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1 Introduction 

Generator is a tool or machine that produces electrical energy from mechanical 
energy obtained from the initial mover in the form of diesel as the main mover which 
then drives an AC generator or alternator, causing an electric voltage. The generator 
also functions as a power generator that works as mechanical energy that works 
into electrical energy which functions as a substitute for PLN electricity, namely 
for everything needed for electricity. Within the scope of the science of converting 
electrical energy, there are DC-AC converters known as inverters. Inverter is a static 
device that does not use moving components in the process of converting electrical 
voltage. To obtain high efficiency from the inverter, a sinusoidal output voltage and 
minimum total harmonic distortion are required. The high efficiency of an inverter 
will affect the inverter output voltage [1]. 

The ideal inverter output connection is a voltage that has a pure sine wave. There 
are various inverter tuning methods that are carried out to improve the performance 
of the inverter system. From the literature search, the number of PWM settings is 
one method that has proven to be good. PWM settings are implemented in the form 
of a pulse signal generator. Various analyzes of PWM pulse generation techniques 
with different algorithms have been carried out. One method that is still new and is 
being studied by several researchers is the harmonic elimination technique. Harmonic 
elimination technique or also known as harmonic elimination of PWM is a technique 
to reduce the harmonic level at the inverter output voltage. Basically, this technique 
is a combination of efficiency and inverter quality to achieve a switching pattern with 
very low total harmonic distortion [2]. 

Based on these tests, it is necessary to modify the radiator or car alternator into 
an alternative power plant where the electricity generated from the electrical energy 
conversion process commonly used is an AC generator engine. Therefore, to be able 
to realize, all of this requires large funds, as it is known that generators are very 
expensive goods [3]. From the description above, it encourages the author to use car 
radiators as a substitute for generators in power plants. The radiator or car amperage 
dynamo in the car functions as a generator of electrical energy when the engine 
will supply electrical energy to the car, especially to charge the battery (car battery). 
Therefore, the authors conducted research by trying to use used car alternators as a 
producer of electrical energy by relying on natural energy such as air and wind, as 
well as simple tools such as motors. The car alternator will be driven by this energy 
to be stored in the car battery. This study aims to determine the current and voltage 
as well as the output efficiency of a car radiator motor as an alternative electrical 
energy generator.
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2 Literary Studies 

In this study, there were several researchers before researchers who had tested electric 
motors, alternators, and others. According to several previous researchers’ statement: 

An alternative wind power plant is by utilizing a car alternator, so that it can help 
provide a renewable source of electricity. The test starts from the design, measuring 
the voltage and current on the alternator and then measuring the normal tempera-
ture on the regulator. The results obtained are known that the wind turbine as the 
initial mover of the alternator can produce wind power. The resulting output voltage 
and current is highly dependent on the wind speed generated but is very helpful in 
providing electricity and reducing household burdens, so that it can be used as an 
alternative to renewable energy. 

In a vehicle (car), the source of power in the form of electric current is obtained 
from the battery where the battery capacity is very limited, if the car only relies on the 
battery only as a source of electricity, as a result in just a few hours, the battery current 
will run out. The amount of power generated by the alternator must be sufficient to 
meet the needs electricity in the vehicle. By doing an experiment calculation between 
the load on the vehicle’s electrical needs and the power generated by the alternator 
with the formula P = V × I, and Psis = P2-P1. At 800 rpm the output current is 
12.5 amperes and voltage is 13.4 so that the power of 167.5 W plus 720 W of battery 
power becomes 893.75 W, while the electricity demand at full load is 367.05 W, so 
that electricity needs can still be met for some time according to electricity needs 
[4]. 

This study discusses the rapid development of the industrial world, especially 
in the automotive sector. Various kinds of findings and new breakthroughs have 
been widely applied, including the application of the automotive field to other fields. 
An example of an application that is currently widely used is the use of electronic 
components in car battery charging systems. These components work to control the 
charging voltage, so that the magnitude of the charging voltage must always be within 
the allowable range. Sliding mode control (SMC) is a very robust control method, so 
it can work well on nonlinear systems that have model or parameter uncertainties. 
However, in practical applications, pure SMC often appears chattering which is a 
high-frequency controller output oscillation. To improve system performance, pure 
SMC is modified with fuzzy logic control (FLC) which works qualitatively, so it is 
called fuzzy sliding mode control (FSMC). In this final project, research is conducted 
on the application of the fuzzy sliding mode control method to the battery-charging 
voltage control system. The results of the application of the fuzzy sliding mode 
control (FSMC) method on the battery-charging system conclude that the response 
time is faster, stronger in the face of all kinds of disturbances, and the design is not 
as complicated as pure SMC [5, 6]. 

Modification of the 12VDC car alternator into a three-phase electric generator of 
220 VAC 600 rpm, so that it can be used as the main element in a pico-hydro power 
plant. If the potential for energy, especially pico-hydro in Indonesia is taken seriously, 
it will bring benefits to people in areas that do not yet have a PLN electricity network.
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Fig. 1 Structure of the armature coil in one phase from three phases 

A car alternator requires a battery, and a minimum rotation speed of 1000 rpm can 
only produce a voltage of 12 VDC [7]. The mains voltage E on the generator is in 
principle directly proportional to the amount of flux, the number of wires Z, and turns 
n. Based on this, it has been modified by winding the armature coil and the field coil. 
The goal is that with an input rotation of 600 rpm, a voltage of 220 V, 60 Hz can be 
generated, so that the electrical energy can be directly used for lighting lamps or other 
electrical devices in general. The test results of a three-phase generator with a rotation 
speed of around 600 rpm can produce a voltage of 230 V AC at no-load and 165 V 
AC at a maximum load of 34.30 W, with a frequency of 60 Hz. The generator has 
also been tested to be able to load three 14-W CFL lamps, each of which is equivalent 
to a 75-W incandescent lamp [8]. The configuration of the armature winding with 
field winding and the measurement method for data collection when the alternator 
is loaded are shown in Fig. 1 [9]. 

The charging system is a combination of several charging components such as 
generator alternator, regulator, and battery which functions to generate electricity and 
store electricity (Fig. 2). The battery is one of the most important components in a car 
unit or the engine itself because it provides enough power to the electrical parts of the 
car such as the starter motor, headlights, ignition, and wipers. However, the battery 
capacity is limited and cannot provide all the power the car needs continuously 
[10, 11]. Therefore, the battery must always be fully charged in order to provide 
the electrical power needed by the electrical parts. The battery’s ability to provide 
electricity is limited by the battery capacity in Ampere hour (AH), to keep the battery 
always charged.
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Fig. 2 Configuration of armature coils and field coils [12] 

3 Research Methods 

This study uses several stages that are observed, namely the need for load, the car 
radiator motor functions as a power generator that is used to supply electricity needs. 
The researcher used the Avanza 16,363-BZ010 2003–2011 12 V radiator fan motor 
[13] with the following specifications (Fig. 3):

Specification: 
Working voltage: 12v(6v~30v DC) 
No-load speed: 15000 RPM (6000~48000 RPM) 
No-load current: 1A (stable!) 
Step height: 4.5 mm 
Step diameter: 17.5 mm 
Motor diameter: 42 mm 
Motor body length: 67 mm 
Shaft length: 17 mm 
Shaft diameter: 5 mm 
Rare bolt hole: 29 mm 
Bolt hole size: M4 
Number of bolt holes2 

In Fig. 4, the car radiator test circuit produces a voltage output of 42 V which will 
lower the voltage which will then be regulated to be able to support the inverter. After 
getting a voltage that matches the capacity of the inverter, the inverter will convert 
the DC voltage into AC voltage which we will use in this experiment, namely the 
lamp.
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Fig. 3 Radiator fan motor

4 Results and Discussion 

The measurement results are obtained by using current testing and analysis at the 
car radiator motor output as an alternative electrical energy generator. The visible 
results are the connection, current, and rpm at the output obtained from the results of 
the test and Current analysis at the output of the car radiator motor as an alternative 
electrical energy generator (Fig. 5).

This is in accordance with the electric engine theory which states that the rotational 
speed of the generator will determine the frequency of the generator. The higher the 
rotation speed, the higher the frequency. So theoretically when the generator is rotated 
at a speed of 500 rpm, it will produce a frequency of 50 Hz. The test data show that 
when the generator is rotated at a speed of about 615 rpm at initial start before loading 
(Fig. 6).

In the graphic image, the effect of the load on the alternator/generator voltage 
is low speed. The alternator/generator voltage is inversely proportional to the load
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Fig. 4 Test series
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power. The greater the load power, the smaller the generator voltage. Theoretically, 
when a load is connected to the generator terminals, current will begin to flow in the 
stator winding. The presence of resistance and reactance in the stator winding will 
result in a voltage drop. According to Ohm’s law, the magnitude of this voltage drop 
will be directly proportional to the current flowing. The current will be determined 
by the load power. The greater the load power, the greater the current that needs to be 
supplied to the load. Thus, when the load is increased, the voltage drop will increase, 
so that the voltage at the generator terminals will decrease. 

5 Conclusion 

Based on the results of research and discussion, the following conclusions can be drawn: 

1. Rotational speed and load will affect the low speed alternator output because the 
higher the rotation speed, the higher the voltage and frequency. The larger the 
load, the lower the voltage and frequency. 

2. Under no-load conditions, the alternator under test can produce an average 
voltage of 664 V, the average current is 30.2 A, and the average speed is 4632 rpm. 
Meanwhile, under load conditions, the tested alternator is able to produce an 
average voltage of 484 V, the average current is 100 A, and the average speed is 
3489 rpm.
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3. That the voltage on the alternator when it is loaded will also be affected by its 
rotational speed. The data show that for the same load power, the higher the 
rotation speed, the higher the voltage. 
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Formula Optimization of Foaming Agent 
Using Mixture-D-Optimal Method 
and Application in Peat Fire Suppression 

Purwo Subekti, Eliza Hambali, Prayoga Suryadarma, 
Bambang Hero Saharjo, Aprizal, Heri Suripto, and Isdaryanto Iskandar 

Abstract Foaming agents for fire suppression on peatland were formulated from the 
saponification product of palm oil fatty acids, namely sodium laurate and potassium 
palmitate. This study aimed to obtain the best formulation of sodium laurate and 
potassium palmitate as raw material for foaming agent concentrate through formula 
selection based on physical parameters foaming ability, foam stability, and surface 
tension. In addition to obtaining the best formula, foam liquid performance test 
for the foaming agent was also conducted on the peat fire suppression applications. 
Formulation of sodium laurate and potassium palmitate that produce the best foaming 
agent concentrate was 20% sodium laurate, 5.58% potassium palmitate, and 74.42% 
water, which produced a foaming response of 393.58%, foam stability of 69.59%, 
and surface tension of 31.11 dyne/cm. Foam performance test for the mixture of 
water and foaming agent showed that peat fire could be extinguished in 3 h 50 min 
42 s using 4.56 L/m2 extinguishing solution. Meanwhile, fire suppression with water 
requires 5 h 31 min 59 s, with the application of 9.72 L/m2 solution. Water mixed with 
a foaming agent concentrate can extinguish peat fires faster than using water alone, 
besides being faster the application of foaming agents can reduce water consumption. 
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1 Introduction 

The foaming agent is a liquid that produces foam when added to water and stirred. 
One application of foaming agent concentrates is as a fire extinguisher in peatlands. 
The foam produced by the foaming agent works to cover, extinguish, and cool the 
surface of the burning peat. The foam also functions as a firebreak in the internal peat 
fire suppression. Firebreaks occur when foam liquid seeps in through the pores of the 
peat, so that the cooling effect of the foaming agent becomes a barrier to re-fire [1]. 
Repeated fires or flames often occur in fire suppression with water sprayed onto the 
surface of the peat. Fires that occur in the lower layers of the peat are very difficult 
to extinguish because it is difficult for the water to seep due to the change in the peat 
nature, which becomes hydrophobic when dry or burned. In peat fires suppression 
with water, a large amount of water is needed because the water must be able to flood 
or overburden the burned peat (about 800 L/m3) [2, 3]. 

This research aimed to formulate selected raw materials from sodium lauric and 
potassium palmitate which were carried out to get some of the best foaming agents 
concentrates and selected based on physical parameters, namely foaming ability, 
foam stability, and surface tension. Good foam-forming ability is an important param-
eter in the production of foaming agent. The desired foaming agents are those that 
can form and produce large amounts of foam. Foam stability parameter is needed 
to ensure that the foam produced can withstand working conditions and can extin-
guish peat fires. Meanwhile, the surface tension parameter is needed to determine the 
performance of the foam liquid to seep into the lower layer through peat pores. The 
foam extinguishes the fire at the surface and bottom of the peat, and as a firebreak to 
prevent reigniting [4, 5]. 

This study aimed to obtain the best foaming agent concentrate formula from the 
formulation of potassium palmitate and sodium laurate, and analyze the performance 
of the foaming agent concentrate on peat fire suppression applications at a laboratory-
scale. 

2 Experimental Method 

The raw material for the preparation of foaming agents for peat fire suppression 
applications selected from the saponification of palm oil fatty acids. The material 
consisted of sodium lauric and potassium palmitate. Sodium laurate has a high foam-
forming ability but low foam stability, whereas potassium palmitate has a low foam-
forming ability but high foam stability [6–8]. The combination of the two materials 
is expected to produce foaming agents that have better foam-forming properties, so 
that the resulting foam has a good performance in extinguishing peat fires. 

The research began by determining the concentration of sodium laurate, potas-
sium palmitate, and water as diluents, with each concentration chosen was 10–20% 
(w/v) for sodium laurate, 3–6% (w/v) for potassium palmitate, and 74–87% (w/v)
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for water. The concentration was chosen based on trial and error and referred to 
the study by [7, 9–12]. To determine the foaming agent formula, random concen-
trations of sodium lauric and potassium palmitate were randomized with the help 
of the Design Expert®7.1.6-Trial Mixture-D-Optimal method. Mixture-D-Optimal 
was chosen because the components of the raw material used had different concen-
tration intervals [13]. Randomization resulted in several concentrations of sodium 
laurate and potassium palmitate, which will be formulated with water as a diluent, 
with test parameters included, the foam-forming ability, foam stability, and surface 
tension [7, 14]. After the response data have been obtained, it was continued with 
the determination of the best formula recommended, verification of the formula for 
the selected program recommendations was performed in a laboratory through the 
sodium laurate and potassium palmitate formulation process based on the recom-
mended concentration. Verification was performed to check the difference between 
the predicted results recommended by the program with the results of the analysis 
on the actual conditions [15]. 

The next step was the performance test of foam from the mixture of water and the 
foaming agent of the research results (FAR) for peat fire suppression at the laboratory-
scale. As a comparison, the peat fire suppression was performed using water without 
the addition of the foaming agent. The performance test procedure for the application 
of foam from water added with foaming agent and water without foaming agent, in 
laboratory-scale peat firefighting, is presented in Fig. 1. This step aimed to analyze 
the fire suppression time based on changes in temperature recorded on the computer 
and the amount of water added to the foaming agent concentrate and water without 
the addition of the foaming agent [1, 6, 8, 16]. The peat used was the fibric type with a 
moisture content of 12–15%, peat burning in the reactor started from the top surface 
(0.01 m2) using heat from an electric current source of 80–100 W as a fire trigger 
[17, 18]. Combustion for each reactor was performed twice with a concentration 
of foaming agent solution of 3%. Concentration determination was based on trial 
and error and [19]. The temperature of peat in reactor 1 (water as an extinguisher) 
was 375–464.75 °C. The temperature is the beginning of fire suppression. In reactor 
2 (FAR as an extinguisher), the temperature when fire suppression start was 389– 
499.75 °C. The temperature that occurs in the experiment for each peat burning was 
not similar, although the type of peat and the burning duration was the same. The 
temperature was categorized as a medium because peat from several regions can 
reach 700 °C [6, 17, 18].

3 Results and Discussion 

In general, all formulas produced foam with good foam-forming ability, which was 
234 to 418% and good foam stability, which was 52 to 86%. Furthermore, the 
resulting foaming agent concentrate could reduce water surface tension by 23 to 34%. 
Foaming ability is an important factor that must be considered in the application of 
foaming agent concentrates in peat fire suppression. In addition to accelerating the
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Fig. 1 Performance test procedure for the application of foam from water added with foaming 
agent and water without foaming agent in peat fire suppression [6, 18]

process of foaming installation and penetration to the hotspot, foam from the liquid 
foaming agent moves easily to cover the burned surface area and produces a lot of 
foam. The foam-forming ability is one of the physical properties of a foaming agent 
concentrate. Extinguishing time will be shorter if the concentrate is easy to produce 
foam when added to water [1, 17]. Then, another factor to consider is the stability of 
the foam. The stable foam will increase the foam’s ability to inhibit oxygen supply 
from the surface, so that with the loss of oxygen from the firing process, the fire will 
be extinguished [19]. 

In addition to the two responses, the foaming agent concentrate could reduce the 
surface tension of the water by 59%. The addition of the foaming agent concentrate 
to the water will increase the absorption capacity of the foam liquid into the peat 
pores and cool and extinguish the peat litter both on the surface and in the lower 
layer. High surface tension will reduce water ability to seep into the burning peat 
litter. It is due to the change of peat’s nature from hydrophilic to hydrophobic when 
dried or burned [2]. 

Analysis of Foam-Forming Ability. The foam-forming ability (Table 1) is influ-
enced by the composition of sodium laurate and potassium palmitate and water as 
diluent. Sodium laurate can form a good foam, as explained in the previous chapter, 
while potassium palmitate has the opposite characteristics, but the resulting foam 
has good stability. The foaming ability of the formulated foaming agent was 234.57– 
418.33%. Analysis of variance using ANOVA on the foaming ability (Y1) resulted in 
0.049 of p-values for the three variables, where the value was smaller than α (0.05). 
Figure p-value of less than 5%, meaning that the response has a significant effect. 
From these values, it can be concluded that the raw materials variable of sodium 
laurate, potassium palmitate, and water have a significant effect on the foaming 
ability response [17].
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Table 1 Foaming agent formulation results from palm oil fatty acids 

Formula X1 = A: 
sodium 
laurate (% 
w/v) 

X2 = B: 
potassium 
palmitate (% 
w/v) 

X3 = C: 
water (% 
w/v) 

Y1: 
foam-forming 
ability (%) 

Y2: foam  
stability 
(%) 

Y3: Surface 
tension 
(dyne/cm) 

1 20 6 74 319.32 71.71 28.47 

2 20 4.5 75.5 386.87 60.26 25.92 

3 15 3 82 325.96 54.97 30.27 

4 10 6 84 234.57 86.21 26.69 

5 10 3 87 317.35 56.11 28.67 

6 15 6 79 246.03 78.77 30.01 

7 20 3 77 418.33 51.99 25.67 

8 17.5 5.25 77.25 279.12 70.66 31.47 

9 20 6 74 314.61 73.21 28.77 

The three components of the formulated raw materials had positive coefficient 
values, meaning that sodium laurate, potassium palmitate, and water had the same 
role in the forming ability, even with different figures. The higher the positive 
coefficient value, the greater the role it plays in forming foam [15]. These results 
confirm the previous research, sodium laurate from palm oil fatty acids had good 
foaming ability[5]. Furthermore, the application of lauric acid as a foaming agent 
for firefighting applications in vegetation could improve foaming ability [9]. 

Analysis of Foam Stability. The ability of the foaming agents to produce stable 
foam was measured by the foam stability value. The foam stability value of the formu-
lated foaming agent was 51.99 to 86.21%. Significance analysis of the foam stability 
response (Y2) produced a p-value for the model of 0.0093 < α (0.05). This means 
that the raw materials variable of sodium laurate, potassium palmitate, and water 
had a significant effect on foam stability. The three components of the formulated 
raw material had positive coefficient values, meaning that sodium laurate, potassium 
palmitate, and water have the same role in the ability to produce stable foam. An 
increase in potassium palmitate concentration significantly influences the stability of 
the foam from the mix of and foaming agent concentrate, and conversely, an increase 
in sodium laurate concentration will reduce the foam stability. These results confirm 
the previous research that foam from potassium palmitate had the best stability 
compared to other fatty acids [11, 20]. 

The stability value affect the foam’s ability to withstand firefighting working 
conditions. The higher the stability value, the harder the foam bubble to break, and 
conversely, the lower the stability value, the easier the foam to break [21]. Therefore, 
in peat firefighting applications, foam stability is important to consider. The foam 
that persists on the surface of the burned area will make it harder for the oxygen to 
interact with the fire source and, thus, ease the break of the fire triangle and speed 
up the extinguishing process [1, 22].
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Analysis of Surface Tension. The ability of the foaming agents to reduce surface 
tension is a critical factor for its applications as fire extinguishers in peatland. Low 
surface tension facilitates the liquid to seep into the underlying layer of burning peat 
and cool it down. The foaming agent is similar to the surfactant that reduces the 
surface tension of a liquid [23, 24]. The surface tension of the foam liquid from the 
water added by the formulated foaming agent was 25.67–31.47 dyne/cm. Analysis of 
variance on the foaming agent’s ability to reduce surface tension (Y3) with p-value for 
the model was 0.0714 > α (0.05), which means that the three raw material variables 
do not significantly influence surface tension. The ability of potassium palmitate to 
reduce surface tension can be seen from the high foam stability, or the foam does 
not break easily, because high surface tension will accelerate the bursting of foam 
bubbles [17]. 

The components of formulated raw materials had negative coefficient values, 
which means that sodium laurate and potassium palmitate had the same role in 
reducing the surface tension. The ability of potassium palmitate to reduce surface 
tension can be seen from the high foam stability, or the foam does not break easily, 
because high surface tension will accelerate the bursting of foam bubbles [17]. The 
contribution of raw material components in reducing surface tension is one of the 
advantages of potassium palmitate and sodium laurate from palm oil, so that the 
application continues to grow, one of which is for fire extinguisher applications [23, 
25, 26]. The ability of the foaming agent concentrates to reduce the surface tension 
of water is one of the important characteristics in the application of foam for fire 
extinguisher on peatlands. It is because, in addition to the foam’s function as an 
oxygen isolator, the dripping foam liquid will seep and enter the pores of the peat to 
extinguish the bottom of the burning peat [1]. 

Selection of the Best Formula. The best formula was determined through opti-
mization of the physical analysis results of the foaming agent concentrate that has 
been discussed previously by using the Design Expert trial 7.1.6-D-Optimal. Based 
on the program’s analysis, the recommended optimum formula was 20.00% of 
sodium laurate, 4.99% of potassium palmitate, and 75.01% of water. In addition 
to formula recommendations, the program also provided predictions of the response 
value of foaming ability by 357.59%, foam stability by 64.44%, and surface tension 
by 27.49 dyne/cm. From the program, the accuracy was 0.64. The best value is proved 
by the desirability value that closes to 1, while the less good is close to 0 [20]. After 
obtaining the best formula, then it was validated by formulating a foaming agent with 
sodium lauric and potassium palmitate concentrations based on the above recommen-
dations. Validation was done to test the accuracy of the predicted results with the 
actual results. Verification results showed that the foaming ability was 393.58%, 
foam stability was 69.60%, and surface tension was 31.11 dyne/cm. If the verifica-
tion results are compared with the predicted value (Table 2), then it is at a low and 
high predictive value.

The verification results showed that all responses could be received because they 
are located between the lower and upper limits and are following the results of 
recommendations from the design expert program.



Formula Optimization of Foaming Agent Using Mixture-D-Optimal … 129

Table 2 Comparison of the results of the prediction formula of the program with verification 

Response Formula 

Prediction Verification 95% CI 
Low 

95% CI 
High 

95% PI 
Low 

95% PI 
High 

Foam-forming 
ability (%) 

357.65 393.58 306.32 409.99 273.39 441.92 

Foam stability 
(%) 

64.43 69.60 60.09 68.76 57.31 71.54 

Surface tension 
(dyne/cm) 

27.49 31.11 22.93 32.06 19.99 34.99

Evaluation of Best Formula. The best formula was 20.00% of sodium laurate, 
4.99% of potassium palmitate, and 75.01% of water. Then, after verifying the best 
foaming agent formula, the response was obtained foaming ability was 393.58%, 
foam stability was 69.60%, and surface tension was 31.11 dyne/cm. Statistical anal-
ysis is needed to test the difference between the response value of foam-forming 
ability, foam stability, and surface tension from the optimal prediction of the Design 
Expert-D-Optimal program and the laboratory test results. The analysis used was an 
t-one sample test. The test was used to test the significance of the average difference 
between the two responses. The analysis showed that probability values were 0.56 > 
t (0.05) for foaming ability, 0.37 > t (0.05) for foam stability, and 0.52 > t (0.05) for 
surface tension. Based on response value the response of foaming ability, stability, 
and surface tension does not differ significantly between the predictions from the 
design Expert-D-Optimal program and the results of laboratory experiments. 

Analysis of the Use of Peat Fire Extinguishers. The amount of extinguishers 
solution used for each experiment was different. Figure 1 shows a graph of the 
application of foam from FAR solution and water without the addition of foaming 
agents with the use of 4.56 and 9.72 L/m2, respectively. The use of FAR could 
conserve water by 54.52%, while [1] was 48.57% for firefighting peat demonstration 
plots using foam from water added by foaming agents. Comparison of the means 
test on the effect of the two types of FAR extinguishers and water on the application 
of extinguishing solutions did not differ significantly, with a significance value of 
0.23 > α = 0.05. The foam-forming ability of the foaming agent concentrate on peat 
fire suppression applications is a characteristic that needs to be considered because 
it can reduce water consumption. To suppression the fire, a large volume of water is 
required to flood the burned peat area [4, 27]. 

Analysis of Peat Fire Extinguishing Time. Extinguishing time in peat fire 
suppression activities is influenced by several factors, including the ability of the 
extinguishing media to cut off oxygen circulation, the stability of the extinguishing 
agent, and the ability to cool the burning material. The application of water as an 
extinguisher needs a longer time compared to the application of foam from the 
mixture of water and FAR foaming agent. This longer time is believed to be due to 
the slow rate of water absorption into the lower layers of the burning peat. Figure 2 
shows the effect of different extinguishing materials on peat fire suppression time.
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Fig. 2 Effect of the 
application of foam 
extinguisher type from water 
solution added with FAR,  
and water without the 
addition of foaming agents to 
the suppression time of peat 
fire at laboratory-scale 
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Fig. 3 Effect of foam 
extinguisher types from 
water solution added with 
FAR, and water without the 
addition of foaming agent to 
the amount of suppression 
solution used in 
laboratory-scale peat fire 
suppression applications 
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The FAR application required 3 h 50 min 42 s, while water required 5 h 31 min 59 s. 
The extinguishing time was calculated from the beginning of the fire suppression to 
the time when the temperature below 50 °C [27] (Fig. 3). 

Theses difference needs to be analyzed with the comparison of means test to deter-
mine the effect of FAR and water on the time needed to extinguish peat fires. The 
analysis showed that the two ingredients had no significant effect, with a significance 
value of 0.09 < α = 0.05. Although the two ingredients did not significantly differ, 
FAR had higher fire suppression ability than water without the addition of foaming 
agents. This can be seen from the speed of fire suppression. FAR had a faster suppres-
sion time than water without the addition of foaming agent. FAR produces foam that 
can extinguish peat fires in the shortest time. This might happen because the raw 
material components of the product can extinguish and cool the fuel quickly [28]. 

4 Conclusions 

The best foaming agent formula was selected based on physical parameters consisting 
of foam-forming ability, foam stability, and surface tension. Good foam-forming 
ability is an important parameter in producing foaming agents. Foam application in 
peatland fire suppression requires a foaming agent that can easily produce a lot of 
foam. Foam stability parameters are needed to ensure that the foam produced can 
withstand working conditions and can extinguish the fire. Meanwhile, the surface 
tension parameter is needed to determine the performance of the foam liquid through 
the ability to seep into the lower layer through peat pores. The best foaming agent
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formulations obtained were 20.00% of sodium laurate, 4.99% of potassium palmitate, 
and 75.01% of water, with the foam-forming ability of 393.58%, foam stability of 
69.60%, and surface tension of 31.11 dyne/cm. Sodium laurate is the most influential 
factor in increasing foaming ability, while potassium palmitate affects the increase 
in foam stability and decreases in surface tension. Foam performance test from water 
added with foaming agent concentrate in peat fire suppression applications results in 
faster fire suppression time than using water without the addition of foaming agent, 
with a reduction in time by 40%. Furthermore, the application of foam from the 
solution of water mixed with the foaming agent can reduce water consumption by 
54.52%. 
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Abstract Musculoskeletal disorders frequently occur in various types of work, 
including laparoscopic surgeons. The surgeon profession is classified as a high-
risk occupation and may have musculoskeletal disorders. Surgeons who suffer from 
these disorders experience illnesses ranging from mild to severe because the muscles 
often receive long-term static loads. These causes can be prevented when working in
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a seated position. In this work, the investigation being conducted is to design a chair 
as a surgeon’s aid that consists of a base platform, seat height adjustment mechanism, 
seat cushion, backrest, and handrest. In this paper, a rectangular platform is analyzed 
using a finite element model. The analysis results by considering the structure as 
a truss produce the largest stress of 34 MPa compared the structure as a frame of 
30 MPa. These two approaches lead to the conclusion that the structure computed as 
a truss is more secure than the analysis of the structure as a frame. 

Keywords Chair · Platform · Frame · Truss · Stress analysis 

1 Introduction 

In performing operations in the operating room to treat the patient concerned, the 
surgeon spends many hours in a standing position [1]. This makes them experience 
fatigue which reduces the intensity of their focus and musculoskeletal problems. 
This ergonomic problem is an important thing to overcome because it can threaten 
patient safety in the actions taken by the surgeon [2]. Ideally, the surgeon should be 
in excellent health without significant fatigue to be able to perform the best course 
of action in each patient’s situation. 

One of the things that can be done to reduce the fatigue level of the surgeon is to 
use an assistive device in the form of a chair [3–6]. This device is used to support 
surgeons during surgery to avoid problems due to various ergonomic factors that 
arise during the operation process. In its manufacture, there are several components 
of the chair for the surgeon, starting from the base platform, seat height adjustment 
mechanism, seat cushion, backrest, and handrest [7]. In some of these components, 
the base platform component has a crucial role in making the surgeon’s chair stand 
firmly. 

The base platform component of the surgeon’s chair needs to be investigated for 
its ability to have good mechanical performance when used, especially in holding 
heavy loads. Stress analysis has been widely adopted for the investigation of various 
mechanical components and is suitable for surgeon’s chairs. Adopted finite element 
solution for stress study is very useful for the initial investigation of the current 
surgeon’s chair, so that it does not take time and costs to manufacture tools and 
provide materials. 

The current study attempted to examine the base component of the surgeon’s chair. 
A computational model based on the finite element method has been developed to 
investigate the stress analysis of the base component.

A. Mughni 
Department of Surgery, Faculty of Medicine, Diponegoro University, Semarang 50275, Central 
Java, Indonesia
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2 Materials and Methods 

Finite Element Model. A rectangular platform with a size of 900 × 600 mm for the 
base of surgeon’s chair refers to the size of the trolley that is generally used [8]. The 
platform was constructed by hollow steel with cross-sectional dimensions 30 × 30 
× 2 mm. The base design is static loads applied with a magnitude 1200 N which was 
applied based on the surgeon’s weight. Fixed end for all corners of base design was 
considered as the boundary condition. Meshing was generated automatically using 
SolidWorks Premium 2016. Loading and boundary condition is explained in Fig. 1. 

Materials Properties. ASTM A36 was used for materials as commonly mild steel 
used in the market. Also, these metallic materials are assumed to be homogeneous, 
isotropic, and linear elastic. The base structure of the surgeon’s chair with ASTM 
A36 is investigated based on the frame and truss analysis method. The investigation 
in the frame uses von Mises stress while the truss uses axial stress. The material 
properties of ASTM A36 are explained in Table 1. 

Fig. 1 Loading and boundary condition on the base of surgeon’s chair 

Table 1 Materials properties 
of ASTM A36 [9] Material property Value (MPa) 

Yield strength (Sy) 250 

Tensile strength (Su) 400
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3 Results and Discussion 

The stress contours on the frame and truss can be seen in Figs. 2 and 3, respectively. 
From these contours, it can be seen that the stress concentration is in the area near 
the applied force. Meanwhile, for areas farther from the location of the applied force, 
the stress is relatively lower. This shows that failure is more likely to occur in the 
area near the applied force because the maximum stress is in that area, both in the 
analysis using frame and truss. 

Fig. 2 Contour of von Mises stress on the frame 

Fig. 3 Contour of axial stress on the truss



Stress Analysis on the Base of Surgeon’s Chair: Frame and Truss … 137

Table 2 Comparison 
between frame and truss 
analysis 

Analysis method Stress (MPa) 

Frame 30 

Truss 34 

Furthermore, the results of the maximum stress on the frame and truss are 
presented in Table 2. The results of the analysis with the frame are lower than the 
results of the analysis with the truss. The difference in stress values between the two 
analysis methods is 4 MPa, where the results of the analysis using the truss 13.3% 
larger than the frame. This gives an understanding that failure analysis would be 
better to adopt the truss method. Because the truss method provides a higher stress 
value, we can be more certain in making sure the base component of the surgical 
chair is safe or not. There is a possibility that adoption of frame analysis has been 
safe, but when studying it using the truss perspective, it would be a failure. 

4 Conclusions 

The computational simulation of the base component of the surgeon’s chair by 
comparing the analyses using the frame and truss has been successfully carried out. 
It was found that the axial stress in the analysis using the truss method was greater 
than the von Mises stress in the analysis using the frame method. It can be concluded 
that the study by adopting the truss will be safer than the frame, especially in the 
investigation of the surgeon’s chair. 
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Determination of the Optimal 
Composition of the Kenaf/Ramie 
Composite Material Based 
on the Taguchi and the Surface Response 
Methodology 
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Abstract The use of composite materials with natural fiber reinforcement has expe-
rienced rapid development in the automotive industry to apply synthetic materials that 
are expensive and not environmentally friendly. Biocomposite is a type of composite 
consisting of a polymer matrix and natural fiber reinforcement. Natural fiber mate-
rials are used instead of conventional non-renewable materials. In this study, the 
vacuum-assisted resin infusion (VARI) process was used for composite fabrication 
using woven kenaf and ramie fibers. The Taguchi experimental design method with 
the L932 orthogonal array matrix in this study was used to obtain optimum composite 
fabrication parameters with natural fiber reinforcement. Material test such as impact 
test and flexural test is used to obtain experimental responses. The results of the 
study using the RSM method obtained the optimal combination of manufacturing 
parameters, namely by choosing a low concentration of NaOH (4%) and a high post-
curing temperature (120 °C). With these optimal parameters, the optimal flexural 
and impact strengths that can be achieved are 0.261 J/mm2 and 79.658 MPa. 

Keywords Composite materials · Automotive industry · Natural fiber materials
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1 Introduction 

The Indonesian government is currently aggressively pushing the Indonesian state 
toward Green Technology in the automotive industry to reduce carbon emissions. 
The government wants the automotive industry in the country to immediately 
become a leading sector in the development of environmentally friendly technolo-
gies such as electric vehicles [1]. One of the efforts to support the government’s 
program in Indonesia’s efforts toward Green Technology is to replace conventional 
non-renewable materials with alternative materials such as natural fiber reinforced 
composites. The development of the automotive industry is currently starting rapidly, 
so many researchers develop their research in the automotive industry related to the 
development of composite materials. The use of synthetic materials in the production 
process on a large scale has a negative impact on the environment and requires high 
production costs [2]. However, there are drawbacks to natural fibers, and namely they 
cannot be applied to high material strength requirements, high water absorption, and 
are not resistant to high temperatures [3]. 

Composite components with natural fiber reinforcement produced in this study 
will go through the impact and bending testing stages to produce experimental 
responses. To determine the optimum composition of the experimental response 
from the parameters of the composite manufacturing process with natural fiber rein-
forcement, this study used two experimental methods, namely the Taguchi method 
and surface response. 

Based on this description, this paper discusses the Taguchi method approach 
and surface response to obtain the optimum composition of kenaf/ramie composite 
materials. This optimum composition is used as a reference for manufacturing 
composite-based vehicle components with natural fiber reinforcement. 

2 Material and Methodology 

This research is divided into three stages, including identify the problem, experiment 
stage, optimization, and evaluation stage. In the first stage (identify the problem), it 
is used to obtain data from VARI manufacturing engineering, natural fiber reinforce-
ment composite material. The second stage (experimental stage) is used to obtain 
data from experimental design using the Taguchi method and response of mate-
rial strength. The last stage (optimization and evaluation stage) is used to obtain 
data from response optimization, optimal parameter settings, result, and conclusion. 
Briefly, these stages can be visualized through Fig. 1.
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Fig. 1 Research flowchart 

3 Composite Material 

Fiber. The fibers used in this study were kenaf and ramie fibers in the form of woven. 
The fiber is cut according to the needs and the number of specimens to be formed. 
The natural fibers used are shown in Figs. 2 and 3.

Epoxy Resin. The matrix used in this research is bisphenol-A epoxy resin. Epoxy 
resin and hardener are the main ingredients in the manufacture of composite mate-
rials. The ratio of these resin types is 1:1 (by weight) when mixing the ingredients 
(Fig. 4).
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Fig. 2 Kenaf fiber 

Fig. 3 Rami fiber

4 Manufacturing Method Vacuum-Assisted Resin Infusion 
(VARI) 

Vacuum-assisted resin infusion (VARI) can be used as a fabrication method in this 
study. The fiber layer is prepared on the surface of the mold in a predetermined 
arrangement. The prepared mold is covered with bagging film using sealant tape.
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Fig. 4 Epoxy resin bisphenol-A

The epoxy matrix that has been prepared according to the predetermined composition 
is stirred until well mixed. In accordance with the recommendations of the epoxy 
bisphenol-A resin product, the drying process is carried out for 24 h, and then, the 
composite can be removed from the mold [4]. The printing device using vacuum-
assisted resin infusion (VARI) can be seen in Fig. 5. 

Fig. 5 Vacuum-assisted resin infusion (VARI) diagrams
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Table 1 Natural fiber 
composite manufacturing 
parameters 

Factor Level 1 Level 2 Level 3 

NaOH concentration (%) 4 6 8 

Post-curing temperature (°C) 80 100 120 

Table 2 Matrix orthogonal 
array L932

Experiment A B 

1 1 1 

2 1 2 

3 1 3 

4 2 1 

5 2 2 

6 2 3 

7 3 1 

8 3 2 

9 3 3 

5 Taguchi Method 

In this study, the Taguchi experimental design was used on the L932 orthogonal array 
matrix using Minitab19 software. The Taguchi study design was used to reduce the 
number of studies to be conducted, reduce costs, and achieve optimal results in a 
shorter time [5]. The Taguchi method provides a systematic and efficient way to 
optimize the system parameter design, but its impact is much smaller than most of 
the optimization techniques required [6]. The Taguchi method also uses the signal-
to-noise ratio to analyze the influence of factors that contribute to the response. SNR 
has three properties. In the parameter optimization process, “the lowest is the best”, 
“the highest is the best”, and “the highest nominal is the best” [7]. 

The parameters used as inputs in the use of the Taguchi method have been 
determined as experimental designs in this study as given in Table 1. 

The factor that becomes the parameter in this study is the NaOH concentration 
factor (A) and then the post-curing temperature factor (B) (Table 2). 

6 ANOVA Analysis 

ANOVA was used to assess the significance of the regression model for the param-
eters and individual model coefficients [8]. Table 6 presents the ANOVA analysis 
of the experimental results for impact strength and flexural strength. The experi-
mental design was evaluated at a 95% confidence level. The value of the contribu-
tion becomes a consideration in determining the level of significance of a variable.
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Table 3 Strength of natural fiber composite material 

Experiment Uncode Impact strength (J/mm2) Flexural strength (MPa) 

A B 

1 1 1 0.24 77.4 

2 1 2 0.25 78.5 

3 1 3 0.26 80.1 

4 2 1 0.23 75.8 

5 2 2 0.22 76.8 

6 2 3 0.24 77.3 

7 3 1 0.23 74.6 

8 3 2 0.23 76.9 

9 3 3 0.24 79.2 

Analysis of variance (ANOVA) is an analytical tool used in statistics that splits 
the observed aggregate variation found in a dataset into two parts: systematic and 
random factors. Systematic factors have a statistical impact on a given dataset, while 
random factors do not. Analysts use her ANOVA test to determine the effect of the 
independent variables on the dependent variable in the regression analysis. 

7 Result and Discussion 

S/N Ratio Analysis. The experimental response in the form of the composite material 
strength value was obtained from experiments with different manufacturing param-
eters as given in Table 3. The highest natural fiber composite material strength value 
was obtained from the optimal manufacturing composition. In this study, there are 
two conditions of optimal manufacturing parameters that produce maximum mate-
rial strength which are simplified as follows: A1B3 (impact strength); A1B3 (flexural 
strength). Each optimal parameter setting has a tendency toward a maximum S/N 
ratio. The optimal material strength value is proportional to the maximum S/N ratio 
because the selected S/N ratio criterion which is larger is better [9]. This indication 
shows that the parameter quality is optimal with maximum material strength (Fig. 6).

8 Optimal Composition Selection Based on Taguchi 
Method 

Prediction of the optimal manufacturing composition (Composition) of the impact 
strength can be expressed as follows:
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(a) Impact Strength 

(b) Flexural Strength 

Fig. 6 Plot mean and S/N ratio material strength

Compositionpred = TComposition_exp +
(
A1 − TCompositioniexp

) + (B1 − TCompositioniexp ) 
(1) 

where TComposition_exp= 0,237; A1=0,250; B1=0,246; then, Composition pred (impact 
strength) = 0,237 + (0,250–0,237) + (0,246–0,237) = 0,259 J/mm2. As for  
the prediction of the optimal manufacturing, composition of the impact strength 
is TComposition_exp= 77,4; A1=78,66; B1=78,86; then, Composition pred (flexural 
strength) = 77,4 + (78,66–77,4) + (78,86–77,4) = 80,12 MPa. Prediction of optimal 
composition can also be determined by 3D plots, and this plot can make it easier to 
predict optimal parameters (see Fig. 7).

Confidence interval (CI) considered is to be able to predict the optimal value, and 
it can be calculated as follows [10]: 

C I  = /
Fα,dof  Verror Verror x

(
1 

nef  f

)
(2) 

nef  f  = Number of experiment 

1 + total dof in items used in estimate 
(3)
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(a) Impact Strength (b) Flexural Strength 

Fig. 7 Material strength 3D plot

Confidence interval for impact strength in Table 4 shows a value of 0.22854 
where it is believed that 0.22854 is the parameter value of the population, while the 
confidence interval for flexural strength is 76.143 (Table 5). 

ANOVA in RSM. ANOVA was used to evaluate the significance of the regression 
model and the individual model coefficients of the parameters that contribute to the 
strength of the material. ANOVA results for the strength of natural fiber composite 
materials are given in Tables 6 and 7. The contribution of P-value provides confidence 
in the level of significance for all variables. If the P-value is lower than 0.05, it means 
that both models are statistically significant at the 95% confidence level. These results 
are in accordance with previous research [11].

The contribution values for the response of the impact and flexural strength of the 
material are 92.55 and 92.86% with errors of 7.45 and 7.14%, respectively. Variations 
in this value indicate the level of influence on the value of the strength of the material. 
For the impact and flexural strength of the material, the combination of parameters 
A, B, A*A, B*B and A, B, A*A interacting with the parameters A*B provides 
the optimal setting for the material strength value. The percentage contribution of 
impact and flexural strength values is A (36.06%), B (23.08%) and A (20.57), B 
(56.71). Factor A (NaOH concentration) gave a more significant contribution to the 
impact strength value, and factor B (post-curing temperature) gave a more significant 
contribution to the flexural strength value.

Table 4 Confidence interval of impact strength 

N Mean StDev SE mean 95% CI for µ 

9 0.23778 0.01202 0.00401 (0.22854; 0.24702) 

Table 5 Confidence interval of flexural strength 

N Mean StDev SE mean 95% CI for µ 

9 77.440 1.687 0.562 (76.143; 78.737)
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Table 6 ANOVA on impact strength. 

Source DF Seq SS Contribution 
(%) 

Adj SS Adj MS F-value P-value 

Model 5 0.001069 92.55 0.001069 0.000214 7.45 0.064 

Linear 2 0.000683 59.13 0.000683 0.000342 11.90 0.037 

A 1 0.000417 36.06 0.000417 0.000417 14.52 0.032 

B 1 0.000267 23.08 0.000267 0.000267 9.29 0.056 

Square 2 0.000361 31.25 0.000361 0.000181 629 0084 

A*A 1 0.000272 23.56 0.000272 0.000272 9.48 0.054 

B*B 1 0.000089 7.69 0.000089 0.000089 3.10 0.177 

2-way 
interaction 

1 0.000025 2.16 0.000025 0.000025 0.87 0.420 

A*B 1 0.000025 2.16 0.000025 0.000025 0.87 0.420 

Error 3 0.000086 7.45 0.000086 0.000029 

Total 8 0.001156 10,000 

The importance of giving bold letters to show that the sources (A; B; A*A; B*B; A*B) shown in 
the table really have a significant influence or the biggest contribution to the response measured in 
this paper

Table 7 ANOVA on flexural strength 

Source DF Seq SS Contribution 
(%) 

Adj SS Adj MS F-value P-value 

Model 5 21.1358 92.86 21.1358 4.2272 7.81 0.061 

Linear 2 17.5883 77.28 17.5883 8.7942 16.24 0.025 

A 1 4.6817 20.57 4.6817 4.6817 8.65 0.060 

B 1 12.9067 56.71 12.9067 12.9067 23.84 0.016 

Square 2 2.6450 11.62 2.6450 1.3225 2.44 0.235 

A*A 1 2.6450 11.62 2.6450 2.6450 4.89 0.114 

B*B 1 0.0000 0.00 0.0000 0.0000 0.00 1.000 

2-way 
interaction 

1 0.9025 3.97 0.9025 0.9025 1.67 0.287 

A*B 1 0.9025 3.97 0.9025 0.9025 1.67 0.287 

Error 3 1.6242 7.14 1.6242 0.5414 

Total 8 22.7600 100.00 

The importance of giving bold letters to show that the sources (A; B; A*A; B*B; A*B) shown in 
the table really have a significant influence or the biggest contribution to the response measured in 
this paper
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RSM-Based Modeling for Material Strength. RSM is used for modeling and 
analysis of the dependent and independent variables within a certain range by consid-
ering the experimental results. The material strength model can be expressed as 
follows: 

Impact strength = 0, 2922 − 0, 0500A − 0, 0150B + 0, 01167A*A 
+ 0, 00667B*B − 0, 00250A*B (4) 

Flexural strength = 81, 97 − 6, 43A + 0, 52B + 1, 150A ∗ A 
− 0, 000B ∗ B + 0, 475A ∗ B (5) 

Equations (4) and (5) are used for the determination of R2. The response for the 
impact and flexural strength values resulted in R2 values of 92.55% and 92.86%, 
respectively. The above model can be used to predict the response of the mate-
rial strength to the design parameters. The parameter interactions between manu-
facturing variables that contribute to the material strength values can be predicted 
from the 3D plots (Fig. 7). For manufacturing natural fiber composites at impact 
strength, maximum material strength can be achieved when selecting the lowest 
level of NaOH concentration and highest level of post-curing temperature, as well 
as flexural strength. This shows that a high concentration of NaOH will reduce the 
mechanical properties of the material as a result of this treatment the fibers will be 
brittle [12, 13]. 

Figure 8 shows that the maximum material strength for impact strength is 0.261 J/ 
mm2 and the maximum material strength for flexural strength is 79.658 MPa. These 
results are in accordance with previous research [8].

9 Conclusion 

The Taguchi method approach and surface response in this paper are used to obtain 
the optimum composition of the kenaf/ramie composite material. The results showed 
that using the RSM method, the optimal combination of manufacturing parameters 
was obtained by selecting a low concentration of NaOH (4%) and a high post-curing 
temperature (120 °C). With these optimal parameters, the optimal flexural and impact 
strengths that can be achieved are 0.261 J/mm2 and 79.658 MPa. 

This research can be used as a reference for engineers to determine the optimum 
composite material for vehicle body applications made from natural fiber composites.
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Fig. 8 Optimized results obtained with RSM
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Identification of Administrative Worker 
Postures to Reduce Musculoskeletal 
Disorders with Ergonomic Approach 

Gisya Amanda Yudhistira, Chancard Basumerda, Qurtubi, 
and Muhammad Ragil Suryoputro 

Abstract Musculoskeletal disorders (MSDs) are complaints of pain in body parts 
due to poor posture, repetitive movements, and movements with too large an angle. 
This study examines operators who work in the administration department in a 
learning industry in Yogyakarta. This study aims to determine the level of risk that 
exists in static workers using the LS-CMDQ questionnaire and the ROSA method. 
The results of the LS-CMDQ questionnaire show that the back has the highest score 
of 14, and workers experience pain in that area 3–4 times a week. The ROSA method 
shows a value of 5 for administrative activities, which is very dangerous in the long 
run. The recommendations are redesigning an ergonomic work chair, adjusting the 
work position with minimal movement, and tilting the wrist not more than 15°. 

Keywords LS-CMDQ · ROSA · Score · Work posture 

1 Introduction 

In 2000, as many as 80% of daily workers were required to use computers [1]. Jobs 
that involve computers are completed with static work postures. The length of time 
working in a static position can cause a variety of work complaints. A study by da 
Rosa et al. showed no significant difference between the right and left side views on 
a person’s work posture. It only affects the angle formed and produced in the head 
and knee positions [2]. Identification of complaints of pain or pain in the body points 
is often interpreted as musculoskeletal disorders (MSDs). The research results by 
Besharati et al. explain that MSDs can result from physical movements such as poor 
static posture, repetitive movements, less ergonomic workplace, worker psychology, 
and organizational design (work cycle) [3]. It is potential in all industrial sectors with 
the movement and work risks experienced in posture positions.

G. A. Yudhistira · C. Basumerda · Qurtubi (B) · M. R. Suryoputro 
Departement of Industrial Engineering, Universitas Islam Indonesia, Yogyakarta, Indonesia 
e-mail: qurtubi@uii.ac.id 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
Irwansyah et al. (eds.), Proceedings of the 4th International Conference on 
Experimental and Computational Mechanics in Engineering, Lecture Notes in 
Mechanical Engineering, https://doi.org/10.1007/978-981-99-7495-5_16 

153

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-7495-5_16&domain=pdf
mailto:qurtubi@uii.ac.id
https://doi.org/10.1007/978-981-99-7495-5_16


154 G. A. Yudhistira et al.

Musculoskeletal disorders (MSDs) are complaints of static work with movements 
in the hands that have the potential for injury and musculoskeletal problems. Further-
more, it could lead to chronic health problems [4]. In fact, repetitive movements can 
cause damage to ligaments, tendons and joints with prolonged work risk [5]. If there 
is no improvement, it will result in prolonged complaints of pain due to tense muscles. 
One of the activities for static workers is administrative workers by working every 
day staring at a computer screen. Therefore, occupational risk considerations for 
MSDs are commonplace for workers with computers. So it is necessary to measure 
work posture for ergonomic conditions to improve work [6]. Risk factors for postural 
discomfort are caused by posture, duration, and type of computer used [7]. If a job 
activity is not based on comfort and safety, its make awkward posture which will 
hinder work process, and direct biomechanical risks in work postures until decrease 
in productivity [8]. Thus, the most important thing to identify the operator’s work 
posture to know the categories of work risks experienced that can be evaluated and 
provide improvements in the future. 

There is a need to identify static workers, one of which is in the administrative 
field. Using the method (Rosa Rapid Office Strain Assessment) to identify the work 
posture of workers by considering the movement of the mouse, keyboard, monitor, 
and other work equipment. With the addition of the Cornell questionnaire, which 
was used to determine the total level of worker discomfort with static work [9]. 

2 Method  

The subject of this study is female administrative workers, 23 years old, one of the 
learning industries located in Yogyakarta. Work 9 h a day with a 1-h break. The task 
of administrative work is to administer the participant’s learning system by becoming 
customer service to clients who will register learning in this tutoring. 

Direct observation data were collected by filling out the ROSA observation sheet 
and the CMDQ questionnaire to identify work postures. ROSA (Rapid Office Strain 
Assessment) is an assessment method in office ergonomics, where an assessment 
is carried out to measure computer-related risks to determine the level of change 
actions and ergonomics interventions [10]. The Cornell Musculoskeletal Discomfort 
Questionnaire (CMDQ) is a subjective measuring tool for mapping body parts that 
are felt sick at work. CMDQ is a combination questionnaire that is essentially taken 
through a similar questionnaire, namely the Nordic Body Map (NBM), with addi-
tional questions about the prevalence of musculoskeletal pain, severity, and whether 
it interferes with the respondent’s performance at work [11].
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3 Result and Discussion 

Initial identification of the operator is using direct observation of the operator’s 
position. The following are the results of the observations made (Table 1): 

A. LS-CMDQ Result 

LSCDQ is applied to determine which body parts are experiencing pain complaints. 
Pain can be identified from body parts with the highest score from 12 categories: 
neck, shoulder, upper back, upper arm, lower back, forearm, wrist, hand/finger, hip/ 
butt, thigh, knee, and lower leg. The following is the recapitulation of each body 
point part (Table 2).

The results show the highest level values with dominant pain, namely in the lower 
back. The most significant value is 14 because the seat design is not ergonomic, 
which results in a stooped posture. The operator felt pain 3 to 4 times in the last 
week. Other body parts do not feel pain because they move a lot. From subjective 
observations, the researchers saw that the operator experienced pain because he often 
looked at the computer where the operator’s right side was not parallel to the body. 

B. ROSA Result 

The highest category is section A, with a score of 5. The position between the back of 
the knee and the chair’s seat is too high, causing the foot position to look unnatural, 
so the backrest has a value of 3. The seat design position is not ergonomic, and the 
operator does not carry out activities on the back of the chair. The presence of back 
support on the seat makes the operator less tired and does not cause back pain or 
muscle tension in the back of the body. Then, the score of part B is 3, which belongs 
to the low category on the monitor display and the neck position is more than 30o. 
The position of the computer is to the right of the operator. So, make the operator 
see the tilted head position. The score of part C is 3, which the category is the mouse 
grip parallel to the shoulder, or the mouse position is in front of the body in parallel 
and can work efficiently to hold or move, but the mouse size is a bit, so that it does

Table 1 Preliminary observation results 
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Table 2 LS-CMDQ recapitulation 

No Part of body Score1 Score2 Score3 Output 

1 Neck 1.5 2 2 6 

2 Shoulder right 0 1 1 0 

Shoulder left 1 1 

3 Upper back 0 1 1 0 

4 Upper arm right 0 1 1 0 

Upper arm left 0 1 1 0 

5 Lower back 3.5 2 2 14 

6 Forearm right 0 1 1 0 

Forearm left 0 1 1 0 

7 Wrist right 1.5 2 1 3 

Wrist left 0 1 1 0 

8 Hand/finger right 0 1 1 0 

Hand/finger left 0 1 1 0 

9 Hip/buttocks 0 1 1 0 

10 Thigh right 0 1 1 0 

Thigh left 0 1 1 0 

11 Knee right 1.5 2 1 3 

Knee left 1.5 1 1 1.5 

12 Lower leg 0 1 1 0 

Lower left 0 1 1 0

not match the size of the finger and the keyboard factor is typical or can relax the 
shoulders (Table 3).

The highest ROSA score is 14. This number is over the limit and can cause pain in 
the lower back. Thus, using ROSA on the LS-CMDQ provides accurate information 
for researchers. Therefore, this study suggests that operators follow the ergonomics 
rules while working, making operators feel safe and comfortable while working, thus 
increasing productivity. 

C. Recommendation 
1. The chair’s design is according to the ergonomic concept. The office chair has 

the right size for the human body, and the office chair has the right shape to use. 
2. Making the chair after the height of the table and the position of the operator’s 

body, there is no excessive movement when viewing the computer. 
3. Using a tilt-down keyboard (no more than 15° tilt): 

a. Significantly reduces wrist extension while typing and at rest, 
b. Greatly improves both lower back pain and shoulder pain, 
c. Wrist and hand maintain a more neutral position > 60% of typing time [9].
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Table 3 Recapitulation ROSA score 

Section Category Classification Score Area score 

Section A Chair height Too high–knee angle 2 3 

Non-adjustable +1 

Pan depth Too long–Less than 3,, of 
space 

2 3 

Non-adjustable +1 

Armrests back 
support 

Too high/low (Arms 
unsupported) 

2 2 

No back support 2 3 

Non-adjustable +1 

Chair height–pan 
depth 

5 

Arm rest and black 
support 

6 

Section A + Duration 5 + 1 = 6 
Section B Monitor Too low (below 30°) 1 3 

Neck twist greater than 
30o 

+1 

Duration +1 

Telephone Heat set/one hand on 
phone and natural neck 
posture 

1 2 

Duration +1 

Section B 3 

Section C Mouse Mouse in line with 
shoulder 

1 3 

Pinch grip on mouse +1 

Duration +1 

Keyboard Wrists straight, shoulders 
relaxed 

1 3 

Platform non-adjustable 1 

Duration +1 

Monitor and 
peripheral score 

Section B 3 

Section C 3 

ROSA FINAL 
SCORE 

5 Monitor and peripheral score 3 

Chair 5
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Aerodynamic Analysis of the Rear 
Spoiler of Hatchback Vehicles Using SST 
K-ω Turbulence Model 

Andre Kuwito, Steven Darmawan, and Harto Tanujaya 

Abstract In the development of the times and technology, demands for forms and 
characteristics have a good aerodynamic value. As a result, various types of new 
models are emerging rapidly in the automotive market. In addition, many drivers 
modify their cars. One of them is by adding a body kit or just adding a spoiler to make 
it more esthetic. As time goes by, many car manufacturers pay attention to several 
aspects in designing their cars. One of them is aerodynamic. The aerodynamics 
performance of a car is affected by the drag coefficient (Cd) or drag when the car is 
in motion. Furthermore, to get this Cd value, a study will be carried out that focuses 
on the effect of adding spoilers with NACA 2412 on vehicles. The research can be 
carried out using the CFD simulation. In the study, a simulation was carried out using 
a Hatchback car and two spoiler models with a NACA 2412 airfoil profile. The result 
obtained is that a car without a spoiler produces a Cd of 0.562, and for a car model 
with a spoiler 1, it produces a Cd of 0.383, while for a car with a spoiler of 2 it 
produces a Cd of 0.409. 

Keywords Aerodynamics · Car · CFD · K-ω turbulence model · Rear spoiler 

1 Introduction 

Aerodynamics is defined as a change in the movement of an object due to air resis-
tance when moving at high speeds. The aerodynamics of a car is also called the drag 
coefficient (Cd) or drag when the car is in motion. Aerodynamics is inseparable from
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the science regarding the profile of the Naca airfoil. Spoiler is a car component that 
affects the aerodynamics of a car, Rear spoiler is responsible to the drag and down-
force experienced by the car. Spoilers work by applying downforce or downward 
pressure force on the car to reduces the lift generated by high speed [1]. 

In particular, rear spoiler of a car come in many geometries based on the function. 
One could come from the dealership, or as accessories. The application of rear 
spoilers on a car is also often related to the esthetics of the vehicle, especially in 
hatchback type. Application of inappropriate rear spoiler geometry may relate to 
safety. Rear spoiler effect on a car can be analyzed with experimental methods using 
wind tunnel, which usually complicated, limited only for some geometries and costly. 
Other way to analyze the effect of rear spoiler is by using CFD method [2]. As the 
next step of this Cd analysis research, a study will be conducted that focuses on the 
effect of adding spoilers with NACA 2412 on a hatchback type vehicle, the vehicle 
to be used is the third-generation VW Scirocco [3–5]. The choice of this vehicle is 
because the model of the vehicle is attractive and quite in demand in the market. 
The formulation of the problem in this study is how the value of Cd with the use of 
spoilers with the Naca 2412 airfoil profile [6–8]. The formulation of other problems 
is what factors affect Cd in vehicles and how to analyze the fluid flow rate in vehicles. 

In this study, the limitation of the problem used was a car of the hatchback type 
and the speed of the vehicle used started from 60 km/h. To obtain the results of this 
study, it will be compared the Cd value produced between the car with the addition of 
spoilers with NACA 2412 and with those that are not. The purpose of this study is to 
analyze the influence of aerodynamics of vehicle performance by using rear spoilers 
and to determine the effect of using spoilers with NACA 2412 on the downforce of 
hatchback type vehicles [9]. 

1.1 Problem Formulation 

Looking at the problems that arise, it can be known what to do, namely: 

1. How does the use of spoilers with NACA 2412 airfoil profile affect the Cd value? 
2. How is the analysis of fluid flow rate in vehicles? 
3. What factors affect Cd in cars? 

2 Research Method 

Analysis of the study of Cd on steel plate with airfoil NACA 2412 profile was 
carried out by experimental method. Experiments were carried out to determine 
the aerodynamic performance of the plate and also the best mesh configuration. 
This research uses computational fluid dynamics (CFD) simulation. This simulation 
uses the ANSYS Student 2022 R1 and Autodesk Fusion 360 software which is 
carried out on an Acer Aspire E14 laptop. The simulation is divided into three stages,
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starting with the geometric model process, then the CFD model, and the last one is 
post-processing [10, 11]. 

2.1 Geometry Model 

In this study, it used a hatchback type vehicle. An example car used is the third-
generation VW Scirocco car. The VW Scirocco has dimensions of 4256 × 1810 
× 1404 mm. The creation of this geometry is done using the Autodesk fusion 360 
application (Figs. 1, 2). 

Next is the spoiler design process which is also carried out on the Autodesk fusion 
360. The spoiler is designed by utilizing the shape of the NACA 2412 airfoil profile, 
and the dimensions of the spoiler are 1800 × 150 mm as seen on Fig. 3.

Fig. 1 VW Scirocco [12] 

Fig. 2 Car geometry design 
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Fig. 3 Spoiler model 

The computational domain used for simulation has a length of 1418.64 mm, a 
width of 784.73 mm, and a height of 463.16 mm with details of the length of the 
front wall, right side, left side, and top which is two times the size of the car length. 
For the rear length, it is 5 times the length of the car. And the bottom wall is 50 mm. 

2.2 CFD Models and Configuration 

CFD simulation is conducted by using Ansys Fluent Student Edition. In the simu-
lation process of this vehicle, a 0.005 m mesh is used and with a type of mesh, 
namely tetrahedral SST k-ω turbulence model is used [13]. For the vehicle simula-
tion process, the velocity used is 16.66 m/s or 60 km/h, the density of air is 1.225 kg/ 
m3, and the temperature is 288.16 K. After carrying out the feeding meshing process, 
the number of nodes was obtained by 87,382 and the number of cells was 469,049 
(Fig. 4). 

The car used for the simulation process will be reduced by a scale of 1:24 or 
reduced by 24 times its original size. This is intended to simplify the CFD simulation 
process that will be carried out. After the vehicle and spoiler design process is carried 
out, the process continued to assembling the two component. The spoiler is placed 
on the back of the car with a slope level of 25°, and for the second spoiler, it is placed 
150 mm from the vehicle body. CFD simulation conducted three-dimensionally with 
single-phase air. In order to simplify the simulation process, the geometry model is

Fig. 4 Meshing results 
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Fig. 5 Car configuration 1 

Fig. 6 Car configuration 2 

reduced 24 times than its original size. Since the right and left side geometry of the 
model is identic, the simulation is assumed to be symmetric (Figs. 5, 6). 

2.3 Turbulence Model 

This k-omega turbulent SST model is a k-omega turbulent model that has been refined 
several times due to its weakness in sensitivity to free stream boundary conditions. 
In the model refined by Menter, the k-omega model is combined with the k-epsilon 
model, so that it has good capabilities in the area around the wall and a low Reynold 
number as an advantage of k-omega, and flows with adverse pressure gradients and 
insensitivity in the free stream area which is the advantage of k-epsilon. 

∂ 
∂t 

(ρk) + ∂ 
∂xi 

(ρkui ) = ∂ 
∂x j

[
τω 

∂k 

∂x j

]
+ Gk − yk + Sk (1) 

∂ 
∂t

(
ρω

) + ∂ 
∂x j

(
ρωu j

) = ∂ 
∂x j

[
τω 

∂ε 
∂x j

]
+ Gω − Yω + Dω + Sω (2)
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3 Result 

The final result of the simulation will later compare the best Cd values of cars without 
spoilers, cars with spoilers 1, and cars with spoilers 2. The simulation will be carried 
out by providing a fluid flow inlet on the X axis. 

3.1 CFD Simulation Results on Static Pressure Contours 

In the simulation results carried out on the three car models, it can be seen that Fig. 8 
which is the result of static pressure simulation for cars without spoilers has a fairly 
small static pressure with a static pressure value of 1616 Pa compared to two car 
models with other spoilers. Figure 9 illustrates the greatest spread of static pressure 
on the front bumper, windshield, and in the spoiler section of the car with a value 
of 1942 Pa. Meanwhile, Fig. 10 which depicts a simulation of a car with spoiler 2 
shows the largest spread of static pressure points in the front bumper, windshield, 
and legs that connect the spoiler and car body with a static pressure value of 1720 Pa. 

By looking at the contours of static pressure in Figs. 7, 8, and 9, it can be seen that 
with the addition of a spoiler, it can affect the static pressure on the car. The greater 
the static pressure, the greater the downforce on the car. This happens because static 
pressure occurs in the spoiler and the direction of the static pressure is toward the 
bottom. So the greater the static pressure that exists, the greater the downforce value, 
with an average value increase of 0.63%.

3.2 CFD Simulation Results on Velocity Contours 

In the simulation with a car model without a spoiler depicted in Fig. 11, the speed 
produced after the separation process is equal to the inlet speed of 16.66 m/s. This 
event also affects the resulting wake being less massive. This happens because the 
data collection point chosen is the point that will be affected by the presence of a 
spoiler, so that in a car simulation without a spoiler, the resulting speed does not have 
an impact on body separation.

In the second simulation, namely a car with spoiler 1, it can be seen in Fig. 12, the  
speed produced after the flow separation process is 2.55 m/s. The speed is reduced 
due to the presence of a large Wake, so that it has an impact on reducing the flow 
speed.

In the third simulation using a car model with spoiler 2 whose results can be seen 
in Fig. 13, the resulting speed is 12.85 m/s. This happens because the Wake produced 
after separation of the flow is not too large, so that it has an impact on the speed on 
the back of the car.
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Fig. 7 Symmetry domain 

Fig. 8 Static pressure car without spoiler
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Fig. 9 Static pressure generated by spoiler model 1 

Fig. 10 Static pressure generated by spoiler model 2

Fig. 11 Car velocity contours without spoiler

3.3 CFD Simulation Results on Aerodynamic Force 

Based on the presentation of simulation data and calculations that have been carried 
out above, it can be seen that the Cd value generated by cars with spoiler 1 has 
a smaller value of 0.383 while cars without spoilers have a Cd value of 0.562; this 
indicates that the Cd on cars with spoiler 1 depreciated by 31.73%, while in cars with 
spoiler 2 which have a Cd value of 0.409, it depreciated from cars without spoilers
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Fig. 12 Car velocity contour with spoiler 1

Fig. 13 Car velocity contour with spoiler 2

as much as 27.13%. This CFD simulation results related on Cd and Cl provided in 
Table 1. 

From this, it can be said that the addition of spoilers has proven to be able to reduce 
the value of Cd which makes drag on vehicles improve. This is also evidenced by 
the European Journal of Computational Mechanics with its journal entitled “Reduce 
drag Coefficient of a Hatchback car utilizing fractional factorial design algorithm”, 
suggesting that cars with spoilers can produce Cd that are less valuable than cars that 
do not have a spoiler [14]. The journal simulates a car with a hatchback type and 
produces a Cd on a 0.282-sized car and a 0.411 non-spoiler car. 

In addition to Cd, there are simulation results in the form of lift or cl coefficients, 
the value of this coefficient will decrease as static pressure increases. This can be 
proven by the cl value in cars with spoilers that have been reduced by 5.47% compared

Table 1 Drag coefficient and lift coefficient data 

No Variations Cd Decrease value of Cd Cl Decrease value of Cl 

1 Without spoiler 0.562 – 0.737 – 

2 Spoiler 1 0.383 31.73% 0.696 5.47% 

3 Spoiler 2 0.409 27.13% 0.698 5.21% 
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to cars without spoilers with a static pressure value of 1942 Pa. As for the cl value 
on cars with spoiler 2, it was reduced by 5.21% with a static pressure value of 1.720. 

4 Conclusion 

Based on the simulation results with the CFD method and the presentation of data 
that has been previously provided, it can be concluded: 

1. Based on the simulation results on three car models with a speed of 16.66 m/s 
or 60 km/h, it can be concluded that adding a spoiler can make drag on the car 
improve, and this can be seen in Fig. 11 describing the results of the car velocity 
simulation with spoiler 1 in addition to that in Fig. 8 explaining that the vehicle 
with spoiler 1 has the most static pressure among 2 other car models, namely 
1.942 Pa which will make the compressive force down the better. 

2. Wake created by the separation of the flow of the vehicle body can cause a drag 
effect on the vehicle the greater and longer the Wake created, the better the drag 
on the vehicle and vice versa the smaller and shorter the Wake created by the 
separation of the vehicle body flow, the worse the drag that exists on the vehicle. 

3. Taking into account the aerodynamic forces in vehicles, the NACA 2412 airfoil 
chosen as the basic form of spoiler manufacturing was shown to increase drag 
on the vehicle. This can be viewed from the Cd value generated by each vehicle 
model. Cars without spoilers have a Cd value of 0.562, for cars with spoiler 1 
have a Cd value of 0.383, and for cars with spoiler 2 have a Cd value of 0.409. 
This shows that the use of spoilers with a NACA 2412 airfoil profile can reduce 
the Cd produced by cars without spoilers. 
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A Fatigue Life Assessment of Automotive 
Coil Spring and Lower Arm Due to Road 
Surface Contours 

Teuku Edisah Putra, Husaini, Muhammad Ikbal, Muhammad Rizal, 
and Amir Zaki Mubarak 

Abstract This study aims to determine the effect of road surface contours on the 
life of car suspension components. In this study, strain gauges were fixed on the 
critical points of a coil spring and a lower arm. The car went through smooth and 
rough road surfaces with speeds over 30 and below 20 km/h, respectively, for 60 s. 
The strain signals obtained were analyzed according to the Coffin-Manson, Morrow 
and Smith–Watson–Topper models. According to the strain amplitudes measured, 
the coil spring fatigue life of the rough road surface was 16% lower compared with 
the smooth surface, whereas the lower arm of the rough road surface was 27% lower 
than the smooth surface. It was also found that the coil spring failed 36% faster than 
the lower arm when driving on the rough road surface. This is because the contour 
of the surfaces provides a vertical load affecting the coil spring at higher rates than 
the lower arm. It is in accordance with the function of the coil spring which works 
to reduce the load vertically. 
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1 Introduction 

There are many fatigue failures occurring in the vehicle components. These can be 
caused by different physical conditions of roads, because the stability of the vehicle 
is absolutely dependent on the friction of tires with the road surface [1]. The friction 
produces vibrations which increase during the time the vehicle passes a rough road 
surface at high speed. If the vibration occurs repeatedly, it causes fatigue damage to 
the components. 

The suspension system is a mechanical structure with the role of reducing displace-
ment vertically and horizontally [2–5] and provides maximum results for tire friction 
and roads to stabilize the vehicle [6, 7]. Two vital suspension components are the coil 
spring and lower arm. The coil spring functions to hold, reduce, and absorb impact, 
torsional and cyclic loads [8, 9], while the lower arm acts as a movement controller 
both back and forth and during the vehicle turning [10]. 

Components often fail because residual stresses occur repeatedly and can affect 
their durability [11–13]. In previous studies, fatigue life assessments of a coil spring 
[14–18] and a lower arm [19] were carried out. However, the components were 
analyzed separately. Therefore, the purpose of this study is to predict the fatigue life 
for both components simultaneously to study the reaction of each component when 
running on the same road surface. 

2 Material and Methods 

Chemical Composition Test. The coil spring and lower arm of a passenger car were 
used as the case study. The research started with a chemical composition test aiming 
to determine the chemical elements contained in the components. The testing samples 
(Fig. 1) first had to be grinded in order for the surface to be clean of contaminants 
that might disturb the testing results. The sample was inserted into a spectrometer 
and then injected with argon fluidized electrode. 

(a) (b) 
Fig. 1 Specimens for the chemical composition tests: a coil spring, b lower arm
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Stress Analysis. An engineering problem that aims to deteermine the critical point 
in three-dimensional components can be solved by the finite element analysis (FEA) 
which analyzes by dividing components into several small elements. The accuracy of 
the simulation results is very dependent on the preprocessing stage where the value 
and direction of the load and the boundary conditions are included. The meshing 
used for the simulation was a tetrahedron. This type of meshing produces better 
results than other meshing [20]. The total nodes and elements for the coil spring 
were 10,999 nodes and 3710 elements, while for the lower arm there were 36,562 
nodes and 18,530 elements. 

Considering that the weight of the car was 1045 kg and the weight of the 
passenger(s) and the load carried was 420 kg, the total weight was divided by four 
by assuming the load was distributed to all wheels. This way, the load received by 
the coil spring and lower arm was 366.25 kg or 3591.7 N. The load was given at the 
bottom of the coil spring (B), while the upper part was given fixed support (A). For 
the lower arm, the load was given to the ball joint (C), while the bushing sections 
(A and B) were given roller supports. The mechanism for giving loads and supports 
can be seen in Fig. 2. 

von Mises [21] is derived from the three-dimensional main stress relationship, 
namely hoop, longitudinal, and radial directions. According to the relationship, the 
yield criterion occurs when σ e is equal to yield stress σ ys, which can be defined by: 

σe = 
1 √
2

[(
σx − σy

)2 + (
σy − σz

)2 + (σz − σx )
2 + 6

(
τ 2 xy  + τ 2 yz  + τ 2 zx

)[1/2 
(1)

(a) (b) 

Fig. 2 Boundary conditions: a coil spring, b lower arm 
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where σ x, σ y, and σ z are the normal stresses in the directions of the x, y, and z-axes, 
while τ xy, τ yz, and τ zx are shear stresses. 

Strain Signal Measurement. Strain signal measurements were carried out by 
attaching 3-mm strain gauges with a resistance of 350 Ω on the coil spring and 
the lower arm. The strain gauge mounting locations were chosen according to the 
highest stress distribution area. The frequency of the measurement must be greater 
than 400 Hz [22]. Therefore, a frequency of 500 Hz was suitable to detect and store 
all destructive load cycles in both components. 

After the installation of the equipment, the passenger car was driven on smooth 
and rough road surfaces. In order to determine the road surface profiles, international 
roughness index (IRI) [23] was used as follows: in order for a road to be categorized 
as smooth or rough, the IRI value must be below 4 and over 12, respectively. The 
IRI is defined as [24, 25]: 

I R  I  = 
1 

L 

T{

0 

|ż|dt (2) 

where ż is the suspension velocity due to the road excitation, L is travel distance, and 
T is the time. The vehicle was driven at a speed over 30 km/h on the smooth road 
surface and below 20 km/h for the rough surface. Figure 3 shows how to install the 
strain gauges, and Fig. 4 shows the road surfaces passed by the car. 

Fatigue Life Assessments. In the study, fatigue life assessments were performed 
according to the strain-life approaches, namely the Coffin-Manson, Morrow, and 
Smith–Watson–Topper (SWT) models. The Coffin-Manson model [26, 27] can be 
expressed as: 

ε = 
σ , f 
E

(
2N f

)b + ε, f
(
2N f

)c 
(3)

(a) (b) 

Fig. 3 Installation of strain gauges: a coil spring, b lower arm
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(a) (b) 

Fig. 4 Road surfaces: a Smooth, b Rough

where ε is the strain amplitude, σ ’f is the fatigue strength coefficient, E is the material 
modulus of elasticity, Nf is the number of cycles, b is the fatigue strength exponent, 
ε’f is the fatigue ductile coefficient, and c is the fatigue ductile exponent. 

Two more models, Morrow [28] and SWT [29], consider the mean stress effect 
[30, 31] expressed, respectively, by: 

ε = 
σ , f − σmean 

E

(
2N f

)b + ε, f
(
2N f

)c 
(4) 

σmaxε = 
σ ,2 f 
E

(
2N f

)2b + σ , f ε, f
(
2N f

)b+c 
(5) 

where σ mean is the mean stress and σ max is the maximum stress amplitude. 
Fatigue damage for each loading cycle Di is: 

Di = 
1 

N f 
(6) 

Then, the cumulative fatigue damage was calculated utilizing the Palmgren–Miner 
rule [32, 33]: 

D =
Σ (

ni 
N f

)
(7) 

where ni is the number of applied cycles. The process of this research is summarized 
in Fig. 5.
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Finite element analyses 

Strain signal acquisitions 

Coil spring and lower arm 
designs 

Spesimen preparation 

Chemical composition tests 

Smooth road surface Rough road surface 

Fatigue life assessments 

Fig. 5 Process flow of the research 

3 Results and Discussion 

Material Composition. The results of the chemical composition tests are listed in 
Table 1. The chemical composition of the coil spring is similar to the SAE 5160 
carbon steel, a material often used in the automotive industries to make coil springs, 
while the chemical composition of the lower arm is the AISI 1513 carbon steel. The 
mechanical properties of the materials are given in Table 2. 

Stress Distribution. The stress concentrations for the coil spring and the lower arm 
are presented in Fig. 6. The area with the highest stress concentration is denoted by 
red, followed by orange, yellow, green, and blue. The red area of the coil spring has 
a maximum von Mises stress of 997.51 MPa. Referring to Table 2, the maximum 
stress is low compared with the yield strength of the SAE 5160 carbon steel which is 
1,487 MPa. The maximum von Mises stress for the lower arm is 358.82 MPa, which 
is still below the yield strength of the AISI 1513 carbon steel of 450 MPa in Table 2.

Table 1 Results of the chemical composition tests 

Chemical elements Coil spring (%) Lower arm (%) 

Testing results SAE 5160 
[34] 

Testing results AISI 1513 
[35] 

Carbon (C) 0.6415 0.56–0.64 0.09496 0.100–0.160 

Silicon (Si) 0.1631 0.15–0.3 0 0 

Manganese (Mn) 0.7780 0.75–1 1.33170 1.10–1.40 

Chromium (Cr) 0.7682 0.7–0.9 0.03094 0 

Molybdenum (Mo) 0.1838 0.15–0.25 0 0 

Vanadium (V) 0.15171 0.15 0.00285 0
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Table 2 Material mechanical 
properties of the SAE 5160 
carbon steel and the AISI 
1513 carbon steel [36] 

Mechanical properties SAE 5160 AISI 1513 

Ultimate tensile strength (MPa) 1584 585 

Modulus of elasticity (GPa) 207 210 

Yield strength (MPa) 1487 450 

Fatigue strength coefficient (MPa) 2063 1,089.4 

Fatigue strength exponent −0.08 −0.0787 

Fatigue ductility exponent −1.05 −0.5425 

Fatigue ductility coefficient 9.56 0.4109 

Cyclic strain hardening exponent 0.05 0.1169 

Cyclic strength coefficient (MPa) 1940 978.68 

Poisson ratio 0.27 0.27

This indicates that the load does not cause a failure of the components. The surface 
area of the inner spring is smaller than the outside, therefore, the critical point occurs 
inside [37]. For the lower arm, the highest stress occurs in the area near the roller 
support on the right bushing. This is due to the fact that the component has many 
holes that cause the surface area to become narrow. 

Strain Signals. The smooth road surface had an IRI value of 2.4, while the one for 
the rough road surface was 15. The total length of the strain signals recorded were 
60 s for 30,000 data. As shown in Fig. 7 for the coil spring strain signals, the smooth 
road strain signal (S1) had an amplitude range between −769 με and −569 με. A  
higher amplitude range was provided by the rough road strain signal (S2), which was 
between −769 με and −237 με. For the lower arm strain signals (Fig. 8), the smooth 
road strain signal (S3) was distributed between −24 με and 14 με. Meanwhile, the

(a) (b) 

Fig. 6 Stress distributions: a coil spring, b lower arm 
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(a) 

(b) 

Fig. 7 Coil spring strain signals: a Smooth-S1, b Rough-S2

rough road strain signal (S4) was distributed between −35 and 16 με. All the strain 
signals have a nonzero mean value, namely −658.319, −649.771, −5.067, and − 
11.570 με for S1, S2, S3, and S4, respectively. A negative mean value shows that 
the components received a compressive load. 

Fatigue Life. Based on the Coffin-Manson model, the fatigue damages of S1, S2, S3, 
and S4 were 4.888E−2 damage per block, 2.273E−1 damage per block, 1.773E−2 
damage per block, and 1.002E−1 damage per block, respectively. The Morrow model 
gave the fatigue damages of 4.067E−4 damage per block, 2.113E−3 damage per 
block, 1.701E−2 damage per block, and 9.513E−2 damage per block, respectively. 
The SWT model provided the fatigue damages of 2.489E−2 damage per block, 
1.557E−1 damage per block, 1.533E−2 damage per block, and 8.095E−2 damage 
per block, respectively. Since they were the one that provided lower fatigue damage, 
the smooth strain signals gave a longer fatigue life. The life spans of S1 and S3 were 
8,036 cycles to failure and 13,050 cycles to failure, respectively. For S2 and S4, the 
life spans were of only 1284 cycles to failure and 3580 cycles to failure.
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(a) 

(b) 

Fig. 8 Lower arm strain signals: a Smooth-S3, b Rough-S4

4 Conclusion 

The objective of the study is to identify the effect of road surface contour on the 
fatigue life of the coil spring and lower arm of a passenger car. From the fatigue life, 
S2 was 16% lower than S1, whereas S4 was 27% lower than S3. It was due to higher 
amplitudes contained in the rough surface strain signals. When the car goes over the 
rough road surface, the coil spring fails 36% faster than the lower arm since the road 
surface profiles give a load vertically, which is suitable with the coil spring function. 
Meanwhile, the lower arm function holds the load when turning, so the component 
is inactive when receiving a vertical load. 
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Talang Salted Fish Processing Packaging 
Model Using Value Engineering Methods 

A. Amri and Saifuddin Muhammad Jalil 

Abstract One product that needs attention, especially regarding packaging, is the 
talang salted fish product, which has been trading talang salted fish without sacri-
ficing packaging. This study aims to organize the packaging of talang salted fish so 
that it has a selling value that can attract consumers to shop. The strategy used is 
value engineering and the analytical hierarchy method (AHP). First, the engineering 
method is feasible to be applied to expand the value, performance, and value of 
packaging design, which consists of brand name criteria, Internet weight measure-
ment, product identity, attractiveness, color suitability, typography, and font size. 
Then, the analytical hierarchy method is applied at the analysis stage to verify the 
priority criteria that follow consumer desires. The results showed that the chosen 
design with the best performance was an alternative (A-B-D-E), to be precise, the 
display was made of clear plastic packaging material, the colors used were bright, 
the packaging was rectangular, and each capital letter was used. This elite alternative 
design includes a value of 0.039. This value is obtained from the performance of 
38.9 and the price of IDR thousand per pack. The novelty of this research is that 
the packaging model is easier to recognize by customers because the packaging is 
more attractive, more hygienic and does not cause odor from talang foreign fish. The 
method is more innovative because of the combination of product design and the 
selection of product alternatives if the product design uses value engineering and if 
the alternative design uses AHP. 
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1 Introduction 

Pusong village, Lhoseumawe town, could be a sizeable fish-producing space within 
the Lhokseumawe city area; however, the individuals in Pusong village, particularly 
the fishers tribe, lack the data to initiate the packaging of processed salt-cured fish 
merchandise into modern salted fish packaging. The absence of contemporary pack-
aging forms and solely exploiting clear and unlabeled plastic luggage as containers 
have risks that affect the standard and sturdiness of food. So the shortage of product 
attractiveness and considering the massive range of talang salted fish in the village 
of Pusong, Lhokseumawe city makes researchers inquisitive about adding to the 
commerce worth of the packaging design of processed talang salt-cured fish, which 
might later become an attraction for customers to shop for. This study aims to 
style talang salted fish packaging to extend the commerce worth, which can later 
be an attraction for consumers to buy it. With this attractive design, tourists will 
also become consumers of souvenirs within the type of talang salted fish in Pusong 
village. It is necessary to design a gorgeous talang salted fish packaging, correct infor-
mation regarding color, and a style maintained once traveling, and so on other. A 
product’s packaging can be crucial in maintaining or increasing sales. For food prod-
ucts, the packaging is formed to safeguard the contents from external contamination 
akin to substances that will harm the taste, shape, and suitableness of consumption 
and increase the product’s commercial value. Packaging is essential in influencing 
customers directly or indirectly in crucial the selection of merchandise be purchased 
[1, 2]. The tactic used is value engineering. The worthy engineering method is applied 
to extend the value, performance, and value of packaging style consisting of name 
criteria, web weight measurement, product identity, attractiveness, color suitability, 
typography, and font size [3, 4]. Previous research which can be carefully associated 
with this study is as follows: Wardah and Mardiana [5] Department of Industrial Engi-
neering, Indragiri Islamic University, her studies is entitled “Proposed Packaging of 
Salted Lome Fish (Harpodon Nehereus) Using the Value Engineering Method.” The 
variables used are packaging and fee functions. This look concludes that there may 
be a boom with inside the price of packaging layout with the use of the price engi-
neering method, i.e., a boom of 17.284%, and there may be an extensive distinction 
between the antique packaging layout and the primary packaging layout which has 
the very best price, via way of means of 86.81%. IDR compares the fee of various 
designs among the antique packaging layout and the brand new packaging. 

2 Methodology 

2.1 Types and Sources of Data 

To get the facts needed, researchers got here without delay to the Pusong market, 
Lhokseumawe city, mainly at UD. Wirna, Jl. KP3 Lhokseumawe city to peer stay fish 
sales. Talang salted fish layout is covered withinside the joint examination due to the
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fact that this layout makes use of qualitative and quantitative facts. The facts used for 
the evaluation become acquired through gathering number one and secondary facts 
in keeping with the wishes of facts evaluation. 

2.2 Data Collection Techniques 

There are numerous techniques utilized in gathering records in this packaging layout 
proposal, specifically: 

1. Literature studies, specifically by studying references, books, journals, works, 
the net, or literature related to the theoretical basis. 

2. Observation is gathering records within the area by immediately seeing and 
staring at the item of studies via recording records and associated topics. 

3. Documentation is a way of gathering records owned through the supplier 
concerned. 

4. Interviews, specifically records withinside the shape of evaluations acquired from 
actors and events with a hobby in operations concerning salted fish packaging, 
capital, market, capital, and the essential data. 

5. Questionnaire is fixed of statements submitted to be submitted to respondents. 
This questionnaire aims to acquire written data from respondents associated with 
the study objectives. The questionnaire on this has a look that consisted of: 

A. This open-ended questionnaire became used as an initial look at the reports 
to give the attributes of the salted fish packaging layout consistent with 
the purchaser’s wishes. The wide variety of respondents for this open 
questionnaire distribution is forty. 

B. Closed questionnaire, specifically brainstorming the outcomes of the look 
for purchaser wishes on an open questionnaire that diagnosed variables and 
benchmarked merchandise with respondents. This closed questionnaire was 
allotted to forty respondents. The evaluation on a closed questionnaire makes 
use of a Likert scale, i.e., to look at the extent of respondents’ approval of 
a question. The Likert scale has a gradation from very fantastic to very 
negative, inclusive of strongly agree (SS): 5, agree (S): 4, uncertain (R): 3, 
disagree (TS): 2, strongly disagree (STS):1 

2.3 Analysis Method 

The analytical technique utilized in value engineering (VE) or fee engineering with 
inside the layout of talang salted fish packaging is to apply the standard job plan, 
which includes numerous tiers or tiers as follows [4–15].
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1. Information Phase 

The statistics degree objectives to accumulate statistics wished in product improve-
ment, including customer needs, prices, product functions, materials, advantages and 
downsides of current merchandise, and so on, in addition to using FAST diagrams. 
Information changed received by way of interviews, observations, and question-
naires. This section collects all forms of statistics about merchandise, shoppers, 
and matters wished for fee engineering techniques. Then examined the validity and 
reliability of the use of the software [16, 17]. 

2. Creative Phase 

This section is on producing creativity that is achieved through creativity techniques. 
To this degree, it may begin while the preferred feature has been determined [18, 
19]. 

3. Analysis Phase (Judgment Phase) 

An evaluation degree is supposed to assess all options that seem in order that they 
may be used as a foundation for selecting the first-rate opportunity. Calculating the 
hierarchical weight component of all standards is achieved to determine the extent 
of the significance of a criterion in opposition to different standards. This calculation 
makes use of Expert Choice eleven software. Writers are an assessment section of 
the options generated from the innovative section to determine which opportunity 
can be used for similar research [20–23]. In this study, the technique used is to grow 
the feature two times and the value to growth as soon as with the aid of using the 
formula: 

In this manner, to boost the promotion fee of talang salted fish, it is essential to 
enhance the packaging characteristic by growing the fee of packaging design. 

4. Development Phase 

This section is a deeper evaluation of the options decided on via the evaluation section 
that may be completed by thinking about technical and financial factors. 

5. Presentation and Recommendation Stage 

This section is a presentation to selection makers of what has been advanced and 
encouraged within the improvement section. 

3 Results and Discussion 

In this study, to reap the favored talang salted fish packaging, purchaser voice infor-
mation changed into wanted via the distribution of open questionnaires, closed 
questionnaires, and coupled questionnaires (AHP).
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Table 1 Open questionnaire design data for talang 

Attribute 

Primary Secondary Tertiary 

Design 1 Square packaging Shape 

2 Packaging colors – Light colors 
– Simple  

5 Packaging dimensions – Net weight 500 gr. Length and 
width are adjusted according to 
net weight 

6 Ornaments – Own a trademark 
– Sewer  fish  pictures  
– Net weight information 

Material 7 Packaging Transparent plastic 

Multi-function 9 Main function Packaging 

10 Additional functions – Attractiveness and aesthetics 
– Product durability 
– Minimize odor when carried 

Source Data collection 2021 

1. Open Questionnaire Results 

The consequences of the open questionnaire dispensed to forty respondents are 
summarized in Table 1. 

After an open questionnaire was carried out, a closed questionnaire was carried 
out, which was distributed to forty respondents. Data obtained from the paired ques-
tionnaire method (AHP) can be seen in Table 1. The geometric calculation to get a 
paired matrix is to fill withinside the clean boxes, certainly considered one among 
that is divided with the aid of using a couple of matrices in order that the conse-
quences of the recapitulation of the chance or geometric of every criterion may be 
visible in Table 2.

Analysis Model 

After all the essential records, each number one and secondary records had been 
collected, then records processing and evaluation were carried out. The evaluation 
is through a cost engineering technique, which includes five stages, precisely the 
five-stage work plan. 

Information Stage 

At this stage, the outcomes of the statistics acquired concerning the preliminary 
product can be defined so one can be used as a reference in making the layout of the 
talang salted fish packaging, e.g., talang salted fish may be visible in discerning two 
and the plastic field for talang salted fish is in discern three. 

Figure 1 is talang salted fish and Fig. 2 is plastic container for talang salted fish. 
Writers are bought on the Pusong marketplace even as parent three is a plastic field;
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Table 2 Matrix of probability comparison between criteria 

Criteria Dadang 
brand 

Measures 
net weight 
product 

Identity 
attractive 

Interesting Appropriate 
color 

Typography Font 
size 

Trademark 1.000 1.170 0.381 1.426 1.919 1.486 1.104 

Net weight 
measure 

0.855 1.000 0.295 1.219 1.952 1.219 2.246 

Product 
identity 

2.627 3.394 1.000 2.627 3.536 2.521 2.950 

Interesting 0.701 0.820 0.381 1.000 1.104 1.219 1.346 

Color match 0.521 0.512 0.283 0.906 1.000 0.635 1.000 

Typography 0.673 0.820 0.397 0.820 1.575 1.000 1.919 

Font size 0.906 0.445 0.339 0.743 1.000 0.521 1.000 

Source Data collection 2021

this is used as a talang salted fish field if there are purchasers who purchase it. More-
over, from the consequences of the distribution of open questionnaires, which have 
been accomplished on forty respondents, it became that selling salted fish without 
packaging has subsequent shortcomings.

. Less attractive

. Does now no longer have a product identity

. Does now no longer have a trademark

. Less hygienic

. Less durable 

Fig. 1 Talang salted fish figure
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Fig. 2 Plastic container for talang salted fish 

A. Validation and Reliability Test 

From the consequences of the evaluation of the rating cost of the announcement with 
the whole rating, we evaluate it with the cost of r desk. The cost of r desk at 5% is 
widespread with a two-sided check and n = forty, then the r desk maybe 0.3120. 
Table 2 gives that each statement within the closed questionnaire is valid (r count 
> r desk). The consequences of the reliability evaluation acquired an alpha cost of 
0.716, even as the crucial r cost at 5% importance with a two-sided check and n = 
98 (df = n − 2 = 38) of 0.320. Writers are evidenced using the crucial r cost > the 
crucial desk r cost (0.712 > 0.320). 

B. Function Analysis System Technique Method 

The function analysis system technique (FAST) technique is a scientific diagram-
ming approach for figuring out capabilities and describing the relationships among 
those capabilities. The effects of brainstorming patron desires and product bench-
marking can become aware of the capabilities wished withinside the talang salted 
fish packaging design, which may be visible in Fig. 3.

FAST diagram results in Fig. 3, it is acknowledged that the primary charac-
teristic of the talang salted fish packaging layout is to bundle the product. More-
over, the primary characteristic received nine by-product functions. From the derived 
characteristic received, its miles are geared up with a goal characteristic. The goal 
characteristic describes the necessities of the second characteristic. 

Creative Phase 

This degree increases seven standards with one goal. This degree describes numerous 
options that can be prioritized primarily based on a settlement among researchers 
and customers at the options that can be raised. Numerous standards and the burden 
of every criterion are made using the AHP technique as a decision-making system.
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Fig. 3 FAST diagram of the proposed talang salted fish packaging design

Writers are taken into consideration to be assessed. The hierarchical shape of the 
talang salted fish packaging layout may be visible in Fig. 4. 

C. Alternative Generator Layout 

The opportunity layout generator is primarily based on the effects of brainstorming 
toward the standards that purchasers need. It is a bodily circumstance that represents 
the feature and standards of the packaging layout itself. The effects of the morphology 
chart packaging layout may be visible in Table 3.

Fig. 4 Hierarchical structure of talang salted fish packaging. Source Processing results 
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Table 3 Packaging design morphology chart 

No. Element Alternative 

1 Packaging material A 

2 Color of packaging design B C 

3 Packaging shape D 

4 The typeface used in the packaging design E F 

Source Data processing 2021 

Three Phases of Analysis 

At this stage, layout options might be evaluated and analyzed, so the chosen layout is 
acquired. From the layout options which have been acquired on the innovative stage, 
three opportunity designs might be designed, namely: 

1. Alternative 1 (A-B-D-E)

. The packaging cloth is fabricated from obvious plastic (A)

. The color used is a mild shade (B)

. Rectangular packaging (D)

. Use all capital letters in product identity (E) 

2. Alternative 2 (A-C-D-E)

. The packaging cloth is fabricated from obvious plastic (A)

. The color used is darkish (C)

. Rectangular packaging (D)

. Use all capital letters in product identity (E) 

3. Alternative three (A-B-D-F)

. The packaging cloth is fabricated from obvious plastic (A)

. The color used is a mild shade (B)

. Rectangular packaging (D)

. Using capital letters and lowercase letters on product identity (F) 

Furthermore, an evaluation of the cost of diverse options and standards is 
accomplished withinside the following Table 4.

After getting the fee of the evaluation of every criterion in opposition to the 
alternative, normalization is carried out. Finally, an evaluation of the consistency 
index (CI) and the inconsistency ratio (RI) is calculated using Expert Choice eleven 
software. To test the information inconsistency ratio, the inconsistency ratio fee in 
every matrix evaluation is in Table 5.

It may be concluded that the pairwise comparisons given via means of professional 
respondents have a minor inconsistency ratio cost of 0.1 because of the most restricted 
inconsistency ratio cost. Thus the outcomes of the blended geometric calculation of 
the respondent’s records are pretty consistent. The outcomes of the recapitulation of 
the overall performance of the three options may be visible on Table 6.
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Table 4 Assessment of standards and opportunity scores 

Criteria/Alternative Alternative 1 Alternative 2 Alternative 3 Total 

Trademark 0.421 0.301 0.278 1.000 

Net weight measure 0.378 0.301 0.321 1.000 

Product identity 0.367 0.322 0.311 1.000 

Interesting 0.431 0.206 0.363 1.000 

Color match 0.417 0.294 0.290 1.000 

Typography 0.401 0.327 0.272 1.000 

Font size 0.356 0.333 0.312 1.000 

Source Data processing 2021

Table 5 Ratio of the inconsistency of evaluation among standards in opposition to alternatives 

No. Element comparison matrix CR value 

1 Comparison of trademark criteria 0.00036 

2 Comparison of the criteria for the size of the net weight 0.03 

3 Product identity criteria comparison 0.00104 

4 Interesting criteria comparison 0.00072 

5 Comparison of appropriate color criteria 0.10 

6 Typographic criteria comparison 0.09 

7 Comparison of font size criteria 0.00104 

Source Data processing 2021

Table 6 Performance 
calculation Alternative Pn Rank 

Alternative 1 38,9 1 

Alternative 2 30,4 3 

Alternative 3 30,7 2 

Source Data processing 2021 

The calculation outcomes show that the opportunity with the best overall perfor-
mance is opportunity 1 (ABDE) with the following specifications: packaging fabric 
manufactured from clear plastic, brilliant colors used, rectangular packaging, and all 
capital letters. This opportunity is then taken into consideration for manufacturing 
compared with different alternatives. 

Development Phase 

Calculation of font length is in order that the brand new packaging layout is simpler 
to examine via way of means of consumers, and on this look at the usage of a viewing 
distance of three meters or three hundred cm from the item of research. The outcomes 
of the calculation of the font length may be visible in Table 7 below:
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Table 7 Calculation of font 
size No. Type Size (cm) 

1 Letter height (H) 1.5 

2 Font bold 0.25 

3 Distance of two letters/numbers 0.3 

4 Lowercase height 1 

5 Letter width 1 

6 Two words distance 1 

Source Data processing 2021 

Cost Analysis 

The following info on the expenses that want to be incurred for manufacturing 
talang salted fish packaging may be visible within the Table 8. Selected opportunity 
(alternative 1). 

Alternative considerations (opportunity 2 and opportunity 3). 

Calculation of Fee 

The remaining degree of fee engineering decides the fee acquired from the overall 
performance rating divided by the price consistent with the product at every 
opportunity (Table 9). 

Based on the outcomes of figuring out the price of every one of the options above, 
it could be analyzed that the highest rate is possibility 1 with a rate of 0.039, just so 
possibility 1 is a possibility that wants to be generated because of the reality it is by 
that rate. Engineering strategies and by the requirements of consumer desires.

Table 8 Design costs of selected alternative designs (alternative 1) 

Material and labor cost Price per unit (IDR) 

Plastic screen printing price 300 

Price transparent plastic size 25 × 38 400 

Price of the packing fee 300 

Total 1000 

Source Market research 2021 

Table 9 Results of determining the value (value) 

Alternative Cost per package (IDR) Performance score Value Rank 

1 1000 38.9 0.039 1 

2 1000 30.4 0.030 3 

3 1000 30.7 0.031 2 

Source Data processing 2021 
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Function Value 

Based on Table  9, the output of calculating the characteristic rate of selected possi-
bilities, main possibility 1 (A-B-D-E) is 0.039, and the possibility of selected format 
(A-B-D-E). Pictures of the selected talang salted fish packaging format proposals 
can be seen in Figs. 5, 6, and 7. 

Fig. 5 Proposed packaging design 1
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Fig. 6 Proposed alternative design 2
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Fig. 7 Suggested alternative design 3 packaging of salted fish talang 

4 Conclusion 

Based on the outcomes of studies and dialogue of packaging layout standards consis-
tent with patron desires, packaging with a hallmark has an Internet weight measure-
ment, clear, appealing product identification, suitable color gradation, typography, 
and suitable font length. Therefore, the maximum precedence on the current stan-
dards is to have a product identification with a concern component of 0.323, trademark 
0.142, Internet weight length 0.138, typography 0.118, appealing 0.112, font length 
0.086, and suitable color 0.081. Therefore, the overall performance of every oppor-
tunity is as follows: opportunity 1 is 38.9, opportunity 2 is 30.4, and opportunity 3 
is 30.7. 

Based on the cost calculation outcomes, the salted fish packaging layout talang 
alter-local 1 (ABDE) is a packaging layout with packaging substances product of 
clear plastic, the colors used are vibrant patterns, and the packaging is square. This
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decided-on opportunity layout has a cost of 0.039. This cost is received from the 
overall performance of 38.9 and the value of IDR, one thousand packs. 
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Utilization of Citronella Oil Refining 
Industry Solid Waste: Feasibility Study 

Bakthiar, Khairul Anshar, Adi Setiawan, and Agam Muarif 

Abstract The amount of solid waste from the distillation of citronella oil is mostly 
still not utilized optimally so that it only accumulates and pollutes the environment. 
Especially in Aceh Province, waste from citronella oil distillation on average is 
only burned when it has accumulated. The potential for the amount of waste is 
relatively large, with the area of citronella in Aceh Province being 17,445 ha, the 
waste generated from the distillation process can reach an average of 6,959 tons/year. 
When managed properly, the waste still has a high economic value, one of which 
is by turning the waste into briquettes. This study aims to analyze the feasibility 
of processing citronella solid waste into briquettes with a focus on the financial 
aspect. Processing refining citronella oil solid waste into briquettes is through five 
stages starting from the drying process, raw material chopping, pyrolysis process, 
refining, to briquetting. Testing was conducted by looking at the value of the break 
even point and net present value. It costs IDR 19,652,000 as investment cost to make 
briquettes from citronella oil refining solid waste. Based on the BEP value, briquette 
products must at least be able to be sold at a price of IDR13,525/kg to cover the 
cost of production, while the production unit should be able to produce 8.95 kg 
briquettes every day. Based on the calculation of the net present value which is worth 
IDR 5,380,817, it indicates that the business or investment design is economically 
feasible to be implemented. However, the by-products of liquid smoke and gas from 
pyrolysis have great potential to be utilized.
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1 Introduction 

Indonesia is the ninth largest essential oil producing country in the world. Based 
on data from the International Trade Center (ITC), the export value of Indonesian 
essential oils in 2009 was USD 91 million, and the value even jumped to USD 161 
million in 2011. Therefore, in recent years, essential oils have received considerable 
attention from the government. Indonesia has already produced nine types of essential 
oils: clove oil, ylang oil, patchouli oil, vetiver oil, nutmeg oil, eucalyptus oil and 
citronella oil until now. Citronella oil export growth is currently around 9–10%. BPS 
data shows that the contribution of citronella oil to the export income of essential 
oils is around 6.89%, the third largest after patchouli oil at around 60% and vetiver 
oil around 12.47%. Cymbopogon nardus are spread in almost all parts of Indonesia. 
However, the main producers of citronella oil are the provinces of Aceh, West Java 
and Central Java with production of more than 95% from Indonesia’s total production 
[1]. 

The global use of citronella oil was estimated at more than 2000 tons every year in 
2007, with the largest area recorded in the province of Aceh at 17,445 ha. However, 
productivity is still low (135 kg/ha) compared with West Java Province which has 
an area of 1102 ha and reached a productivity of 202 kg/ha [2]. 

The main product of Cymbopogon nardus is essential oil. Essential oil content of 
Cymbopogon nardus is 0.5–1.5%, while the rest is solid waste (dregs of raw materials) 
and distilled water. Citronella distillation waste is generally used as an insecticide, air 
freshener, source of ruminant feed and raw material for organic fertilizer, but in Aceh 
Province the solid waste is still not utilized optimally. Solid waste from citronella 
oil distillation in Aceh Province is estimated to reach 256,500 tons/year, and if used 
properly, the waste still has high economic value. 

Another use of citronella solid waste, which is still very rare, is to be used as 
raw material for briquettes. Briquettes sourced from biomass are an alternative in 
producing energy with materials that are abundantly available. There have been many 
researches related to the production of briquettes with biomass as raw materials. 
Among the biomass studied were coconut shells, peanut shells, coffee grounds and 
rice husks [3]. The manufacture of briquettes is done by pressing or compacting the 
process which aims to increase the calorific value per unit area of a biomass that will 
be used as alternative energy. 

Currently, the citronella oil distillery in the village of KM 6, Simpang Keuramat 
subdistrict, still relies on firewood as a source of heat energy to produce steam in the 
distillation process, for a one-time distillation process that lasts for three working 
days. The cost needed for firewood for three working days can reach one million 
rupiah, so there is demand that the cost of firewood needs can be reduced to increase 
the profit. An alternative that can be chosen with the potential for low costs is the 
utilization of citronella dregs waste by processing it as briquettes which is expected to
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be a fuel additive to reduce the overall use of firewood. In addition to the economic 
benefits of using briquettes, it also has a positive impact on the environment by 
reducing tree cutting as firewood for industrial needs. Citronella distillation waste is 
in the form of citronella leaf pulp which has been extracted for its oil but still has 
a fairly high energy content, gross energy (GE) of 3353 kcal/GE/Kg [4]. In order 
to ensure that the utilization of this citronella waste can reduce the cost of burning 
raw materials, a study related to the economic analysis of the use of citronella plant 
refining waste into briquettes was carried out as a tool for firewood in the citronella 
distillation process. 

The method for economic analysis is currently the most widely used method for 
evaluating projects or investment options. NPV is considered to be the most popular 
economic valuation technique. This is because the NPV considers all future cash 
flows (both inflows and outflows) generated from the project and then sums them up 
[5]. Parameters in business management, such as price as well as product, number 
of working days in one year and interest rate [6] have been considered in calculating 
business feasibility with economic analysis. 

Break Even Point (BEP) is a business calculation used to determine the amount 
of sales needed to break even or return capital, at which point the business begins 
to expect profits [7]. BEP always shows the equation of the total cost and product 
price. One of the functions of BEP is to predict the impact of changes in cost and 
efficiency on profitability. Break Even Point is used to envision how many products 
or services must be sold to prevent losses [8, 9]. Break Even Point analysis can also 
be done for economic analysis by considering environmental aspects [10]. Based on 
previous studies, the utilization of citronella solid waste has not been widely carried 
out and not led to biochar or briquettes. Therefore, in this study, the analysis of the 
economic feasibility (business feasibility) in the utilization of citronella leaf waste 
into briquettes will be performed. 

2 Methodology 

The study was conducted on an area of 120 m2 (12 m × 10 m). A roofed area was 
required when it is raining or hot but not an enclosed space. The main need for land 
was for drying raw materials. The production process and observations were carried 
out using 8 kg of citronella solid waste in one production cycle and produced an 
average of 3.2 kg of biochar in 2.5 h. Three production cycles could be carried out 
every day. 

Briquetting. The process of making briquettes consists of five main processes 
starting from the processing of the main raw materials, leaves from the distillation 
of citronella oil to the briquette printing process. 

1. Drying Process. The first step in a series of briquette-making processes was 
the drying. The drying of raw materials for leaves from citronella distillation 
products aimed to reduce the water content of the raw materials, so that during
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the pyrolysis process did not require excessive heat and time to reduce the water 
content of the raw materials [11, 12]. The drying process of raw materials was 
carried out by drying directly in the sun for three to four days depending on 
weather conditions until the raw materials are dry enough. 

2. Raw Material Chopping. The chopping process used a chopping machine 
(spes), aimed to reduce the size of the raw materials to be processed by pyrolysis, 
thus speed up the reaction rate in the composition of the raw materials, and also 
to increase the amount of raw materials to be entered into the reactor for further 
processing, slow pyrolysis [13, 14]. 

3. Pyrolysis Process. The pyrolysis process was started with the preparation of tools 
and raw materials for pyrolysis. Raw materials that were ready to be processed 
were weighed as much as 8 kg and put into the reactor. The designed reactor had a 
maximum capacity of 8 kg. Furthermore, the reactor was heated to a temperature 
of 300°C–330°C using LPG gas as fuel. When the reactor was heated, the water 
in the condenser began to circulate with the help of a pump. In this pyrolysis 
process, the time used was not determined, because the process was carried out 
until the pyrolysis process ends, the end of the pyrolysis process was marked by 
the pressure in the reactor dropping or no longer showing an increase [15]. The 
temperature rise will be observed and recorded at intervals of one minute during 
the process. 

The pyrolysis process produces three types of products, namely charcoal, 
liquid smoke, and gas. In order to obtain charcoal products in the reactor, the 
reactor needs to be at ambient temperature to prevent burned charcoal product 
because of reaction with oxygen. The liquid product is taken immediately after 
the pyrolysis process is complete and after the gas product is removed to avoid 
clumping or sticking of tar in the separator the gas product would be removed 
during the pyrolysis process gradually, due to control of the pressure during the 
pyrolysis process and will also be removed entirely after the pyrolysis process is 
complete. Gas products will be accommodated using truck tires or will be burned 
directly. 

4. Refining. The refining process aims to reduce the size of the charcoal product 
that will be used as a briquette product, so as to increase the mass density and 
energy density of the resulting briquette product [13]. The refining process is 
accompanied by sifting which aims to homogenize the results obtained from the 
refining process using a sieve size or a 60 mesh sieve. The charcoal refining 
process begins with the preparation of the refining machine along with the char-
coal to be mashed. The refining device uses an electric motor as a drive with a 
capacity (1.5 kW). 

5. Briquetting. The briquetting process begins by providing charcoal that has been 
refined with a size of 60 mesh, preparing an adhesive medium made of starch with 
a ratio of 500 ml of water to 20 g of starch which will be mixed with charcoal 
[14]. The adhesive manufacturing process begins by heating 500 ml of water 
together with 20 g of starch at an electric stove temperature of 400 °C for 20 min 
and stirring slowly until it’s finished [16]. After the manufacture of the adhesive 
is complete, the next process is mixing between the adhesive and the charcoal to
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be bonded, the mixing ratio for making the bond is 70%:30% with the provisions 
of 70% charcoal and 30% adhesive from the total weight of the bonding [17, 18]. 
After the charcoal and adhesive are evenly mixed, prepare the mold and press 
that will be used in the compaction process where, in this process a press pressure 
of 300 kg/cm2 is used with a mold diameter of 2.5 cm and a height of 8.2 cm in 
the form of a cylindrical tube. 

3 Break Even Point (BEP) 

1. Calculation of Total Cost (TC). The total cost shows all the costs incurred to 
carry out production activities which in this case is the manufacture of briquettes 
with the raw material of citronella solid waste. In calculating BEP, costs can be 
grouped into four cost components, namely fixed costs (FC), variable costs (VC), 
mixed costs (MC) and cost of goods manufactured (HPP). In this study, the total 
cost consists of fixed costs and variable costs. The total costs incurred to process 
citronella solid waste into briquettes can be calculated using Eq. 1. 

TC = FC + VC, (1) 

where 
FC = Fixed cost (IDR/month). 
VC = Variable cost (IDR/month). 

2. Calculating Total Revenue (TR). Revenue is derived from product sales. The 
calculation of the total cost is obtained from the number of goods that can 
be produced multiplied by the selling price of the product. Product sales are 
accumulated in one month. The calculation of total income can be written as 
follows. 

TR = Q × P, (2) 

where 
Q = Amount of production every month (kg/month). 
P = Selling price of briquettes (IDR/kg). 

3. Calculate the BEP Production (BEPop). BEP production is calculated to find 
out how much briquettes should be produced to cover all costs incurred for the 
production process. BEP output can be calculated by Eq. 3. 

BEPop = FC/[(P − VC/Q) × N ], (3) 

where 
N = Number of working days in a month.
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4. Calculate the BEP Price (BEPpr). The calculation of the BEP value is carried 
out with the aim of knowing what the selling price of the product is, which is 
with the current situation and condition of the business unit to cover the total cost 
of production. The value of the price BEP can be calculated using the following 
Eq. 4. 

BEPpr = P = (FC + VC)/Q. (4) 

4 Net Present Value (NPV) 

1. Calculating Gross Income (GI). The amount of income is calculated from the 
number of products sold in one month. The basic assumption in calculating 
income is that all products that can be produced are sold. Another variable to 
consider is productivity. The amount of gross income can be calculated by Eq. 5. 

GI = Q × P × PI × 12, (5) 

where 
PI = Productivity index. 

2. Calculating Expenses (E). The cost used in this method is the annual value in 
the month period of all costs incurred. Included in the cost components are fixed 
costs and variable costs. 

3. Calculating Net Present Value (NPV). Calculating NPV has two steps. The 
first step is to calculate the present value (PV) of total expenses per year and 
total profit per year. The second step is to add up each present value (PV) of total 
profits and total expenses, then calculate the difference between the sum of the 
two. Assuming there is no change in production capacity and interest rate, the 
value of NPV can be calculated by Eq. 7. 

NCFt = GIt − Et (6) 

NPV = IC − NCFt(P/F, i, t), (7) 

where 
NCFt = net cash flow in year (t). 
IC = Investment cost. 
i = Interest rate.
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Table 1 Distribution of pyrolysis results, energy consumption and processing time 

Test Energy consumption (kg) Results (gram) Time (hours) 

Solid Liquid Gas 

1 1.62 3.204 2.368 2.428 2.05 

2 1.53 2.752 2.360 2.888 2.00 

– – – – – – 

– – – – – – 

10 1.52 3.208 2.752 2.040 1.83 

Average 1.5 3.204 2.782 2.014 2 

5 Results and Discussion 

5.1 Pyrolysis Experiments 

The core process in the manufacture of briquettes is the pyrolysis process. This 
process converts the raw material of citronella waste into biochar. The pyrolysis 
process is the main focus because the quality and quantity of charcoal produced 
from this process have a direct impact on the yield of briquettes. Also, this process 
is the process that takes the longest of a series of briquette manufacturing processes 
(bottle neck). One cycle of the pyrolysis process is with a device designed to process 
8 kg of citronella solid waste. This process will produce three outputs consisting of 
solid (biochar), liquid (liquid smoke) and gas. The results of the pyrolysis process 
are summarized in Table 1. 

From Table 1 above, it can be concluded that the pyrolysis process with citronella 
raw materials with a capacity of 8 kg, took 2 h and consumed 1.5 kg of gas until the 
pyrolysis process was completed. The pyrolysis process produced 40.1% biochar, 
34.8% liquid smoke and 25.2% gas. This data was then used as a reference in the 
calculation of financial analysis using BEP and NPV. 

5.2 Break Even Point (BEP) Analysis 

1. Calculation of Total Cost (TC). The total costs spent on producing briquettes 
are grouped into fixed costs and variable costs. The total cost of each month is 
calculated by Eq. 1. 

TC = FC + VC 
TC = 2, 327, 250 − 1, 365, 000 
TC = IDR 3, 692, 250/month 
Based on the calculation of the total cost above, it can be concluded that the 

cost of IDR is 3,692,250 per month to produce 273 kg of briquettes.
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2. Calculating Total Revenue (TR). Income is obtained from 273 kg of briquettes 
which are sold at a price of IDR 15,000 per kg. By using Eq. 2, the total monthly 
income is as follows. 

TR = Q × P 
TR = 273 × 15, 000 
TR = IDR 4, 095, 000/month 

3. Calculate the BEP production. By using  Eq.  4, output BEP value is. 
BEPop = FC/[(P − VC/Q) × N ] 
BEPop = 2, 327, 250/[(15, 000 − 1, 365, 000/273) × 26] 
BEPop = 8.95 kg 
The business unit must produce at least 8.95 kg every day so that all costs 

incurred during the period are covered. Every gram of briquettes that exceeds 
BEPop will provide benefits for the business unit. 

4. Calculating the BEP Price. Selling price is an important factor in product 
marketing. The determination of the selling price is based on many things, from 
production costs, raw material prices, profit targets, market mechanisms and 
others. Based on Eq. 7, the BEP value of the resulting briquette product is. 

BEPpr = P = (FC + VC)/Q 
BEPpr = 3, 692, 250/273 
BEPpr = IDR 13, 525 kg 

The price of BEP is an important value that must be known by business units. 
This value can be used as the basis for adjusting the selling price of the product. With 
the current daily production capacity of 9.6 kg of biochar, at least the product can be 
sold at a price of IDR 13,525 per kg briquettes to return all costs spent each month 
(Fig. 1). 

Fig. 1 BEP production
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Table 2 Parameters 
considered for NPV Parameter Value Unit 

Annual operating days 26 days/month 

Production capacity 273 kg/month 

Briquettes sales price 15,000 IDR/kg 

Firing cost 10,000 IDR/kg 

Maintenance cost 150,000 IDR/month 

Investment cost 19,652 IDR 

Plant life 4 Year 

Salvage value 1,850,000 IDR 

Interest rate 8 % 

5.3 Net Present Value (NPV) 

When calculating NPV, there are two main variables that must be calculated first, 
namely gross income and expenses. The parameters used to calculate gross income, 
expenses and NPV are given in Table 2. 

1. Calculating Gross Income (GI). The amount of income is obtained from the sale 
of briquettes that can be produced. Factors that affect the level of production is the 
level of productivity. In this case, the productivity in the first year is assumed to 
be 0.9 and 1 in the second year until the end of the economic life. A recapitulation 
of gross income for each year will be presented in Fig. 2. The calculation of gross 
income in the first year using Eq. 5 is as follows. 

GI1 = 273 × 15, 000 × 0.9 × 12 
GI1 = 44, 226, 000

2. Calculating Expenses (E). Expenses are costs required to produce briquettes. 
These costs consist of fixed costs, namely labor costs and maintenance costs, and

0 
5,000,000 

10,000,000 
15,000,000 
20,000,000 
25,000,000 
30,000,000 
35,000,000 
40,000,000 
45,000,000 
50,000,000 

0 1 2  3 4  

ID
R 

(ID
R)

 

Years 

Gross Income 

Expenses 
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Fig. 3 NPV throughout the economic life of the investment 

variable costs, namely process materials and raw materials. The recapitulation 
of expenses and gross income is presented in Fig. 2 above.

3. Calculating Net Present Value (NPV). After calculating the gross income and 
expenses in Sects. (1) and (2), the net income will be calculated. Net income 
begins to be obtained in the first year because in year 0 it is assumed the period 
of business establishment. After the NCF value in each year is obtained, then the 
value will be converted into present value which can then be calculated net present 
value by adding up the total investment cost. The following is the calculation for 
the first year. 

NCF1 = GI1 − E1 

NCF1 = 44, 226, 000 − 38, 142, 000 
NCF1 = 6, 084, 000 
NPV = 19, 652, 000 − 6, 084, 000(P/F, 8%, 1) 
NPV = 19, 652, 000 − 6, 084, 000(0.92593) 
NPV = 14, 018, 667 

Figure 3 illustrates the NPV curve during economic life of investment. The income 
calculation is derived from the sale of briquettes where quantity and production prices 
of the product is mentioned in Table 2. Based on the calculation of NPV using the 
parameters in Table 2, it can be concluded that the business is economically feasible. 

6 Conclusion 

The solid waste of leaves from the distillation of citronella has great potential to be 
utilized. In order to produce 273 kg of briquettes made of citronella leaves, it costed 
IDR 3,692,250, with an initial investment value of IDR 19,652,000. The current 
condition and production capacity unit, the business unit has the potential to incur 
a monthly profit of IDR 402,750. Based on the calculation of the net present value 
which is worth IDR 5,380,817, it can be concluded that the business is economically
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feasible. The business unit must at least be able to produce 8.95 kg of briquettes 
every day, so that the costs incurred can be covered. In accordance with the current 
production capacity, briquettes should be sold at least IDR 13,525/kg so that the 
business unit does not suffer losses. Based on the BEP criteria, because the production 
capacity of the business is greater than the BEP production (10.5 > 8.95) and the 
current selling price exceeds the BEP price (15,000 > 13,525), it can be concluded 
that the business is economically viable. 
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The Finite Element Method Simulation 
of Rear Driveshaft Failure in Trucks 

Fauzan, Husaini, and Nurdin Ali 

Abstract There was a failure in the truck’s rear driveshaft in the spline during the 
transportation of rock and sand in Aceh Besar, in Indonesia. Therefore, this research 
aims to analyze the causes of failures in the rear driveshaft of the truck by performing 
a finite element analysis (FEA) simulation. It was discovered that the standard for 
the shaft material is AISI 4150. Based on the results, the maximum shear stress was 
s 233.21 MPa, this has exceeded the allowable value of 80.7 MPa and shear stress 
Tresca which is 190 MPa. Furthermore, the Von misses shear stress analysis obtained 
is 426.2 MPa, which is above 179.13 MPa. The analysis of the stress intensity factor 
also obtained an average value of 27.7 MPa

√
m,  which is more than  the 10 MPa

√
m 

(K I > K IC) fracture toughness value, thereby triggering crack propagation to fracture. 

Keywords Failure analysis · Driveshaft · Finite element method · Stress intensity 
factor 

1 Introduction 

The driveshaft transmits the driving force to the wheel, which is mounted on the 
axle shaft [1, 2]. It includes the main shaft and the pinion gear which connects the 
wheels and gears in the differential [3, 4]. The driveshaft is affected by torsion and 
shear stress by resisting large stresses [4, 5] that require special attention to design. 
Based on the shaft housing, the driveshaft is divided into three types, namely full, 
three-quarter, and semi-floatings. Trucks with large loads use the full floating types 
that are designed to accept torsional loads [6–8]. One method of failure analysis is
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the finite element method. Mesh size will affect the accuracy of the results, with 
small mesh size yields high accuracy when compared with the large mesh size [9]. 

Shaft failure commonly occurs because it is an element in every machine construc-
tion. Several investigations have been carried out on shaft failure analysis [10–12], 
but the differences include dimensions, loads, and fractures on the shaft, which make 
the results applicable for future consideration. 

The truck’s rear driveshaft broke before nine months of use in the spline of the 
shaft. Previous research has been carried out on failed shafts using only experimental 
methods [13]. Therefore, this research aims to determine the factors causing the 
failure to avoid similar cases in the future using the finite element method. 

2 Research Object 

This research used a failed rear driveshaft of a truck which occurred when it was 
crossing extreme roads and carrying heavy loads. The failed shaft is shown in Fig. 1, 
while the initial crack in the shaft is manually rendered in a semicircle with a radius 
of 0.25 mm and a width of 0.25 mm and the results of the CAD design are given in 
Fig. 2. The driveshaft has a spline part at the end of the shaft as a torque receiver 
from the differential.

3 Research Method 

Shaft Design. The simulation process begins with designing the shaft using a design 
application. The first step is to measure the failed shaft and design the CAD of the 
shaft as shown in Fig. 2 with the dimensions presented in Fig. 3.

Meshing. The meshing process is the method of dividing elements into smaller parts 
to obtain detailed simulation values. Therefore, the mesh used is tetrahedral with a 
size of 0.01 as shown in Fig. 4.

Mechanical Properties. The mechanical properties determined in previous research 
[13] discovered that the shaft material is AISI 4150, as given in Table 1.

Load and Constraint. Loads and constraints significantly affected the simulation 
results. The load was given in the spline area with a torque load of 372.4 Nm, while 
the constraints given were in two types, namely bolt and bearing as shown in Fig. 4. 

Maximum Shear Stress Analysis. Maximum shear stress analysis is the process 
of determining whether the highest value that occurs in the shaft does not exceed 
the allowable shear stress. When the maximum shear stress on the shaft exceeds the 
allowable value, it can trigger the shaft to break.
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Fig. 1 Shaft fail 

Initial Crack 

Fig. 2 CAD shaft
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Fig. 3 Shaft dimension

Initial 
Crack 

Location 

Constraint Bearing 
Location 

Constraint Bolt 
Location 

372,4 Nm 

Fig. 4 Meshing, constraints and loads on shaft

Table 1 Mechanical 
properties of AISI 4150 
[13–15] 

No Properties Metric 

1 Tensile strength, σB 731 MPa 

2 Yield strength, Sy 380 MPa 

3 Shear modulus, G 80 GPa 

4 Poisson’s ratio, v 0.27–0.30 

5 Shear stress Von Misses, τoct [13] 179.13 MPa 

6 Shear stress Tresca, τTresca [13] 190 MPa 

7 Allowable shear stress 80.7 MPa 

8 Fracture toughness, KIC [15] 10 Mpa
√
m
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Fig. 5 Definition of the 
coordinate axis near the 
crack tip [17] 

Von Misses Theory Analysis. This process aims to analyze the shear stress on the 
shaft based on the Von misses failure theory. This failure will occur when the shear 
stress is equal to or exceeds the value of the Von misses. 

Stress Intensity Factor. The results of the analysis using the FEMAP software 
showed the values of the shear stresses that occur on the shaft, therefore, values of 
the stress intensity factor can be concluded with calculation manually. The stress 
intensity factor was carried out at four nodal points and calculated using Eq. 1 [16]: 

KI = τ 
√
2 × π × r 

cos
(

θ 
2

) × sin
(

θ 
2

) × sin
(
3×θ 
2

) , (1) 

where σ is the stress, r is the distance from the crack tip to the element point, and θ is 
the angle formed. Moreover, the coordinate axes near the crack tip [17] were defined 
as shown in Fig. 5. 

4 Result and Discussion 

Maximum Shear Stress Analysis. From Fig.  6, the shaft simulation results showed 
that the shear stress value of the initial area of the crack on the spline shaft has 
exceeded the allowable value, which is marked in red. The results of the shear stress 
analysis showed that the maximum value occurred in the initial crack area with a 
value of 233.21 MPa as shown in the figure with arrows. This value has exceeded the 
allowable shear stress which is 80.7 MPa and shear stress Tresca which is 190 MPa 
of the shaft.

Von Misses Theory Analysis. Shaft simulation with Von misses theory showed that 
the value in the initial area of the crack on the spline shaft has also exceeded the 
allowable limit. The simulation results of the driveshaft with the Von misses theory 
are shown in Fig. 7.
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Fig. 6 Maximum shear stress
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Fig. 7 Von misses shear stress
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The results of the analysis obtained the shear stress that occurred in the initial 
crack area with a value of 426.2 MPa. This value has exceeded the Von misses shear 
stress of the shaft material, which is 179.13 MPa. 

Stress Intensity Factor. The value of the stress intensity factor is taken from four 
points as shown in Fig. 8, which is a magnification from Fig. 7. 

The stress intensity factor value at the initial crack area was calculated using 
Eq. (1) [16] and the results are given in Table 2. 

The results of the stress intensity factor in Table 2 showed that the average value 
is 27.7 MPa

√
m. Meanwhile, the closest value to the crack tip is the highest with 

the largest stress. The stress intensity factor that occurred on the shaft has exceeded 
the fracture toughness value of 10 MPa

√
m [15], indicating the occurrence of crack 

propagation [16–18].

1 

4 

3 
2 

Y 

X Z 
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372935052, 
346296834, 
319658616, 
293020398, 
266382180, 
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213105744, 
186467526, 
159829308, 
133191090, 
106552872, 
79914654, 
53276436, 
26638218, 

0,105, 

Fig. 8 Calculation point of stress intensity factor value 

Table 2 Results of the calculation of the value of the stress intensity factor, KI 

Point τ (MPa) r(m) θ (°) K I(MPa
√
m) 

1 226.9 0.00041 92.1 34.6 

2 154.3 0.00065 55.3 24.6 

3 139.9 0.00076 72.2 21.3 

4 79.6 0.00101 103 30.5 

Average 27.7 
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5 Conclusion 

Based on the results, the following conclusions are obtained: 

a. The maximum shear stress simulation of 233.21 MPa occurred in the area where 
the initial crack has exceeded the allowable value which is 80.7 MPa and shear 
stress Tresca which is 190 MPa. This showed that the shaft is unable to withstand 
the stress. 

b. The Von misses shear stress simulation obtained a value of 426.2 MPa, which 
has exceeded the allowable value of 179.13 MPa, causing failure to occur. 

c. The analysis of the stress intensity factor obtained an average value of 
27.7 MPa

√
m, while the fracture toughness of AISI 4150 was 10 MPa

√
m [15]. 

This indicated that the stress intensity factor has exceeded the fracture toughness, 
causing crack propagation to fracture. 
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Promoting Smart Industry with a Smart 
Monodzukuri Support Team 
in Thailand: A Case Study 

Noppadol Sriputtha 

Abstract This work aimed to promote improvement of manufacturing through 
adopting smart manufacturing in Thailand. As the manufacturing industry in Thai-
land moves toward Industry 4.0, many SMEs are struggling to start up and invest. 
To help them, the Thai and Japanese governments are collaborating to provide a 
Smart Monodzukuri support team to assist SMEs to have more skills and be more 
competitive. This team will learn techniques to implement Japan’s Industrial Value 
Chain Initiative (IVI), an organization that uses cyber-physical manufacturing, and 
encourages all companies to take part in a “small start” initiative. This work provides 
a case study using an auto parts manufacturing company. We describe how a Smart 
Monodzukuri team could collaborate with this company’s staff following the IVI 
guidelines. The results show that by using the IVI idea, the team could incorporate 
cyber-physical manufacturing with few difficulties and low investment. This is the 
first simple and feasible step toward Industry 4.0 for SMEs. 

Keywords Monodzukuri · Smart industry · Industry 4.0 · IVI · Cyber-physical 
manufacturing 

1 Introduction 

The planet is evolving at a faster rate than ever, and has become much more inter-
connected, leading to increased financial competitiveness and disruptions in society, 
politics and culture. Progress in information and communication technology (ICT) 
is changing how people think, live, learn, and interact [1]. This progress has had 
far-reaching effects for all aspects of national development and economic progress. 
The effective use of digital technology can help match the demands of the planet’s 
increasing population. Many businesses, particularly large corporations, have begun
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to adapt their factories to use modern technology, to increase production efficiency 
[2]. 

“Industry 4.0” refers to the use of developments in automation and data technology 
in production and service industries. In Germany, the phrase has been used to describe 
the digital shift of manufacturing [3]. In Thailand, Industry 4.0 first appeared in the 
country’s 20-year national policy (2017–2036). Thailand is an ASEAN industrial hub 
with supply chains for automotive and electric/electronic sectors. However, a serious 
labor shortage and rising labor costs [1, 4] have challenged Thailand’s strongly 
competitive position. Consequently, there is a dire need for industrial upgrade via 
computerization and the use of robotics [5]. Many small and medium-sized enter-
prises are finding it difficult to obtain capital for startup and investment. For this 
reason, the Thai government is collaborating with the Japanese government to estab-
lish a Smart Monodzukuri support team to help small and medium-sized businesses 
to become more skillful and competitive. The Department of Industrial Promotion 
(Thailand), the Technology Promotion Association (Thailand-Japan), the Ministry 
of Economy, Trade and Industry (Japan), the Association for Overseas Technical 
Cooperation and Sustainable Partnerships (AOTS), the Japan-Thailand Economic 
Cooperation Society (JTECS), the Industrial Value Chain Initiative (IVI), and others 
have all provided support for this collaboration. 

Monozukuri, sometimes written Monodzukuri, means “production” or “creation 
of things” in Japanese and is the Japanese word for “manufacturing.” The wider defi-
nition includes a combination of technological ability and in-depth knowledge, and 
the Japanese industrial spirit. This comprises an honest attitude toward production, 
with pride, skill, and commitment, as well as a craving for originality and superi-
ority. Monodzukuri is a buzzword in Japan, and many Japanese people believe it has 
brought Japan to a leading position in the global market [6–8]. 

The first Smart Monodzukuri support team visited Japan to study the use of smart 
technologies, IoT, and using robots in small and medium-sized businesses, as well as 
applications in large organizations. All the team were studying the concepts of IVI, 
an organization that integrates design, production, and information technology, and 
wants to promote company collaboration in a “small start” initiative. The Industrial 
Value Chain Initiative (IVI) is a platform for companies to collaborate in the design 
of our future society, through integrating manufacturing and digital technology. After 
completing the theoretical learning and study trip, the support team was required to 
practice with SMEs in Thailand in order to develop each company’s support team. 

An auto parts manufacturing firm was the subject of our case study. Together 
with the company’s staff, the support team went through seven phases of on-the-job 
training, beginning with a viewing of the present situation. The second stage was to 
promote the theory of IVI and then brainstorm using the KJ technique. After forming 
an AS-IS model and a TO-BE model, the next stage was ranking issues in order to 
choose themes. The final step was to choose appropriate actions and activities. The 
team was able to integrate cyber-physical conditioning successfully, which resulted in 
fewer obstacles and lower investment. It serves as a departure point for the transition 
of SMEs to Industry 4.0 in Thailand.
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Fig. 1 Steps of case study implementation 

2 Case Study 

The case study focused on an auto parts manufacturing company. The auto parts 
manufacturing firm chose its own support staff to take part in this exercise before 
they could begin hands-on training. The smart Monodzukuri support team’s approach 
was based on the stages of implementation of IVI ideas. The tour of the production 
area was the first stage of this approach. This was to understand what was currently 
going on [9]. This allowed the Monodzukuri support team to understand the opera-
tions involved in the production. Once the process was understood, the Monodzukuri 
support staff cooperated with Japanese IVI specialists to demonstrate the implemen-
tation of the IVI idea. During the shop floor visit, the smart Monodzukuri support 
team visited the manufacturing area with the company’s team. They asked them to 
explain the process of making their products, and raised some concerns and problems 
about their production. Once the smart Monodzukuri support team had gathered all 
the information provided by the company support team, it was then easier to under-
stand the problems and other concerns. Figure 1 shows the actions taken for the case 
study. 

3 IVI’s Methodological Approach 

The smart Monodzukuri support team must help the IVI Japanese specialist in 
teaching the IVI methodology to the business support team. At this point, Japanese 
specialists explain to the company’s participants about the IVI process activities, 
with the smart Monodzukuri support team clarifying the concepts.
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IVI Concept, IVI has opened an active debate about how smart technology such 
as IoT will transform human-based manufacturing and aims to develop a mutually 
connected system architecture based on zones of collaboration between enterprises. 
IVI does not stress a firm’s competitive advantage, but analyzes how companies can 
interact naturally, forming a growing understanding about basic models of internal 
connections, without forcing them into a single standard model [10]. In complicated 
industries with both traditional and modern features, a new system unwilling to 
change would face challenges. A strategy based on the real situation, but involving the 
best current solutions, should be able to make the best progress. Smart manufacturing 
systems are based on collecting data and using it to predict future needs [11]. IVI 
aims to boost the value of each enterprise using cyber-physical production systems 
based on the “small start” connection model. 

4 Brainstorming 

The IVI concept, in contrast to top-down management, aims to develop the shop floor 
with bottom-up management. So the smart Monodzukuri support team begins by 
brainstorming with the firm’s team to collect information from shop floor personnel. 
The KJ approach was used to gather problems or the worries people have [12]. Even 
though the people concerned work in different sections and at different levels, brain-
storming must be carried through. At the end it will be found that there are common 
threads or connections. Figure 2 shows a result of the brainstorming technique using 
the KJ method. 

Fig. 2 Problems discovered through brainstorming
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In Fig. 2, members of the company’s support team collaborated with the smart 
Monodzukuri support team members serving as advisors and guides. Each team 
member wrote down as many problems or concerns as they could on post-it notes. 
After members had written down their problems and worries, the post-it notes were 
placed on a board in a location where everyone could see them. Then, using post-it 
notes of different colors for the topic of each group, similar problems were arranged 
into categories. 

5 Theme Selection 

After brainstorming and assessing the challenges, these key problem areas were 
ranked into the matrix table along with their defining performance criteria [13]. In 
Table 1, the concerns have been placed into 14 groups, and then a company team 
member wrote down the primary issues gathered into the topic selection matrix 
and prioritized the set of recognized themes. In the theme matrix selection, perfor-
mance indicators were prioritized based on team consensus covering four dimen-
sions: importance level, IoT applicability, can be executed by themselves, and on-
time achievement. A rating of 1–4 was assigned to all dimensions. Members of both 
support teams voted depending on their opinions. The votes in each dimension were 
counted by multiplying the votes with the specified score and adding the scores 
received together to give the total score for each topic.

The 12th and 11th problem topics, communications and report system were ranked 
first and second, respectively, among the fourteen issue topics. As a result, they were 
selected for future improvement by the company’s support team. In this work, both are 
implemented and reported; however, the communication problems were complicated, 
impacting many people, which might have resulted in the project timeline being 
extended. 

6 AS-IS Model 

At this stage, the two groups collaborate to create the current scenario. This is referred 
to as the AS-IS model and uses several symbols, as given in Table 2.

As shown in Fig. 3, a die casting process was selected to create an AS-IS model 
of the reporting system problems. This AS-IS model is then used to simulate on-site 
situations, determining the characters, their jobs, responsibilities, and the tools they 
use. After that, the team will identify the difficult issues and write them down on a 
red post-it.

The model in Fig. 3 shows the interaction between all of the people involved in 
this procedure. In this scenario, there are 15 persons. Each person displays the work 
description, tools or equipment, and information that was important to them. The red 
tags in the scenario show problems or worries they have.
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Table 2 Symbols used to construct the present scenario 

Symbol Name of symbol Description 

Actor The individual in this circumstance is? 

Activities Tasks performed by the actors in the situation 

Things Physical things used by actors 

Data/Information Information about what happened during the activity 

Digital mark The use of IoT in this data

AS-IS : Die Cast Section. 
Problem : Report System Update 

delayed

- roduction plan 
(approved) 

SAP

- computer
- Email

- Decide on production orders
- Track production.
- KPIs
- Meeting with clients and internally
- Deploy a policy 

Prepare sales orde 
and upload to SAP 

SAP

- Delivery Plan 
Manager Sales

- SAP
- Email
- computer

- machine repair
- check the machine 

ot enough 
spare parts

- repair job order
- Log book 

The production plan 
does not update.

- computer
- Toolbox
- Machine Parts 

SAP

- computer
- Email
- Board 

SAP

- computer
- Board

- Production 
scheduling
- Order 
equipment
- Maintain 

Production plan 
Technici 

an
- Get a production 
plan
- production order 

Leader     - Track production Senior KPIs *** 
Melting report 

Superviser     - Meeting

-Production plan - Melting furnace - Control the furnace
- Material Melting     -Confirm Al quality. 

staf

- computer
- Mold

- can't find the mold
- mold in repair

- computer
- Email

- Record Mold life
- Record NG balance
- Record amount of 
melting 

Email

- computer
- Email Superviser Production 

plan

- Prepare Mold
- order mold

-Production 
report 

Suppor 
Staff 

Suppor 
Staff

-Production 
control
- Exchange 

Production 
plan 

Production 
control o matching   mold 

mold change

- injection machine
- Mold
- Device Setup 

Kanban 

Leader        
- production plan

- Production report
- repair notice
- OEE record 

o writin 
job order SAP 

ai  for the documen  to 
be retrieved.

- Trolly
- computer 

Deliver to PD2 
TP 

Man 

Email late report 

o Kanban
- computer
- Email - Save OEE

- ISO documents
- PPM Documents 

Production SAP 
report 

- computer
- Email 

Repor 
inaccurate

- Die Casting
- Production 
Report Board 

Recor 
inaccurate

- Production report
- PPM report
- Check Sheet

- Production repor 
Re-grinding       - Kanban 

Suppor 
Staff rite an unreadable 

report Record hourly 

Support      report 

Staff

- PPM form
- Production 
report
- Check Sheet

- Machine control
- production report
- Quality check 

Die-cas 
staff 

ai  fo  the documen  to 
be retrieved. 

Hand 
Die-cast        grinding 

Staff 

aiting fo 
workpiece 

aiting fo 
packaging 

Fig. 3 AS-IS model of reporting system for the die-casting process
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To-Be : Die Cast Section. 
Problem : Re ort S stem SAP

- The approval plan is 
complete
- Monthly production plan
- production day plan

- The approved lan is complete.
- Production plan/month/day
- production status

- Mol Status 

SAP

- Production report
- Mol reparation lan     - roduction volume
- Meltin information - Chec  Shee

- Mold lacement
- Repair Notification 
(Summary)
- production status 

Cyber Condition

- SAP
- Email
- Line

- SAP
- Email
- Line 

Monthly 
production 
plan

- SAP
- Email  

Line App 

Google 
form

- Approve plans and 
documents
- Man ement

- Planning an  tracking 
production
- Production scheduling 

Senior 
Su erviser

- roduction control
- Follow up daily 

Die-Cast       production plans 
Superviser     - Prepare the mold

- Prepare Mold 
Mold         - Pre are the fixture 

su ort - Make a mol  status 
จนท. 
Melt

- Control the 
furnace
-Check AL molten
- clean the furnace 

staf report 

DC 
MGR 

Melting report 
Approved 

lan
- Daily roduction lan
- Mold preparation plan

- Mold status report 
(daily)
- Mold lacement

- PM Machine
- manufacture
- Save Condition
- Production report
- Issue a repair notice
- Mold Setup 

Prepare sales 
orders 
u loa  SAP

- Production 
Re or 

SAP

- Kanban 
Andon TP 

Man 

DB 
Operator

- Repair and 
maintain machine

- PPM Result
- production per hour
- Check Sheet
- repair notice

Operato
- PLC
- Raspberry PI 

Production 
re or sheet 

Technician    
Repair job order 

Physical Condition

- Smartphone
- Dasboard

- Counter
- Dashboard

- Tools kit
- Dashboard

- Folklift
- computer
- Kanban

- computer
- Smart Phone

- computer
- Smart Phone

- Folklift
- Crane
- computer

- computer
- Smart Phone

- Blancer
- Smart Phone  

Fig. 4 TO-BE model of reporting system for the die-casting process 

7 TO-BE Model 

The smart Monodzukuri support team and the company team design the TO-
BE model for improving the present manufacturing operation. They try to elim-
inate the red issues and introduce cyber-physical manufacturing into the TO-BE 
scenario model. Figure 4 shows the TO-BE scenario developed by the two teams in 
collaboration. 

Figure 4 depicts an improved scenario using lean manufacturing as its basis. Using 
a lean manufacturing system to implement the TO-BE scenario model demonstrates 
the relevance of this production system [14]. In this setting, they used the ECRS 
approach to minimize the number of employees used for the die-cast process from 
15 to 9, and the activities were combined and restructured to simplify the process [15]. 
The TO-BE model is separated into two sections: physical and cyber. It demonstrates 
the connection between physical and cyber data so that data may be conveyed without 
stuttering. The main goal of the model is to offer a real-time view of the state of 
production. 

8 TO-DO Activities 

Following the demonstration of the TO-BE scenario, the teams create an action plan 
for implementation and establishment of the project’s goal. Table 3 gives the TO-DO 
activities and plan. The project’s three major aims were to eliminate duplicate work,
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Table 3 TO-DO activities and execution 
Estimated Timeline (FY2021) 

No. Activities 

1 Obtaining data from the 
diecast machine 

Budget 
(THB) 

In charge 

Team 

Jan Feb Mar Apr May Jun 

Raspberry PI and I/O 7000 
Power supply 2000 
Noise filter 1500 
Lan cable 200 
Programming (Node Red) - Team 

2 Display design (dashboard)  Team 
Display (smart TV) 10,000 
TV stand 1500 
HDMI cable 500 

3 Procurement of equipment PU 
4 Installation MN 
5 System test Team 
6 Monitoring and improvement Team 
7 Project summary Team 

Total 22,700 

eliminate paper notes, and gather real-time production data. To achieve the goals, 
the team reviewed and decided how to proceed with the small start concept. 

The Raspberry Pi is a microcomputer that can be accessed by anybody using 
simple and inexpensive IoT devices [16]. The Raspberry Pi was chosen for this 
project because of its powerful processing capabilities as a single-board embedded 
computer, as well as its ability to connect to the Internet wirelessly via Wi-Fi or 
Bluetooth [17]. It cost all together about 22,700 THB, which is inexpensive and easy 
to present to executives. 

Configuration system, based on the components chosen, we decided on the layout 
of the system configuration shown in Fig. 5. The signal flow and interconnections 
between various components are proposed. The Raspberry Pi serves as the primary 
controller in the developed system, collecting data from the die-cast machine’s PCL 
unit. Node-RED is a programming tool for connecting Raspberry PI devices and 
processing data to dashboards and online services in mobile applications.

9 Result and Discussion 

The support staff and the company team can use IVI ideas to construct a cyber-
physical production environment, giving the team a way to accomplish its objectives 
as above. Furthermore, because of the improvement, the number of unnecessary 
employees was cut from 15 to 9, representing a 40% reduction. The time spent 
entering data to the whiteboard was reduced from 24 to 0 min per day, the time spent 
writing the report sheet was reduced from 20 to 0 min per day, the time spent entering 
data into the Excel file was reduced from 5 to 0 min per day, and the amount of A4
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Fig. 5 System configuration

paper used was reduced from 2 to 0 sheets per day. However, even if it achieves this 
aim, there are additional issues that arise when it is deployed, e.g., the staff find the 
program inconvenient, it will take some time to learn how to utilize it and there is 
the issue of delayed ordering, which results in shorter test times. Figure 6 depicts 
the Node-red application program developed by the team, and Fig. 7 depicts the 
dashboard provided by the Node-red program. 

Fig. 6 Node-red program
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Fig. 7 Dashboard showing the production in real time 

10 Conclusion 

The project Promoting the Smart Industry in Thailand with the Smart Monodzukuri 
Support Team: A Case Study of Auto Parts Manufacturers with a Small Start and 
Bottom-Up Management was tested with a company. The support staff who gained 
expertise from IVI Japan were able to assist SMEs in adjusting to Industry 4.0. 
The results show that the team could integrate cyber-physical manufacturing with 
only a few issues and at low cost, with help from the IVI concept. This is the first 
basic and doable step toward attaining Industry 4.0 for SMEs. However, before basic 
IoT can be used in the production process, SMEs must improve lean manufacturing. 
Additionally, if it is not lean enough, it will result in waste from the use of technology, 
which would be counterproductive. 
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Design of a Control System on the HVAC 
Damper to Regulate Temperature 
and Humidity in the Isolation Room 

M. Salamul Fajar Sabri, Samsul Rizal, Rudi Kurniawan, 
Rachmad Almi Putra, and Suheri Suheri 

Abstract Most infectious diseases are caused by viruses that are spread from one 
person to another through the air. Isolation room is a room that keeps virus in infected 
people from spreading to other people by maintaining temperature and humidity. 
Therefore, a system is needed that regulates the isolation room to remain sterile, 
where this system must control and maintain the stability of air circulation in the 
room. For this purpose, this study proposes the design of an automated control 
system to regulate the temperature and humidity in an isolated room by controlling 
the supply air with damper. The method that is used in making this control system 
is experimental and analysis from sensor readings that will be used as a sign of 
decision-making for the damper output that will control the air flow to the isolation 
room with closed loop algorithm for the system control, the controller will send 
digital signal to the damper relay based on sensor reading, so that the data results 
of the experiment and analysis can see whether the control system can work well or 
not. The successful performance of the control system is seen from results of sensor 
readings; when the system changed the damper position it can maintain the isolation 
room situation around 22 °C to 24 °C for temperature and 50% until 60% for the 
humidity.
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Keywords Damper control · Control system · Isolation room · HVAC 

1 Introduction 

Infectious diseases are the result of various factors, such as viruses and other para-
sites, that can spread from one person to another through the air. Some of the infec-
tious diseases that are transmitted through the air are pneumonia, acute respira-
tory infection (ARI), tuberculosis (TB), influenza, varicella, severe acute respiratory 
syndrome (SARS), and COVID-19. [1–4]. In general, sufferers of the disease are 
advised to avoid contact with other people, or better known as self-isolation. Only 
some sufferers of the disease can receive intensive medical treatment in health facil-
ities such as hospitals. Patients with the disease are treated in an infectious disease 
isolation room. Isolation rooms are generally used for the treatment of patients with 
airborne infectious diseases, these isolation rooms have a temperature of 18 °C–26 °C 
and have a lower pressure (negative pressure) to keep the room sterile [5, 6]. The air 
flow in the isolation room is generally controlled so that it does not mix with the air 
in the surrounding room. Some of the parameters that are set in the isolation room 
are temperature, pressure, ventilation, and humidity, even though these parameters 
have been set with optimal settings in the isolation room. Therefore, some system 
is needed that controls the isolation room to remain sterile, where this system must 
keep humidity and temperature by maintaining stable air pressure, temperature, air 
velocity, and circulation in the room that is called the HVAC system (heating venti-
lating and air conditioning) [7]. HVAC is a system that functions to regulate air flow 
so that the temperature and humidity conditions in a room can be maintained and 
the air in the room becomes comfortable [8, 9]. By adjusting the HVAC system both 
on return air (RA), exhaust air (EA), and supply air (SA), it will affect the risk of 
spreading the virus indoors by changes in the movement and direction of airflow 
[10–12]. 

Several previous studies, simulations using CFD were carried out to analyze the 
air flow in the isolation room, it helped to get the design of laying the air supply 
and exhaust. In this study [13, 14], there were two models CFD simulation of air 
flow conditions and air circulation in the HVAC system that were suitable for isola-
tion rooms. By placing an optimal air supply, it can improve the performance of the 
air ventilation. To create air flow in the isolation room, it is necessary to place an 
appropriate HVAC system but determining the placement of HVAC is not enough to 
maximize the air condition in the isolation room, so it is necessary to do a control 
system to regulate the amount of air that enters the isolation room. In this research 
a control system will be designed to regulate the temperature and humidity in an 
isolated room by using damper in the ducting as an air intermediary to the room. 
Control systems are now starting to shift from manual control to automated systems 
that require the use of computers, so that human intervention in controlling is very 
small. When compared with manual work, computer-controlled equipment systems
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will provide advantages in terms of efficiency, safety, and accuracy. Computer capa-
bilities, both hardware and software, can be utilized for various control applications, 
such as temperature control. This research used an experimental method to auto-
mate the control system that regulates the situation in the isolation room. It analyzed 
the temperature change by controlling the damper in the ducting that supplied air 
to the isolation room. For the system model that is used in this research is closed 
loop, this model will work by looping the system for reading the sensor value and 
makes decision continuously. With the closed loop system control, we can see the 
successful performance of the control system from the results of sensor readings 
when the system changed the damper position. 

2 System  Overview  

To control the HVAC system for the isolation room, this study uses an air supply 
setting by utilizing the damper to regulate the air flow in the duct and the output 
temperature in the isolation room, where the optimal temperature environment in the 
isolation room is between 18 °C and 26 °C [15–17], and for humidity among 40–60% 
[15, 17, 18]. With setting the damper, it can reduce the air flow into the patient room 
so that the air temperature in the room can be controlled. Isolation rooms usually 
consist of the patient room, bathroom, anteroom, and waiting room, as shown in 
Fig. 1. In testing the HVAC system control in the isolation room, this research was 
only focused on the patient room where there are 2 air supplies located in the middle 
of the room and 4 exhausts with 2 of them located near the patient’s head and the 
other at the edge of the room. Damper changes that affect the isolation room are 
damper no. 2, so this study will focus on the effect of setting control damper no. 2 
on the situation of the isolation room.

To find out the control system is running well, some sensors are needed to see 
the air output is change properly. We use temperature and humidity sensors to make 
some parameters that needed to prove whether the system logic is working properly 
to change the position of the damper in the duct. Temperature measurements were 
carried out using a thermocouple type K, two of them placed at the diffuser that the 
air supply comes out to the isolation room and another one located at the middle of 
the isolation room to see the general temperature in the room. Thermocouple type 
K is the most commonly used temperature sensor in industry, because it is quite 
resistant to oxidation. Besides that, this thermocouple can also avoid low oxygen 
or reduce the atmosphere (similar to vacuum condition). This thermocouple can 
withstand temperatures from −270 °C to 1300 °C [19, 20] so the sensors can comply 
the criteria for reading the temperature in the isolation room. For humidity sensor 
we use HTM 2500, this sensor can read relative humidity from 10% until 99% with 
accuracy ± 3% and this sensor can communicate with analog signal from 0 to 5 
VDC [21]. The actuator motor that used for the damper is Honeywell CN4605, the 
motor runtime is from 0 to 90° about 110 s with motor torque 5Nm [22]. To adjust all
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Fig. 1 Isolation room sketch

dampers also read temperature and humidity sensors, a control system is designed 
which basically can be seen in Fig. 2. 

The controller is the center of the system which is where data processing is carried 
out. From the diagram, the input data to the controller can be in the form of a command 
from the user or an input data from humidity sensor or temperature sensor. Direct 
commands from the user are an absolute communication for the controller repro-
gramming, program updates, and direct decision-making commands. Data received

Fig. 2 Basic system diagram 
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Fig. 3 Experimental setup for system testing 

from sensor readings will be processed by the controller as a reference for making 
decision when the system runs automatically. The results of the processing decisions 
will be continued to regulate the HVAC system in the isolation room in the form of 
damper movement to change the air supply capacity. 

The experimental setup of this study is shown in Fig. 3 where there are four 
dampers that regulate air flow, damper 1 is a damper that goes to the toilet room 
and entry room, damper no. 2 goes to the isolation room, damper 3 functions as a 
regulator of the entry of fresh air, and the last damper is a damper that regulates air 
circulation in the waiting room. Place the humidity sensor in the middle of the room. 
For temperature sensors, there are three sensors, two of the temperature sensors are 
placed on the diffuser, and another sensor is placed in the middle of the isolation room 
to read the temperature of the entire room. In this experiment, the setup involves the 
exhaust being turned off, and for the temperature at remote is 24 °C. 

3 Control Algorithm 

In designing a control system, the communication flow is important in the delivery 
of data both as input and as output. In general, the signal on the controller is divided 
into four, analog signal, discrete signal, sample data signal, and digital signal. In this 
study, the signals used are analog signals and digital signals as shown in the flow
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Fig. 4 Signal flow communication 

diagram in Fig. 4, where the analog signals are used as sensor readings and digital 
signals as HVAC regulator outputs. 

The computer and the controller communicate through an Ethercat cable, which 
enables fast and stable data transmission for programming and troubleshooting while 
the system is running [23, 24]. The command digital signal is given to the damper, 
where at the relay a voltage of 0 V is used to turn off/close the damper and 24 V to 
activate the damper. The placement of the damper in the duct is adjusted to regulate 
the air flow into the patient room, the placement of the damper can be seen in Fig. 2. 
Meanwhile the thermocouple sensor sends information with an analog signal from 
0 to 20 mV to the controller for reading the temperature in the isolation room. For 
humidity sensor use analog signal from 0 to10 V for communication with controller. 

In this research, the algorithm that used to adjust the damper is a closed loop 
control system, where in this closed loop control makes the system continue to run 
until the system is turned off. The close loop method of control system that has been 
designed in the study can be seen in Fig. 5. When the initial declaration of the relay 
that was given a 24 V signal is to the relay no. 2 and relay no. 3, from Fig. 2 it can 
be seen that relay no. 2 is a relay damper that regulates air entry into the isolation 
room, while relay no. 3 is a damper that regulates the entry of air from the outside 
environment. Damper 1 and damper 4 are set in the closed position because this study 
will focus on setting the damper for air entering the isolation room.

The decision-making on this system depends on the temperature value, so the 
system will continuously read the temperature. In this control system, the cycle time 
used for temperature readings continuously is at 10 ms/cycle so that the decisions on 
the system can be made quickly. The temperature value in this study is set at 24 °C.
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Fig. 5 System flowchart

The decision for the damper signal will be made if the temperature is more or less 
than the setup temperature. 

4 Result and Discussion 

In this section, we can see the condition of the isolation room when the control system 
is working. The condition that can be adjusted in this control system is by opening 
or closing the damper, so that the situation of the isolation room is divided into two
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Fig. 6 Isolation room situation: a temperature, b humidity

conditions as shown in Fig. 6, where the condition is when the damper is opened or 
when the damper is closed where with the results of the temperature and humidity 
sensor readings we can see the difference between the two conditions of the isolation 
room. When the controller gives signal 0 to the damper, the damper will be closed 
so that the temperature condition in the room exceeds the desired temperature and 
the humidity in the room also goes over 60% which is the value that has been set 
for the isolation room. Meanwhile, when the damper is given a signal 1, the damper 
is open which causes the room temperature to drop very significantly until 18 °C, 
but in this condition the humidity value obtained is sufficient in accordance with 
the criteria for the isolation room. The drop of the temperature when the damper is 
open is caused by an error in the variable refrigerant flow (VRF) in the air condition. 
These VRF faults contain temperature sensor faults, the system faults, and indoor 
unit faults [25]. This can also be caused by thermostat overriding during demand 
response events targeting the temperature in their air conditioners [26] (Fig. 7). 

By using an automatic system control, the movement of the damper will change 
according to the sensor readings so that the temperature and humidity conditions 
will be maintained by the system with the parameters that have been made in the 
system algorithm. The temperature and humidity ranges are in accordance with the 
needs with temperatures below 24 °C and humidity between 50 and 60%. However, 
during the transition at the time of decision-making, there are fluctuations that cause 
the condition of the room to be unstable. This is due to the damper setting that just 
can be done only by opening and closing for controlling the air flow, with these 
limitations the results obtained are not stable.
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Fig. 7 Isolation room situation with control system: a temperature, b humidity

5 Conclusion 

In this paper, we presented control system design that used to control the situation 
of air flow in the isolation room by setting the air supply on the damper in the HVAC 
system. The controller can receive data well from sensors to determine the condition 
of the isolation room and for decision-making parameters on the system. Therefore, 
the system control strategy for the isolation room that regulates changes in air flow 
has been successful with evidence of changes in temperature and humidity sensors 
according to the parameters needed when the system is running. Even though the 
situation of isolation room is still unstable, this control system can maintain the 
situation according to the needs required by the isolation room. 
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Assessment of Hole Quality When 
Drilling Particleboard Made of Oil Palm 
Empty Fruit Bunch (OPEFB) 

Ismet Hari Mulyadi and Ilham Sumardi 

Abstract Assembling particleboard made of palm oil empty fruit bunches requires 
good quality holes so that the assembled product can meet quality requirements. 
Machinability is critical in producing high-quality holes, especially for manufac-
turing products from particleboard. It is owing to low level of density and structural 
strength of particleboards. Accordingly, the machinability of the particleboards in 
terms of hole quality is a primary concern in this study. The hole quality was assessed 
in terms of the diameter deviations, the hole’s perpendicularity and the surface rough-
ness. The results showed that the response deviations were relatively large for all 
observation aspects. In addition, the variations in cutting conditions and the appro-
priate selection of the tool geometry failed to render their defined effects on the hole 
quality. In other words, the effect of cutting conditions and tool geometry on the hole 
quality is difficult to define accurately. 

Keywords Particleboards · Oil palm empty fruit bunch · Drilling processes 

1 Introduction 

Along with the rapid growth of the furniture industries, the limited availability and 
the rise of wood prices as the primary raw material for making furniture, the use of 
bio-composite materials is a potential alternative. Besides, the bio-composite mate-
rial would also be beneficial in increasing added value for natural waste materials 
utilized as the bio-composite main composition. For furniture applications, the bio-
composites are usually manufactured in the form of particleboards such as low-
density fibreboards (LDF) and medium-density fibreboards (MDF). Grand View 
Research reported in 2019 that the sales volume of MDF had been valued at $61.3 
billion, and it is expected to increase on average per year from 2020 to 2027 by
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6.6% [1]. Meanwhile, the demand for particleboard, as reported by Mordor Intelli-
gence, is also expected to increase by 5.5% in 2022–2027 [2]. The demand for the 
above two types of bio-composite is dominated by the furniture, accents, flooring 
and speakers industries [3, 4]. Nowadays, for furniture and cabinets production, it 
takes approximately 85% of particleboard utility [5]. 

Oil palm empty fruit bunches are a waste by-product of palm oil into edible oil. 
If further processed, many parts of this waste can produce various product groups 
with significant added value [6]. One of the product groups that can be developed 
from palm oil empty fruit bunches is bio-composites for manufacturing furniture 
such as MDF and particleboards [7, 8]. Both particleboards and MDF have the 
disadvantage of not being able to hold screws [9]. Whereas as is known, particleboard 
can be utilized to develop the structure of a furniture product. To make it happen, the 
assembly process through a mechanical joining process using bolts, screws, or pegs 
requires. Therefore, drilling quality in terms of cut smoothness and dimensional 
accuracy of the hole is essential [10] to maintain the strength of the joint of the 
bolts and pins used in the joining processes. Therefore, parameter analysis of cutting 
conditions and tool geometry for various types of particleboard needs to be carried 
out. This is to maintain the strength of the connection of the bolts and pins used in 
the connection process. Therefore, parameter analysis of cutting speed, cutting tool 
diameter, cutting angle, feeding motion, and cutting tool geometry for various types 
of particleboard forming materials needs to be carried out [11]. 

Several studies have been carried out to optimize the cutting parameters to improve 
the quality of the particleboard in the drilling process [12–18]. However, the type 
of particleboards studied is predominantly commercial particleboard. Meanwhile, 
research on the quality of the machining process, especially the results of the drilling 
process on particleboard from empty palm oil bunches, is still limited. In fact, as an 
environmentally friendly material, particleboard made of empty palm oil bunches 
has potential for the furniture industry in the future. It is highly valued and marketed 
at competitive prices compared to other bio-composite materials such as plywood 
[19]. 

The research related to the machining process of particleboard made of empty 
fruit bunches of oil palm is limited to several processes, such as the turning process 
[20] and wood milling using a router [21]. Ratnasingam et al. [20] investigated the 
wear of a tungsten carbide cutting tool while turning particleboard made of empty 
palm oil bunches. Meanwhile, Ratnasingam et al. [21] studied the wear of tungsten 
carbide chisels using a router machine to cut profiles on the particleboard made of 
empty palm oil bunches. Both of these studies were conducted with open machining 
processes where the cutting temperature, which is the leading cause of the low quality 
of the process, can be better controlled. In contrast, some furniture features are in 
the form of holes used for the joining process. For this reason, research on closed 
machining processes, such as drilling processes needs to be performed. 

In this study, the quality of the holes resulting from drilling the particleboard made 
of empty oil palm fruit bunches was carried out. The quality of the holes evaluated 
was perpendicularity, diameter deviation and surface roughness.
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2 Materials and Methods 

The workpiece selected in this study was particleboard made from palm oil empty 
fruit bunches that have a size of 300 × 300 × 25 mm. This workpiece has a composi-
tion of 80% oil palm empty fruit bunches and 20% adhesive. The adhesive used was 
a mixture of Paraformaldehyde, Gambier and Aquadest that is capable of producing 
particleboard with the structural strength of 3.5 kg/cm2 [22, 23], while the cutting 
tool used was a high-speed steel (HSS) with a diameter of 10 mm. This cutting tool 
material was chosen because it is commercially available and widely used for wood 
machining processes. 

The cutting tool was mounted on an Edu-Mill CNC machine type V2M-2825P 
with a maximum spindle rotation of 3000 RPM. Furthermore, the drilling process 
was performed to produce a blind hole using the cutting conditions as depicted in 
Table 1. 

The quality of the holes produced by the drilling process was assessed in terms 
of diameter deviations, perpendicularity, and surface roughness. The perpendicu-
larity and diameter deviations were measured qualitatively using a telescope bore 
gauge that was positioned at the centre of the hole by utilizing the machine’s 
spindle. The diameter indicated by the gauge would be quantified utilizing a vernier 
caliper. Sixteen points radially and three points along the hole depth were taken as 
measurement points as shown in Fig. 1. 

Table 1 Variation of cutting 
conditions used in this study No Vc (m/min) f (mm/rev) κr (o) 

1 10 0.05 45 

2 30 0.06 60 

Fig. 1 Measurement method of hole diameter deviatian and perpendicularity. a Axial direction, 
b Radial direction
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Fig. 2 Arithmetic surface roughness measurement method. a Measurement concept, b Real 
measurement 

Furthermore, the image of the surface roughness of the hole’s surface that had 
been previously cut was captured by an Olympus optical microscope type SZX10. 
The captured images were then calibrated to equalize so that they could be measured 
using AutoCAD software. The use of AutoCAD software is due to the rough surface 
profile of the workpiece materials, making it difficult to measure using a surface 
roughness measuring tool. The surface roughness indicator chosen was the arith-
metic surface roughness number (Ra) calculated by surface roughness parameters 
application belonging to OriginLab© based on the concept shown in Fig. 2. 15 points 
along hole depth were taken as surface profile observation. 

3 Results and Discussions 

Assessment of Hole Diameter Deviations. In this research, the hole quality is 
assessed in terms of diameter deviation, hole perpendicularity and the hole’s surface 
roughness. Figure 3 and Fig. 4 show the effect of feeding movement ( f ) on diameter 
deviation for various cutting speed choices and tool geometry (in this case, the tool 
point angle). The diameter deviations were measured at three locations, namely near 
the top surface (entry), in the middle (middle) and near the bottom surface (exits). 
In general, the deviation of holes on particleboard made from a mixture of palm 
oil bunches fibre and Gambier shows inconsistency with changes in cutting param-
eters and the point angle. This indicates the lower machinability of palm oil-based 
particleboards [24].

In addition, as can be seen in Figs. 3 and 4, the hole diameter deviation tends to be 
negative. In other words, the hole is shrinking compared with the nominal diameter 
of the tool used (d = 10 mm). This can be identified from the type of hole failure, 
namely chip out and tear out, as shown in Fig. 5 [25]. This type of failure occurs due 
to differences in the density of the fibres in the particleboard structure [26].

Meanwhile, hole dilation (positive diameter deviation) indicates that delamina-
tion occurs in the hole. This is especially the case in the holes produced by the 
drilling process using a cutting tool with a combination of a sharp point angle and
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Fig. 3 Effect of feed movement on hole diameter deviation (entry, middle and exit) for cutting tool 
with point angle of 90° ((κr = 45°) at cutting speed (Vc) of a 10 m/min and b 30 m/min 
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Fig. 4 Effect of feed movement on hole diameter deviation (entry, middle and exit) for cutting tool 
with point angle of 120° (κr = 60°) at cutting speed (Vc) of a 10 m/min and b 30 m/min

Fig. 5 Hole image captured at the top of particleboard surface
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low speeds. Delamination occurs due to localized bending, which makes the fibre 
unbroken completely. Fibres that are not entirely cut off will also spin during the 
rotation of the cutting tools. The rotating fibre will be pushed and flow through 
the cutting tool’s helical angle to enlarge the cutting diameter. On the top surface, 
it would widen the hole to produce peel-up delamination, while at the bottom of 
the hole would cause push-out delamination. Meanwhile, a nasty cut of the fibre at 
the middle of the hole would also enlarge the diameter. This is especially true for 
materials with low inter-fibre density and strength, such as particleboard. 

Assessment of Hole Perpendicularity. The diameter deviation at the hole entry, 
middle and exit positions also causes a deviation of the centre of the hole so that 
the axis of the hole is no longer perpendicular to the reference surfaces. In this 
study, assessment results of the axis hole perpendicularity are depicted in Fig. 6. The  
magnitude of the hole axis perpendicularity was obtained using a linear regression 
approach. The observed centre deviation of the holes at the hole’s entry, middle and 
exit was plotted to create linear regression models. The models were then differenti-
ated to obtain the slope value. By using the application, the slope was converted into 
the angle, thus obtaining the magnitude of the perpendicularity in degrees [27].

From Fig. 6, as is hole diameter deviation, inconsistency of axis misalignment 
also occurs. There is a hole axis tilted to the left and the right. The sharp point angle 
of the cutting tool coupled with the high cutting speed and feed movement results in 
minimum deviation. Meanwhile, the cutting speed for a blunt point angle should be 
chosen low to produce slight deviations. This is to minimize the high compressive 
force [28]. However, the direction of the deviation varies between the blunt and the 
sharp point angle. 

Assessment Hole Surface Quality. With low density and bond strength between 
fibres, in addition to producing holes with low geometric quality, it also affects the 
quality of the surface of the hole itself. Theoretically, the surface quality of the drilled 
hole surface would depend on appropriate cutting conditions and tool geometry 
selection. A higher surface finish would be gained if high cutting speed, low feed
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Fig. 6 Effect of cutting conditions and point angle on the hole perpendicularity 
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movements and sharp tool point angle are opted [29]. However, in several respects, the 
results of this study, as shown in Fig. 7, slightly deviate from the existing theoretical 
concept. For the same point angle and cutting speed, the surface roughness of the 
drilled hole on the particleboard made of empty bunches of oil palm decreased with 
increasing feeding movement. The results indicate only high cutting speeds and blunt 
tool point angles, which align with existing theoretical concepts. It can be argued that 
the variations in the selected cutting conditions are not suitable or the range is too 
short. This argument can be strengthened by the results of the analysis of variances 
(ANOVA) test to seek the difference between each response, as given in Table 2. 
All the experimental factors have a p-value lower than 0.05 with a 95% confidence 
level (CF-confidential factor). It means the observed factors give an insignificant 
contribution to the observed response. 
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Fig. 7 Effect of cutting conditions and point angle on the hole surface roughness 

Table 2 Analysis of variances (ANOVA) test for surface roughness 

Source DF Seq SS Contribution (%) Adj SS Adj MS F-Value ρ-Value 

Vc 1 72.16 0.74 72.16 72.16 0.10 0.758 

f 1 283.51 2.90 283.51 283.51 0.39 0.543 

Kr 1 754.76 7.71 754.76 754.76 1.04 0.327 

Error 12 8680.53 88.66 8680.53 723.38 

Lack-of-fit 4 2041.03 20.85 2041.03 510.26 0.61 0.664 

Pure error 8 6639.49 67.81 6639.49 829.94 

Total 15 9790.96 100.00
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4 Conclusions 

The limited sources of raw materials from natural wood make the furniture industry 
turn to agricultural waste, such as empty fruit bunches of oil palm as a substitute. 
Appropriate processing of empty palm oil bunches with other materials to form bio-
composite particleboard can be suitable for replacing natural wood in the furniture 
industry. However, particleboard might have to go through a secondary manufac-
turing process, especially one that supports the joining process, such as the drilling 
process. In order to produce high structural strength furniture products, the joining 
process had to be supported by the higher quality of the holes. However, the quality of 
the holes on particleboard made of empty palm oil bunches is still relatively low. The 
hole diameter deviation and the hole axis perpendicularity prove this. In addition, 
the surface roughness of the hole is also relatively high (i.e. rough). 

Furthermore, the effect of cutting conditions and tool geometry on hole quality 
shows inconsistencies. This is the impact of the low density and bond strength 
between fibres. For this reason so that the potential use of bio-composites from 
empty oil palm fruit bunches can be used as the primary material in the manufacture 
of furniture, it is necessary to increase the mechanical properties. 
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Characteristics of Heat Transfer 
of Cooling Tower Flat Type Flat Storage 

Afdhalul Rajai, Ahmad Syuhada, and Razali 

Abstract Cooling tower is a heat transfer device that works through water media, 
along with air used to cool the temperature using water media with direct contact 
with air which causes some of the water to evaporate. To improve the performance 
of the cooling tower, many trials and research have been carried out, one of which 
is by adjusting the hole in the cooling tower area as a liquid medium distribution. 
From this phenomenon, this study examines the effect that occurs on the number of 
holes on the rate of movement of the flat plate cooling tower with the overall height 
of the cooling tower 2.4 m, the number of distribution media for the cooling tower 
water flow is 5 plates in succession, and the length of each plate is 0.7 m with a 
width of 0.5 m. Plate variations are given to the cooling tower, namely plate without 
holes, plate 25 plate holes, 35 holes, 45 holes zig-zag hole model on the cooling 
tower. The diameter of each plate hole is 0.02 m with the slope ratio of each plate 
arrangement which is 15°. The results showed the highest heat transfer rate occurred 
in the cooling tower water inlet temperature of 75 °C. The plate variation used was 
the plate without the inlet hole model. And the lowest heat transfer rate occurs at 
the inlet water temperature of 55 °C with a plate variation of 45 holes with a zig-zag 
hole model. So that the variation of the hole pattern affects the temperature change 
with the heat transfer rate on the tower performance. 
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1 Introduction 

Industries currently use thermal equipment for factory activities. This thermal equip-
ment in operation will emit excessive heat, as a result of this excessive heat will result 
in thermal fatigue of the equipment. To overcome the above, it is necessary to dissi-
pate heat from thermal equipment, so a cooling system is needed. This cooling system 
is usually a water cooling medium. 

Cooling towers can be used in the water cooling process in the industrial world 
[1]. Cooling towers are used to lower the temperature of the water flow by extracting 
heat from the water and emitting heat to the atmosphere [2]. The cooling tower is 
used as a fluid cooling device with air as the cooling medium. A cooling tower is a 
device used to lower the temperature of a water stream by extracting heat from the 
water and emitting heat into the atmosphere. Cooling tower can also be defined as a 
heat exchanger whose working fluid is water and air which functions to cool water 
by direct contact with air which causes a small part of the water to evaporate [3]. 

Many researches on cooling towers have been carried out to improve their perfor-
mance. Comparative research on cooling tower performance was carried out for 
the induced counter flow type [4]. Comparison of the characteristics of the cooling 
tower type of pipe arrangement as a liquid distribution [5]. Characteristics of cooling 
towers with fibers filled with fibers [6]. In analysis of the cooling tower induced draft 
counterflow heat load with wulung bamboo as filler [7], water is made to drip drop 
by drop, or form a thin layer on a flat surface, so that it comes into contact with air 
moving upwards in the opposite direction [8]. 

The entire surface of the filler is expected to be wetted by water, so that the 
heat transfer that occurs is optimal. The main function of the filling material in the 
cooling tower is to break up the flow and slow down the falling motion of water so as 
to increase the contact time and contact area of hot water and the water–air mixture 
[9]. 

In this study, the planned cooling tower is a flat plate type where the plates are 
arranged horizontally and the fluid flows over the plate, this flow pattern is to slow 
down the mass flow rate of the hot fluid (water), so that the contact area of the heat 
transfer surface between the hot fluid and air can be reduced and Enlarged, and the 
contact time of hot fluid with air can be extended. 

By increasing the touch surface and extending the contact time between the hot 
fluid and air, it can increase the rate of heat transfer, so that the cooling tower’s 
heat energy dissipation into the air can be increased. The cooling tower housing that 
collects the water cooled by all the cells is a homogeneous tank, and consequently, 
the temperature is uniform throughout the basin to take into account that due to 
turbulence[10].
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2 Methods 

The equipment used in this study is the cooling tower which is shown in Fig. 1. 

Test Materials and Materials. The overall dimensions of the planned cooling tower 
are shown in Fig. 1. The cooling tower frame uses angled iron and a reservoir, and 
the cooling tower plate uses aluminum with a thickness of 0.2 mm. The cooling 
tower manufacturing process takes approximately one month. Figure 2 describes the 
dimensions of the cooling tower plate used. The test material in this study is water 
which is heated at a cold temperature, and then, the water cooling process is carried 
out.

Research Tools and Measuring Tools. Heater is used to heat water to a tempera-
ture of 75 °C. The water pump used consists of two types of pumps. Based on the 
device specification data, it shows two pumps with a capacity of 100 Watts. The first 
pump is used to raise water from the main reservoir to the upper reservoir, and the 
second pump is used to circulate or move water from the lower reservoir to the main 
reservoir. The measuring instrument used consists of two measuring instruments, 
namely measuring water temperature and measuring time. The water temperature 
measuring instrument used is a digital thermometer. The time measurement tool 
used is a stopwatch. A thermometer is a temperature measuring device. In order to 
measure quantitatively, the thermometer needs to be equipped with a scale. How do

Fig. 1 a Three-dimensional cooling tower, b side view of cooling tower and c front view of cooling 
tower 
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Fig. 2 Dimensions of flat plate

you put a scale on a thermometer? What are the physical considerations? All types 
and types of thermometers are based on natural phenomena related to changes in the 
physical properties of a quantity due to heat entering or leaving the quantity. Certain 
physical quantities whose properties can change because the temperature changes or 
is changed are called thermometric quantities (Thermometric Property) [11]. 

Equipment Schematic. The research was carried out by flowing water from the 
main reservoir to the upper reservoir of the cooling tower, so that the water from the 
upper reservoir fell and flowed throughout the plate to the lower reservoir. In the main 
water reservoir, the temperature is maintained according to the desired temperature 
variation by using a heater. Then, the water temperature in the upper reservoir is 
also stabilized using a heater to match the cool inlet temperature. The temperature 
of the inlet water, the temperature of the water on the plate, and the temperature of 
the water when it falls from one plate to the other until the temperature of the water 
is out are measured using a digital thermometer. Data collection for each variation 
is carried out in four stages with a difference of 2 h. 

Testing and Data Collection Process. In this study, the value of the heat transfer 
rate and the value of the convection heat transfer coefficient will be calculated on the 
flat plate inlet and outlet zig-zag on the cooling tower, as well as the test tower with 
plate type zig-zag outlet hole. This activity will also look at the rate of heat transfer 
that occurs in the research media on the cooling tower. 

This study used several assumptions. The heat transfer when water falls from the 
upper reservoir to the first plate has not been completely exposed to environmental 
air, the ambient air will absorb the heat of the water completely starting from the
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Table 1 Data on water temperature measurement results in cooling towers flat plate 

No hole 25 holes 

Measuring point 55 75 Measuring point 55 75 

1 54.90 74.88 1 55.13 75.12 

2 54.76 74.72 2 54.86 74.67 

3 54.48 74.36 3 54.91 73.48 

4 54.20 74.00 4 54.41 72.96 

5 53.94 73.66 5 53.67 72.46 

6 53.68 73.32 6 52.84 71.71 

7 53.43 72.99 7 52.45 70.89 

8 53.20 72.69 8 51.79 70.35 

9 52.98 72.40 9 51.82 69.67 

10 52.77 72.15 10 51.38 69.52 

11 52.57 71.91 11 50.64 68.75 

12 52.38 71.67 12 50.41 68.31 

second plate of the cooling tower to the lower reservoir, and the air tin and air tout 
use the ambient air temperature. 

3 Results and Discussion 

Temperature in Tower Water. The results of the tests that have been carried out is 
presented, and the parameters measured in this study are the temperature when the 
water enters the cooling tower, the temperature when the water falls from each plate 
of the cooling tower, the temperature at the cooling tower plate, and the temperature 
of the water out. Tables 1 and 2 is the result data from the cooling tower.

4 Graph from Table 

Figure 3 shows the distribution of the cooling tower water temperature drop for 
each point when the water inlet temperature is 55 °C, where the cooling tower plate 
without holes experienced a decrease in average temperature from 55 °C to 52.38 °C. 
In the cooling tower plate with 25 holes, the temperature drops up to 50.41 °C. For the 
cooling tower plate 35 holes, the temperature decreased up to 49.44 °C. On the cooling 
tower plate with 45 holes, the temperature of the water out reaches 47.65 °C. While 
on the cooling tower plate with55 holes, the temperature of the water out reaches 
48.95 °C. Then, the distribution of the highest water temperature drop occurs in the 
cooling tower with a plate of 45 holes.
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Table 2 Data on water temperature measurement results in cooling towers flat plate 

35 holes 45 holes 55 holes 

Measuring 
point 

55 75 Measuring 
point 

55 75 Measuring 
point 

55 75 

1 55.17 75.21 1 55.31 75.26 1 55.11 75.29 

2 54.81 74.68 2 54.86 74.67 2 54.73 75.00 

3 54.44 73.98 3 54.17 73.8 3 54.27 74.79 

4 53.96 73.56 4 53.47 73.35 4 53.67 74.27 

5 53.34 72.86 5 52.62 72.55 5 52.92 73.86 

6 52.76 72.14 6 51.74 71.66 6 52.37 73.34 

7 52.5 71.48 7 51.27 70.52 7 51.83 72.82 

8 51.88 70.84 8 50.94 69.29 8 51.48 72.36 

9 51.32 70.28 9 50.28 68.73 9 50.98 71.76 

10 50.78 69.76 10 49.62 68.23 10 50.43 71.25 

11 50.44 69.24 11 48.76 67.96 11 49.66 70.85 

12 49.44 68.81 12 47.65 67.2 12 48.95 70.37

Fig. 3 Graph 55 temperature distribution 

Figure 4 shows the distribution of the cooling tower water temperature drop for 
each point when the inlet water temperature is 75 °C, where the cooling tower plate 
without holes experienced a decrease in average temperature from 75 °C to 71.67 °C. 
On the 25 holes cooling tower plate, the temperature decreased to 68.31 °C. For the 
cooling tower plate with 35 holes, the temperature decreased to 67.81 °C. On the 
cooling tower plate with 45 holes, the outlet water temperature reaches 67.20 °C.
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Fig. 4 Graph 75 temperature distribution 

While on the cooling tower plate with 55 holes, the temperature of the water out 
reaches 70.31 °C. Then, the distribution of the highest water temperature drop occurs 
in the cooling tower with 45 holes plate. 

5 Conclusion 

The heat transfer rate with the lowest temperature occurs in the cooling tower with an 
inlet water temperature of 55 °C with variations hole 45 in the zig-zag hole at night 
with a decrease in temperature of 10.21 °C. The configuration of the type of hole 
pattern on the cooling tower plate affects the convection coefficient and the rate of 
heat transfer that occurs in the cooling tower. The convection value is influenced by 
the value of the heat transfer rate, surface area, and the difference in water temperature 
in the cooling tower. 
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Abstract Compressed Natural Gas (CNG) is an alternative fuel used to solve cleaner 
exhaust emissions, global warming, and limited world fossil oil production problems. 
It emits cleaner gases during combustion, is economical, can be applied to light/heavy 
vehicles, and has good adaptability to diesel/petrol engines. This research reviews 
the application of CNG in vehicle engine articles published from 2017 to 2021. 
There were 82 articles on CNG, while 38 were on CNG as vehicle fuel. The articles 
reviewed were classified in several focus areas of research, such as the development 
of the ignition system on the CNG engine, the injection method, the application of 
Exhaust Gas Recirculating (EGR) technology, variations in the compression ratio 
of the CNG engine combustion chamber, the application of Reactivity Controlled 
Compression Ignition Engine (RCCI) on CNG machine, system modeling, mixer 
and method. The results showed a lack of research on the development of CNG 
that integrates intelligent control systems. Therefore, further research is suggested 
to explore the potential effect of the next period. 
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1 Introduction 

Compressed Natural Gas (CNG) is an alternative fuel significantly utilized due to 
its ability to produce cleaner emissions, economical price, adaptability to gasoline/ 
diesel engines, and application to light/heavy vehicles. It also helps solve the problem 
of increasing energy consumption due to the rise in the number of vehicles [1] and 
the limited fossil energy production globally [2, 3]. Therefore, the application of 
CNG as an alternative fuel is essential to produce vehicles with cleaner emissions 
and high economic value. 

The application of CNG continues to be developed sustainably with various 
fields of research, especially regarding its engine performance. This alternative fuel 
improves engine performance by several aspects, such as injection, setting the igni-
tion system, applying EGR, modifying the combustion system, and utilizing various 
mixing methods, hence it more homogeneous. Meanwhile, multiple studies have 
been carried out to determine the CNG modeling in terms of pressure in the reducer/ 
fuel line, flow regulation approach, and a mixer. 

The CNG setting with injection is designed to regulate the fuel entering the engine 
(4,5). Yuvenda [4] developed an injection timing system, which improved the CNG 
entering the engine. Meanwhile, Duc [5] designed an injection system by adopting 
the single-hole injector technology. However, both studies focused on developing 
an injection technology without creating an Engine Control Unit (ECU) to control 
the Air-to-Fuel Ratio (AFR) between CNG and air. Muhssen [6] and Kar (7) then 
achieved AFR stoichiometry values, while Muhsessen [6] and Kar [7] developed a 
CNG engine with an AFR stoichiometry approach oriented toward a range value of 
17.2–17.4. This research, somehow, was unable to set AFR, which is oriented toward 
achieving high fuel efficiency/savings. 

Ignition system settings are developed by determining the most suitable method, 
which leads to the use of lasers to reduce the particle content in exhaust emissions 
[8]. Intelligent Dual Sequential (IDS) is applied by igniting the spark plug 2 times 
in 1 engine cycle, therefore, the fuel content entering the exhaust manifold due to 
the engine flushing step can be burned to achieve cleaner emissions [9]. Correct cali-
bration of the CNG engine ignition system is the key to power production, using the 
multiplexed extremum method [10]. However, the studies above have not developed 
an ignition system to improve fuel economy. 

Another increase in CNG engine performance is by applying Exhaust Gas Recir-
culation (EGR). According to Mahla [11], this technique helps to reduce NOx gas in 
the exhaust manifold of CNG engines and focuses on achieving cleaner emissions. 
Besides the content of Nox gas, Kontses et al. [12] stated that the Particle Number 
(PN) in the exhaust gas is a concern after comparing CNG with other alternative 
fuels. A unique way to reduce emissions is to observe the driving style, such as Gha 
[13] research using 60 CNG vehicles. Modification of the CNG engine combus-
tion with RCCI [14] and variations in the compression ratio has been developed to 
increase engine performance [15]. This research focused on the search for the most
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optimal combustion modification by analyzing the power generated by the CNG 
engine without discussing efforts to increase vehicle savings. 

CNG engine modeling is the best method for predicting its engine capabilities. 
Computational Fluid Dynamics (CFD) software can be used to simulate the mixer 
design [16]. Sadah [16] observed the process of mixing CNG with air to obtain the 
most optimal mixture. Meanwhile, Alper and Do (9) used CFD to achieve variable 
torque generated by CNG engines. Dual sequential ignition was observed on the 
change in torque of the CNG engine. However, these two modeling research have 
not discussed the ECU development modeling to save fuel. 

The development of CNG study has been developed with several variables. Still, 
several variables have not been discussed, including the development of AFR, which 
is oriented toward increasing fuel economy appropriately. CNG ignition system cali-
bration that considers the fuel consumption factor. The application of EGR considers 
fuel consumption. CNG engine modeling considers the fuel use factor. Therefore, 
this article provides an overview of research trends to determine opportunities for 
developing and improving the application of CNG engines in vehicles. 

2 Method  

Reviews from studies on the application of CNG fuels were traced from 2017 to 
2021 through “Science Direct”. A total of 82 articles were found, with only 38 on 
CNG application to vehicle engines. Improved engine performance was the most 
discussed theme. The research reviewed was divided into several themes, namely 
ignition system, EGR application, mixer, injection method, compression ratio vari-
ation, RCCI application, CNG modeling, and other applications. The distribution 
of research themes on the application of CNG engines to vehicles and per year is 
shown in Figs. 1 and 2, respectively. Furthermore, approximately 5, 2, 2, 15, 3, 4, 
1, and 6 articles were found on ignition system research, EGR application, mixer, 
injection method, compression ratio variation, RCCI application, CNG modeling, 
and other applications, respectively. Imran [17] previously conducted a review on 
CNG application in vehicles from 1991 to 2016. The themes discussed include its 
safety systems, the environment, the addition of hydrogen, vehicles with bi-fuel, fuel 
injection/combustion characteristics, engine performance, control system design, and 
economic aspects. The distribution of the research themes reviewed is presented in 
Figs. 1 and 2.

Environmental friendly and energy-efficient vehicles motivate the development 
of spark ignition engines [18, 19] since global energy availability is a major concern 
[20]. Even worse, there is a continuous rise in energy demand in the transporta-
tion sector along with an increase in the number of vehicles. The development of 
injection technology is one of the efforts to realize energy-efficient vehicles [21]. 
Lee [21] developed dual port injection technology, which led to a fair good fuel 
economy. Furthermore, Hydraulic Variable Valve Actuation (HVVA) was introduced 
to increase fuel efficiency [22]. The element of flexibility and application of genetic
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Fig. 1 Distribution of research themes on the application of CNG engines to vehicles 

Fig. 2 Number of articles published on the application of the CNG engine

algorithms were also considered in this study. The results were quite interesting, with 
about 13% achievement of fuel economy, but both studies did not include steering 
operation as a control element. 

Electronic Control Unit (ECU) is a fuel system control module in vehicles, contin-
uously being developed to improve internal combustion engines. Meanwhile, Air-to-
Fuel Ratio (AFR) is the main element to increase fuel economy, which is a driver’s
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need [23–25]. It has three ranges of values, including lean AFR above 14.67, stoi-
chiometry of 14.67, and rich below of 14.67 [26]. Currently, the realization of stoi-
chiometry values is the focus of the AFR controller. The stoichiometry is generally 
maintained at the ideal value of 14.67. 

Recently, artificial intelligence (AI) is being applied as a controller in the fuel 
control system [10, 11]; an example is fuzzy logic [27–29]. Furthermore, this study 
used fuzzy logic to control AFR but is yet to consider steering operation. Therefore, 
there is a need for further studies using the intake manifold pressure variable as 
an AFR clustering with neuro-fuzzy. The output would be in the form of a fuel 
injection control system. Another study used oxygen sensors to control AFR [30]. 
Besides fuzzy logic, the neural network is an AI that can be used for control systems 
[31–33]. Therefore, there is a continuously increasing number of studies on neural 
networks as a fuel control system [34]. Arsei [34] utilized the Recurrent Neural 
Network (RNN) to achieve the AFR value in the stoichiometry range. However, the 
study has not considered steering operation. 

2.1 Literature Review 

a. Ignition System 

Research to improve the performance of CNG engines with variable ignition systems 
was carried out with several variations. Singh [8] stated that the laser method has 
the ability to reduce the particle content in exhaust emissions, thereby leading to 
cleaning emissions. Meanwhile, the Intelligent Dual Sequential (IDS) method is 
able to provide information stating that the performance of CNG is better in terms 
of gas emission. It allows the spark generated by the plug to be ignited 2 times in 1 
cycle, including the compression and exhaust cycle [9]. Furthermore, the multiplexed 
extremum model is used to calibrate the CNG ignition system, which showed the 
ability to use proper adjustment to improve the fuel efficiency of CNG engines [10]. 

b. Injection System 

The injection system developed with several varied methods, such as dual injec-
tion (Direct injection-DI, Port Fuel Injection–PFI), pilot injection, Start of Injection 
(SOI), timing, and CNG jets, is used to improve engine performance. According to 
Ramasamy [35], the dual injection method combines CNG and other fuel engines 
to produce an optimal mixture of 65% CNG and 25% gasoline. Lee [36] utilized 
EGR combined with a dual injection system, where the CNG rate was controlled 
by 70–80% flow, thereby indicating thermal efficiency. Furthermore, dual injection 
added with hydrogen gas by experimental DI technology on CNG engines showed 
an increase in brake thermal and engine power efficiency with a decrease in its fuel 
consumption [37]. Although these three studies discussed the dual injection method 
of the CNG fuel system, none analyzed the development based on an intelligent 
control system.
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Song [38] compared the volumetric efficiency between CNG-DI and CNG-PFI to 
determine the injection system using DI/PFI type technology. Subsequently, CNG-
DI can produce higher volumetric efficiency and fuel conversion efficiency than 
CNG-PFI. Furthermore, [36] researched the development of the DI type integrated 
with the turbocharger through experimental DI technology, which was compared 
between gasoline and CNG engines. The outcomes indicated that DI-CNG has the 
ability to improve thermal efficiency at full load by increasing the spark time due to its 
higher octane number. Research conducted by Melaika [39] compared the efficiency 
of CNG engines with gasoline/gasoline-DI(GDI), CNG-PFI, and CNG-DI types, 
where CNG-DI was set at stoichiometry conditions. The rate of heat release of CNG 
obtained is lower than gasoline fuel, however, the stable combustion process of DI-
CNG provides additional benefits, and the efficiency of the CNG engine is quite high. 
Kar [7] compared GDI and CNG-DI to determine how the engine works with charge 
dilution. The results showed that the highest efficiency was obtained on CNG-DI with 
the lean burning operation and AFR stoichiometry with charge dilution. Although 
these four studies compared the volumetric efficiency of the CNG fuel system, none 
analyzed the development based on an intelligent control system. 

Verma [40] designed a pilot injection to spray CNG with low load injection timings 
set at 32, 29, and 26°BTDC showing energy efficiencies of 8.5%, 11.1%, and 11.9% 
for biogas, CNG, and hydrogen operations, respectively. According to Meng [41], 
this method is also used to determine the throttling effect by applying it to the 
diesel-type CNG engine. Meng stated that dual fuel (diesel–CNG) engines are more 
advantageous for increased efficiency and emissions at low loads. However, both 
studies led to good engine performance, not developed a pilot injection capable of 
increasing fuel saving based on the engine’s external control system. 

Yuvenda [5] sets injection time from 70° to 150° ATDC and CNG from 70° to 
150°CA with intervals of 20° at low load. Subsequently, the CNG engine is able 
to produce the highest cylinder pressure and Heat Release Rate (HRR) values by 
slowing down the CNG injection time (130° ATDC). Injection Timing (TI) settings 
measure Brake Thermal Efficiency (BTE) on CNG machines with different loadings. 
The results showed that advancing the injection time increases BTE earlier in time 
[42]. Channappagoudr [43] experimented with the injection time on a BIO-CNG 
engine and concluded an enhanced performance at 29° BTDC. The three research 
have tried to use the injection time variable to improve CNG performance but have 
not linked the injection time to the external engine variable. 

Other variations of CNG injection methods include testing engine brake power, 
pilot fuel Start of Injection (SOI), and the CNG jet method. Duc et al. (2019) Duc [4] 
increased the engine performance by improving the injection method tested for the 
engine’s brake power. This method decreases up to 19%, increasing brake-specific 
energy consumption (BSEC) by 14% (4). SOI is controlled for dual fuel engines, 
namely diesel-CNG, with a pressure of 7.5 bar from the Indicated Mean Effective 
Pressure (IMEP) and a mixture of B10CNG60 and B20CNG60 [41]. Presently, there 
is a massive application of the jet/CNG jet method globally. A Schlieren photograph 
was used to observe the characteristics of CNG injection, and the results showed 
that the increase in axial jet penetration is strongly influenced by room pressure [44].
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These three studies have explored various improvements to the CNG engine with 
different variations of methods without discussing the development of the ECU to 
control CNG with variables from environmental aspects. 

c. EGR Application 

EGR as a method of reducing NOx gas in CNG engines has numerous advantages, 
therefore, it continues to be pursued. Mahla [11] added Bio-Diesel/B20 (castor oil) 
to the CNG engine, integrating EGR and B20 used as pilot fuel. This method is able 
to reduce NOx at engine load without damaging the combustion characteristics [11]. 
Another method is to apply EGR to a CNG-diesel engine with a certain mixture 
used to decrease the movement of BTE and BFSC under full loading conditions. 
Although Mahla [11] and Kumar [45] applied EGR to CNG engines, they have not 
yet developed CNG EGR controlled by an intelligent control system to provide better 
regulatory effects. 

d. Compression Comparison Variations 

The performance of the CNG engine is carried out by varying its compression 
ratio. Srivastava and Agarwal [15] observed a compression ratio from 9.9 to 11.8 
with laser ignition on a CNG-air mixture. This method is used to determine lean 
mixtures and find a suitable compression ratio for CNG engines. The result showed 
the lean flammability limit from 1.62 to 1.76 and also sheds light on laser ignition 
that can be used with CNG-air lean mixtures [15]. Research conducted by Sahoo 
[46] controlled the compression ratio to reduce detonation in CNG engines. The 
compression ratio of 12 produces the highest engine beats. Meanwhile, Bhasker 
and Porpatham [47] observed the impact on the compression ratio of CNG engines 
12.5:1, which increased brake power output and thermal efficiency. 

e. RCCI Application 

RCCI is a strategy used to reduce emissions with a control system by promoting 
cleaner combustion. Sunmeet [14] used biodiesel (B100) to inject pilot fuel into the 
engine with the addition of CNG and 18% HCNG to reduce emissions. Therefore, 
HC, CO, and smoke emissions in all parts of the HCNG energy are less than that of 
basic CNG. However, NOx emissions increased slightly with HCNG and less than 
basic biodiesel. 

Another research used RCCI in diesel engines with CNG as the main fuel and a 
mixture of diesel and Karanja biodiesel (BD20) as pilot fuel. Furthermore, 10 ms 
CNG induction with 90% Energy Share (ES) and BTHE (Brake Thermal Effi-
ciency) experienced the highest rate of 24.2% and the smallest BSFC 0.3 kg/kW-hr. 
According to Wategave [48], low Reactive Fuel is better than diesel at 60% ES. 
RCCI is also applied with injection timing settings at pressures of 500, 750, and 
1000 bar. The integration of loading, injection time, and pressure can improve engine 
performance with optimal conditions at a 750 bar [49].
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2.2 Synthesis 

A summary of several research articles that focus on discussing the application of 
CNG in vehicle engines is given in Tables 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10.

3 Conclusion 

The literature review on the application of CNG as a fuel in vehicles has two periods, 
including 1991–2016 and 2017–2021. The first period focused on the research of 
regional experiences with CNG vehicles, Economic Aspects, Engine Design, Control 
and Performance, Combustion and Fuel Injection Characteristics, Diesel Dual Fuel 
Operation, Hydrogen Enriched CNG Vehicles, Environmental Aspects, and Safety 
Aspects. Meanwhile, for the second period, the focus was on improving the perfor-
mance of CNG engines. The most widely carried out research themes with more 
than 70% were a modification of the ignition system, injection adjustment, RCCI 
application, CR investigation, EGR design, etc. However, research on CNG mixer 
modeling using CFD has started to be developed. 

In the first and second periods, the literature review on the application of CNG 
as a vehicle fuel did not imply the development of control systems associated with 
intelligent control systems. Therefore, this literature review becomes a potential 
for future research development because this field has not been widely examined 
previously. Moreover, it is interesting to develop an external engine system and CNG 
control with smart sensors in a control system considering environmental aspects.
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Table 4 Research articles on CNG fuel system development part four 

No Author Research focus Method ‘Analysis of results Finding 

12 [9] Improvement of 
engine 
performance 

Using i DSI 
(intelligent dual 
sequential 
ignition) engine 
on bi-fuel 
(gasoline-CNG) 

Alper and Do compared 
the performance of 
CNG-Gasoline engines 
with various engine loads. 
The i-DSI ignition system 
was applied to a bi-fuel 
engine (gasoline-CNG). 
Furthermore, the power 
and volumetric efficiency 
results were discussed in 
detail. However, the AFR 
between fuel and air has 
not been discussed 

This method is 
able to state 
that the 
performance of 
gasoline is 
better than 
CNG in terms 
of power. 
However, in 
terms of CNG 
emissions, it is 
better 

13 [4] Improvement of 
engine 
performance 

To improve the 
performance of 
CNG engines 
and the injection 
method 

Experimental research on 
the performance of 
gasoline-CNG engines 
with injection ports 
denoted an increase in 
BSEC and a decrease in 
emissions. However, it has 
not measured the AFR 
between fuel and air 

When fueled 
with CNG, the 
brake power of 
the test engine 
was reduced by 
19%, while the 
brake-specific 
energy 
consumption 
(BSEC) was 
increased by 
14% 

14 [52] Improvement of 
engine 
performance 

Using pilot fuel 
Start of 
Injection (SOI) 
on the engine 
(diesel-CNG) 

Meng used SOI to 
increase Indicated 
Thermal Efficient (ITE) 
and reduce emissions 
optimally. However, it has 
not included the aspect of 
power generated by the 
engine. This condition 
would be better variable 
power discussed 

At a pressure of 
7.5 bar, the 
Indicated Mean 
Effective 
Pressure, 
B10CNG60, 
and 
B20CNG60 
ITE increase 
with a decrease 
in emissions 

15 [53] Improvement of 
engine 
performance 

Addition of 
hydrogen to 
reduce 
emissions in 
CNG engines 

This research assessed the 
emission of gasoline, 
CNG, and HCNG engines. 
The most optimal mixture 
of HCNG acquired is 
approximately 18%, with 
the ability to reduce 
emissions drastically. 
However, it has not used 
artificial intelligence to 
regulate the mixing 
method 

The lowest 
emission was 
achieved in 
HCNG with a 
mixture of 18%
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Table 5 Research articles on CNG fuel system development part five 

No Author Research focus Method ‘Analysis of results Finding 

16 [54] Improvement of 
engine 
performance 

Developing 
CNG engine 
modeling with 
CFD 

Garg designed a CNG 
engine modeling with 
CFD. The results showed 
that the overall engine 
efficiency increases when 
the case of pre-mix 
stoichiometry is compared 
with the lean stratified 
condition. However, the 
power generated has not 
been revealed 

The coated 
casing exhibits 
30% lower NOx 
emissions when 
compared to 
pre-mixed 
casings at the 
same engine 
load 

17 [5] Improvement of 
engine 
performance 

The time setting  
of the CNG 
injection that 
enters the 
engine 

Yumenda optimized the 
CNG injection time. The 
results revealed that a late 
injection time leads to a 
high heat release rate and 
low emissions. However, it 
has not discussed the 
increase in CNG savings 
by setting the injection 
time 

By slowing 
down the 
injection time of 
CNG (130° 
ATDC), the 
highest cylinder 
pressure and 
heat release rate 
(HRR) is 
produced 

18 [55] Improvement of 
engine 
performance 

Using a pilot 
injection system 
to determine the 
effect of 
throttling 

Meng examined the 
effectiveness of increasing 
throttling on efficiency and 
emissions in dual fuel 
combustion modes 
numerically. As an 
outcome, the pin reduction 
numerical calculation can 
significantly improve 
combustion efficiency and 
emissions. However, the 
research discussed on 
combustion efficiency has 
not discussed fuel 
efficiency 

Engines with 
dual fuel 
(diesel–CNG) 
with the pilot 
injection 
method are 
more profitable 
for increased 
efficiency and 
emissions at low 
loads 

19 [56] Improvement of 
engine 
performance 

Optimization of 
diesel injector 
injection with 
CNG 
substitution 

Lee used a CNG rate at  
70–80% flow to enhance 
thermal efficiency with 
varying EGR. The 
computational indicated 
that a 25% smaller 
diameter nozzle (150 m) 
with continued ROI 
increased the mean 
effective pressure by 3.4%. 
However, this research has 
failed to reveal the power 
generated by the engine 
and fuel efficiency 

This research 
used a CNG rate 
of up to 80%. 
The results 
obtained can 
increase the 
thermal 
efficiency of the 
engine and 
reduce CO2 in 
the exhaust gas
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Table 6 Research articles on CNG fuel system development part six 

No Author Research focus Method ‘Analysis of results Finding 

20 [43] Improvement of 
engine 
performance 

Modifying the 
injection timing 
setting on the 
BIO-CNG 
engine 

This research modified the 
diesel engine into 
BIO-CNG. The 
accomplishment showed 
an increase in engine 
performance and 
emissions. However, the 
set injection time has not 
been able to increase fuel 
efficiency 

The injection 
time can 
improve the 
performance of 
the Bio-CNG 
engine at 29° 
BTDC 

21 [37] Improvement of 
engine 
performance 

Experimenting 
with DI 
technology and 
the addition of 
hydrogen to a 
CNG engine 

Hydrogen was added to 
the CNG engine with DI 
technology to observe the 
engine performance. The 
results have the ability to 
improve thermal brake 
efficiency and engine 
power, reducing specific 
fuel consumption. 
However, it has not 
discussed the AFR setting 
on the addition of 
hydrogen 

This method is 
able to increase 
the efficiency of 
brake thermal 
and engine 
power while 
decreasing its 
specific fuel 
consumption 

22 [36] Improvement of 
engine 
performance 

Conducting 
experimental 
DI technology 
on gasoline and 
CNG engines 

Lee compared DI 
technology in gasoline 
and CNG engines with the 
addition of a turbocharge. 
Subsequently, CNG 
increases the thermal 
efficiency under 
maximum load conditions 
by raising the spark time. 
However, it has not used 
AFR to measure engine 
performance 

DI-CNG 
improves 
thermal 
efficiency at full 
load by 
increasing the 
spark time, with 
a rise in the  
octane number 

23 [8] Improvement of 
engine 
performance 

Developing 
laser ignition 
system 

Sigh used a laser ignition 
system on a 
CNG–hydrogen engine. 
Consequently, using 
CNG–hydrogen with a 
laser ignition system 
reduces the particle 
content in the exhaust gas. 
However, it has not 
enhanced fuel economy 

The 
combination of 
CNG–hydrogen 
and increasing 
ignition timing 
improves CNG 
engine 
performance
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Table 7 Research articles on CNG fuel system development part seven 

No Author Research focus Method ‘Analysis of results Finding 

24 [12] Improvement of 
engine 
performance 

Observing the 
Particle 
Number (PN) 
produced by 
gasoline-PFI, 
diesel-DPF, 
hybrid, 
LPG-PFI, and 
CNG-PFI 
fuels 

In this research, the effect of 
PN on vehicles with 
gasoline-PFI, diesel-DPF, 
hybrid, LPG-PFI, and 
CNG-PFI fuels was 
compared. Subsequently, PN 
can be significantly reduced 
on LPG and CNG engines. 
However, this research has 
not linked the resulting PN to 
the engine during 
acceleration and deceleration 

Significant 
PN reduction 
potential was 
observed with 
LPG and 
CNG versus 
gasoline by up 
to 93% and 
90%, 
respectively 

25 [13] Improvement of 
engine 
performance 

Analyzing 
changes in 
emissions 
from 
CNG-fueled 
vehicles on 
driver 
behavior 

Gha tested private vehicles/ 
taxis with CNG engines 
based on driving patterns. 
Consequently, emissions 
increase with the rise in 
vehicle speed. However, 
changes in emissions to 
environmental changes have 
not been observed 

For CO, gas 
increases 
depending on 
vehicle speed, 
while for HC, 
it decreases 

26 [57] AFR control Observing the 
robust 
stochastic 
system for the 
AFR setting 

This research proposed 
setting AFR with robust 
stochastic on CNG machine. 
The result showed the AFR 
control in the closed loops, 
whereof type CNG machine 
area, while the changes based 
on machine learning 
technology have not been 
observed 

AFR 
application 
with robust 
stochastic can 
regulate AFR 
in the 
stoichiometry 
area, thereby 
improving 
engine 
performance 

27 [6] AFR control Designing a 
mixer on a 
CNG machine 

Muhssen designed the CNG 
Mixer previously customized 
in CFD. The results were in 
the form of a mixer design  
used to mix CNG with air to 
obtain a more homogeneous 
mixture. It has not been tested 
with various engine load 
variations 

The mixer 
design results 
can help 
achieve AFR 
CNG in the 
stoichiometry 
area
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Table 8 Research articles on CNG fuel system development part eight 

No Author Research focus Method ‘Analysis of results Finding 

28 [46] Improvement of 
CNG engine 
performance 

Observing the 
Compression 
Ratio (CR) 
aspect to knock 
on CNG 
engines 

Sahoo used CR to 
determine the knock effect 
on a CNG engine. The 
results exhibited that the 
CR 12 gasoline engine 
produced the highest 
knocking, while the CNG 
engine can work on CR 16 
and is more resistant to 
knocking symptoms. 
However, it has not added 
CNG to other fuels 

On the CR 16, 
the CNG engine 
is still able to 
operate without 
knock-out 
effects 

29 [39] Improving CNG 
engine 
performance 

Injection 
method control 

This research compared the 
efficiency of GDI, 
PFI-CNG, and DI-CNG 
systems using 
stoichiometry conditions. 
Although the results 
implied that DI-CNG has 
the highest efficiency and 
reduced emissions, the 
applied injection method 
has not considered the 
application of an intelligent 
control system to improve 
the engine performance 
further 

The application 
of DI-CNG 
provides better 
engine 
performance 

30 [42] Improving CNG 
engine 
performance 

Injection 
method control 

Rai used timing injection 
(TI) settings to determine 
the performance of CNG 
engines with different 
loadings. Subsequently, IT 
applications are evidenced 
to reduce NOx and increase 
smoke. However, the 
intelligent control system 
has not been considered for 
IT control 

The results 
showed that 
increasing the 
injection time 
leads to a rise in 
BTE over time 

31 [7] Improving CNG 
engine 
performance 

Injection 
method control 

Kar compared GDI and 
DI-CNG to determine how 
the engine works with 
charge dilution. The results 
indicated that the lean burn 
strategy led to higher brake 
thermal efficiency than 
stoichiometric operation. 
However, research has not 
been carried out on 
environmental conditions 

EGR/lean burn 
application 
increases the 
total CO2 
equivalent 
emissions 
relative to 
stoichiometric 
operations 
without dilution
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Table 9 Research articles on CNG fuel system development part nine 

No Author Research 
focus 

Method ‘Analysis of results Finding 

32 [49] Improving 
CNG engine 
performance 

Injection 
method control 

This research used an 
RCCI set with injection 
time at 500, 750, and 
1000 bar pressures. The 
results showed that 750 
(Bar) injection pressure 
and the injection time 
(BTDC) of 12.5 led to the 
most optimal engine 
performance. However, this 
research has not considered 
the input from the 
environment/intelligent 
control system 

By integrating 
loading, injection 
time, pressure 
and increasing 
engine 
performance 
under optimal 
conditions at an 
injection pressure 
of 750 bar 

33 [45] Improving 
CNG engine 
performance 

Use of EGR Kumar used dual fuel to 
increase the performance 
of the CNG engine. The 
results showed that BTE 
and BSFC decreased at a 
higher load of 2–3% under 
all loading conditions 
compared to diesel. 
However, no research has 
been carried out on 
applying an intelligent 
control system to control 
mixing in a dual fuel 
system 

In dual fuel 
mode, NOx is 
decreased by 
21%–18%, and 
under all loading 
conditions, BTE 
reduces by 
1–2%, and BSFC 
decreases at 
higher loads by 
2–3% compared 
to diesel 

34 [48] Improvement 
of engine 
performance 

Using reactivity 
controlled 
compression 
ignition (RCCI) 

Watagave set fuel operating 
limits to reduce CNG 
engine noise and provided 
cleaner combustion. The 
results showed that 10 ms 
CNG induction with 90% 
ES was the operating limit 
of the CNG engine, while 
the 60% CNG content 
produced the cleanest 
combustion. However, it 
has not observed AFR 
CNG restrictions related to 
rough sound and 
combustion quality 

In 10 ms CNG 
induction with 
90% energy share 
(ES), and BTHE 
experienced the 
highest 24.2% 
and the lowest 
BSFC 0.3 kg/ 
kW-hr. Low 
Reactive Fuel is 
better than diesel 
at 60% ES
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Table 10 Research articles on CNG fuel system development part ten 

No Author Research focus Method ‘Analysis of results Finding 

35 [58] Improvement of 
engine 
performance 

Using RCCI 
and CR 

Aydin used a variation of CR  
to enhance the performance 
of the CNG engine. The 
analysis proved that CNG 
with biodiesel increases BTE 
and BSEC, while BSFC 
experienced a decrease in 
biodiesel/CNG RCCI and 
various CR operations 

With this 
variation of the 
CR method, 
BTE tends to 
control BTE, 
BSEC, and 
BSFC 

36 [59] Improvement of 
engine 
performance 

Using RCCI 
and CBG 

Harari applied RCCI with a 
combination of CNG and 
Compressed Bio Gas (CBG). 
The analysis indicated that D 
+ CNG gave better results in 
terms of performance and 
emission characteristics. 
However, in AFR, CNG with 
CBG has not been observed 

This method is 
able to increase 
(BTE) at a 
loading flow of 
75% 

37 [60] Improvement of 
engine 
performance 

Using laser 
system 
ignition on 
CNG engines 

Alper compared CNG 
engines to conventional laser 
and ignition systems 

The results 
obtained with 
the laser system 
reduced the 
propagation 
time and kernel 
flame formation 
as well as NOx 
gas 

38 [16] CNG 
Simulation 

Simulating the 
mixer on the 
CNG reducer 
design with 
CFD 

Laser ignition is confirmed 
to reduce propagation time, 
Kernel flame formation, and 
NOx. However, studies on 
the relationship between 
AFR and CNG engine laser 
ignition have not been 
conducted 

The CFD 
simulation 
better predicts 
the CNG engine 
capability at 10 
injection holes 
in the mixer
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Deformation and Strain Analysis 
in Calcaneus Plate Using Digital Image 
Correlation Method 
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Marzuki Alkindi, and S. N. Diah Fitriani 

Abstract Analysis of strain distribution is a key topic in mechanical engineering. 
The two traditional techniques for measuring strain are making grids on test samples 
and using a strain gauge. Both of these methods require a lot of time and work. 
Digital image correlation (DIC), which is based on cutting-edge camera and computer 
technologies, is now an essential tool for measuring strain fields for a variety of test 
specimen scales. The fundamental idea behind DIC is to capture the entire process as 
images and then process those images so that they can be compared with deformed 
image sequences. This comparison can be used to determine the displacement and 
strain distribution down to the sub-pixel level. Several studies have highlighted the 
DIC method in solving bio-mechanic cases. However, limited knowledge is available 
regarding the deformation and strain distribution of bone plate implants. The goal of 
this study is to use the digital image correlation method to measure calcaneal bone 
plate deformation and strain during compression loading. A three-point bending test 
was performed on a calcaneal plate of 3.5 mm and screws that were fixed on the 
Sander’s IIB fractured platform. The method of DIC measurement was discovered 
to determine the location and magnitude of strains at the bone-screw interface as 
well as the magnitude and location of plate stress. 
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1 Introduction 

With modern advancements in computational methods, optics, and graphics 
computing, 3D scanning is rapidly becoming more prevalently adopted in society. 
High-density 3D scanning can be performed at rates of real time or faster, thus 
broadening the scope of applications to which these technologies can be applied. A 
structured light scanning the system projects different light patterns, or structures, 
and captures the light as it falls onto the scene. It then uses the information about 
how the patterns appear after being distorted by the scene to eventually recover the 
3D geometry. 

The potential speed of data acquisition, noncontact nature, the availability of 
necessary hardware, and the high precision of measurement offered by modern 
3D structured light scanning technologies are what make them highly adoptable 
into industries such as medicine, biology, manufacturing, security, communications, 
remote environment reconstruction, and consumer electronics. 

As the number of applications in which structured light techniques are employed 
increases, more interesting and challenging problems arise. It should be noted that 
there is not one 3D sensing technology that solves each issue and works as a general 
solution. The handbook by Zhang (1), which discusses many of the major 3D acqui-
sition techsnologies, can be used to identify advantages and disadvantages of each 
approach. This article, however, focuses on discussing structured light scanning 
techniques. 

Structured light techniques have benefited greatly from recent advancements in 
digital technology. To achieve real-time 3D data acquisition and reconstruction, much 
computational power is required, yet it can now be matched by today’s modern 
computers; even some modern tablet computers can be used for these purposes. 
Given this, it is clear that the barrier to entry for some applications to use these 
technologies is quite low. However, in the past; if a manufacturing operation, for 
example, wanted to use these techniques, it may have been quite difficult to obtain 
the minimally required hardware, let alone to deploy the actual system itself. Modern 
advancements have ensured that the required hardware is relatively easily available. 

Software techniques required to reconstruct 3D data have improved greatly as 
well and these will also be discussed. 

To be useful for a wide range of applications, a system that can capture and 
reconstruct 3D information in real time (online), instead of retroactively (offline), is 
necessary. 

Real time in this context typically refers to acquiring, processing, and visualizing 
the captured 3D data at speeds of at least 24 Hz (2). As mentioned earlier, advance-
ments in hardware have made this a possibility, yet it is not a mere trivial task; many 
problems had to be solved before the technology reached this point. 

As mentioned earlier, structured light scanning is only one method of 3D data 
acquisition. Within the area of structured light scanning, there are many different 
techniques, as well. One method stands out that has shown many advantages and
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derived from laser interferometers:digital fringe projection (DFP). The DFP tech-
nique involves varying sinusoidal patterns; using these methods, speeds of up to 
120 Hz have been realized (3). However, the DFP approach has limits when it comes 
to its actual implementation, due to the sinusoidal pattern itself. 

Eight-bit grayscale images are required to display the sinusoidal patterns, yet 
modern projectors can only display 8-bit patterns at certain rates. Due to these speed 
limitations, among other reasons (such as nonlinearity calibration and correction), 
other methods have been developed. 

These other methods allow for increased speed while limiting the increase of 
system’s complexity. 

Such improvements to DFP include the squared binary defocusing technique 
(4). Whereas speed barriers were approached on today’s digital image projection 
units with 8-bit images, 1-bit structured images can be projected much faster. By 
displaying 1-bit patterns through a defocused projector, the bits are blended together 
to reproduce a natural sinusoidal pattern. Another benefit, other than speed, of the 
binary defocusing technique is its lack of additional complexity due to calibration. As 
only two intensity values are being projected, nonlinearity calibration can be ignored. 
The smaller data transfer rate, increased rate of projection, and lack of complexity 
make this technique very advantageous and 3D shape measurement speeds greater 
than 120 Hz can be achieved. Using binary defocusing and digital light processing 
(DLP) platforms, Zhang et al. Have been able to successfully develop a system that 
performed 3D shape measurement at tens of kHz (5). 

This article aims to provide a review of the different principles used in structured 
light scanning technologies, 3D data acquisition, and, by extension, a summary of its 
many different fields of application. By no means does this article position itself as a 
comprehensive body of work covering all structured light technologies and their finer 
details; several other surveys have been written regarding structured light techniques 
that may be useful, as well (6,7). It should be noted that the content relies on published 
work, either in journals or in conference proceedings, done by us based on our own 
experiments or by others in the field. 

Section 2 will cover different structured pattern encodings. Section 3 will detail 
the steps required to properly calibrate a structured light scanning system. Section 4 
will discuss structured light scanning at real-time speeds including DLP technology, 
3D data acquisition, processing, and visualization. Section 5 will outline several of 
the many fields in which 3D structured light scanning technologies are proving them-
selves to be useful, including communications, human–computer interaction (HCI), 
entertainment, medicine and biology, security, and remote environment reconstruc-
tion. Finally, Sect. 6 will conclude this article along with discussing future directions 
for 3D scanning and, specifically, structured light scanning. 

Non-contact optical imaging methods have replaced traditional strain gauges in 
many material testing laboratories in recent years. Standard strain gauges cannot be 
utilized in some applications due to a number of factors, including the usage of deli-
cate or thin materials or the necessity to measure an object’s whole area of operation 
without mounting several gauges. The most widely used optical technique is digital
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image correlation (DIC), which measures strain over the test sample using stereo-
scopic imaging and analysis. In order to monitor surface displacement and provide 
in-plane 2D measurements of strain, the digital image correlation method was orig-
inally employed in a single camera configuration in the 1980 [1]. Measurements of 
the mechanical properties such as deformation and strain present numerous diffi-
culties in the field of bio-mechanics. Particularly, specimens of bone plates are not 
uniformly shaped and difficult to quantify using conventional strain gauges. More-
over, it complicates data interpretation of the stress and strain connection. The DIC 
approach is well-suited for biomechanical assessments because it can precisely detect 
fullfield, non-contact, three-dimensional stresses and displacements on biomedical 
components at both the macro and microscales. Additionally, DIC may be utilized 
for measurements of a variety of bio-mechanics, including as tension, compres-
sion, torsion, bending, and combined of those loading. The DIC method not only 
promptly produces measurement findings, but also gives the researcher access to 
these results as a complete dataset. Such information is essential for understanding 
complicated materials and structures, especially those with anisotropic properties, 
and for comparing experimental findings to computational models. Measurements 
of biomechanic components deformation and strain frequently confront particular 
difficulties due to complicated geometries and interactions of materials with different 
compositions, such as bone with implants. 

Calcaneal fractures are a frequent foot fracture brought on by high energy trauma, 
such as a fall or motorcycle accident. About 1–2% of all fractures in the human body 
are calcaneal fractures, the most common tarsal bone to be injured. Approximately 
75% of calcaneal fractures are intra-articular, affecting the subtalar joint, and are typi-
cally brought on by a fall from a height with the heel striking the ground directly [2, 
3]. Even the most skilled trauma surgeons find it difficult to treat calcaneal fractures. 
The treatment option of plate fixation is available, but reports of technical issues 
and fracture reduction failure have been made. These designs have only recently 
been made available for calcaneal fractures, following the successful application of 
contoured plates and locking screws for other complex fractures. Deformation and 
strain in the surface of loading materials can be measured using DIC, according to 
a number of previous experimental studies [4–6]. In this experimental study the aim 
is to investigate to use the digital image correlation method to measure calcaneal 
bone plate deformation and strain during compression loading. Our null hypothesis 
was that the different locking plates do not differ in mechanical stability during 
experimental fixation of calcaneal fractures. 

2 Digital Image Correlation Method 

DIC is an non-contact measurement technique. Comparing the grayscale relationship 
between the images before and after distortion is the basic idea behind the digital 
image correlation technique. Before a load was applied, it was assumed in two-
dimensional DIC that the coordinates that would be tracked could be written as
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Fig. 1 Basic principle of digital image correlation method and the coordinate correspondences for 
the same point’s displacement before and after loading 

(xp, yp). The updated positions are represented as (xp’, yp’) after loading. On the 
image after deformation, the location of the corresponding point from the original, 
as depicted in Fig. 1, will be determined [7]. 

The points (xp, yp) can be seen as the center of the subset from which other points, 
like (xq, yq) can be referenced. The reference image can be used to correlate the 
deformed image to the original by using subset matching because it shows where the 
coordinates were before being loaded. The equations below govern the correlation 
algorithms that compute deformed positions relative to initial coordinates [7, 8]: 

xq , =  xq + u p = 
∂u p 
∂x

Δxq + 
∂u p 
∂y

Δyq , (1) 

yq , =  yq + vp = 
∂vp 

∂y
Δyq + 

∂vp 

∂x
Δxq , (2) 

where up and vp represent the x and y parts of the displacement vector at point p, 
respectively. As a result, xq and yq are q’s pre-loading coordinates.
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3 Materials and Methods 

In the experiments, 2D DIC method rather than conventional strain gauge was used 
to measure elongation and distributions of displacement and strain. In the 2D DIC 
method, a high-resolution camera is mounted perpendicular to the surface of the 
object and records the entire deformation process. The measurement accuracy and 
precision are gradually improved by using high-resolution and frame-per-second 
(fps) cameras. The Canon D250 DSLR camera with 18–55 mm (f/3.5–5.6) macro 
lens and 58 mm diameter was used in this study. All experiments were captured at 
a resolution of 1280 × 720 pixels at 60 frames per second. The mechanical three-
points test platform was developed in this to measure the strength of calcaneus plate. 
For the test specimen, a calcaneal locking plate (Synthes, Solothurn, Switzerland), 
screws of 3.5 mm were employed [9]. The installed 2D DIC measurement setup is 
shown schematically in Fig. 2. Digital images will be captured under various loads, 
and DIC will be used to measure the strains that developed in the bonded region. 

A high-resolution camera is used to follow the surface’s distinctive speckle pattern. 
Before applying the speckles, the specimen was prepared by spraying either a white 
or a black background onto the surface. It’s crucial to get a sufficient speckle pattern 
for the digital image correlation in order to get accurate results (black speckles 
with different shapes and sizes). The pattern will then be captured under lighting 
conditions that maximized the distribution of gray levels across the dynamic range, 
as shown in Fig. 3.

After the camera and other tools have been set up, images have been acquired, 
and images have been extracted from video, it is time for the crucial stage of how 
to analyze the strain field that was discovered through the correlation technique on 
images. The Ncorr v1.2.2 program, an open source 2D digital image correlation 
MATLAB program (Matlab R2019a + toolboxes; Image Processing and Statistics),

Specimen 
preparation 

Image acquisition 

Image correlation 

Calculation of 
displacement/strain 

Camera callibration 

Select the 
calculation area 

Results and 
Discussion 

Fig. 2 Workflow of DIC displacement and strain measurement 



Deformation and Strain Analysis in Calcaneus Plate Using Digital … 289

Fig. 3 Spraying the speckle pattern on surface specimen. a Black-white speckle pattern, b Gray-
level distribution

was used to determine the amount of deformation and strain on the specimen surface 
[10, 11]. 

A region of interest (ROI) based on the gauge area and strain area is created as 
part of setting the DIC parameters. As shown in Fig. 4, the application, including the 
loading conditions, anticipated failure mode, and deformation is what determines 
the normal situation. Subset location appears to be taken into account by several 
parameters. The spacing between the dots determines how big the subsets are. In 
essence, reducing the computational load is done by increasing the distance between 
the dots. Options for multiple threads are designed to accelerate computation. More 
threads mean a more precise result, so the more threads, the better. 

The DIC analysis’s initial hypotheses are provided by the seed placement process. 
The seed is then verified in order to avoid processing errors. To convert the displace-
ments from pixels to real units during the calibration and scaling phase of the process, 
it is necessary to specify the corresponding pixels that were used.

Fig. 4 Subset option and region of interest in Ncorr v1.2.2 a Region of interest, b Region seed 
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4 Results and Discussion 

The current calcaneal bone plate was loaded as the DIC system was setup using the 
maximum 500 N force loading that was used in the experiment [12, 13] in order to 
set up images for correlation and processing to create a displacement or strain field. 
After the experiment was fully set up, the reference image was loaded at zero loads, 
as shown in Fig. 5. The sample was photographed for the first time before it was 
deformed, creating the reference image. All of the additional images that need to be 
correlated are gathered in the current images interface and prepared for processing by 
the correlation algorithm. The current image’s format (TIF/Tag Image File Format) 
must be the same for this to work.

The strain option includes a parameter for the strain subset area when calculating 
strain, as shown in Fig. 6. To compute the fitting of a plane, this chosen area has a 
collection of points. In order to avoid noisy strain data, the ideal strain area should 
be chosen similarly to the ideal subset area.

It is assumed either the displacement has been formatted or the strain has been 
calculated [14]. The value of the strain corresponding to the load applied can be 
determined from the contour of strain at 500 N, the value of median strain 1xy is 
0.0014, as presented in Fig. 7.

5 Conclusion 

This study has demonstrated measurement of the strain and deformation of the calca-
neus plate using digital image correlation. This technique offers an alternative to 
the common method for measuring elongation, such as a strain gauge. The find-
ings showed that DIC can be used effectively to study the displacement and strain 
field caused by deformation of the calcaneal plate. Accuracy and practicality can be 
increased by utilizing a system that combines load measurement and image matching 
at the same time, as well as high resolution and magnification lenses, a high speed 
camera, and light.
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Fig. 5 Results of deformation on the surface of calcaneal plate by current loading
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Fig. 6 Strain 1xy contour and median value
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Fig. 7 Strain 1xy deformation of calcaneus plate
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Maximum Power Point Tracker 
for Dual-Energy Dryer Harvesting 
Systems Using Internet of Things 

Saifuddin Muhammad Jalil, Husaini, Rizal Munadi, and Ira Devi Sara 

Abstract In our modern environment, electrical energy has become the most impor-
tant resource. However, it has access to many areas of the world, particularly agri-
culture. As a result, there is a huge need not only to identify alternative energy 
sources, but also to make them available to each sector of the world. Solar energy 
could entirely meet the energy needs, yet it is currently the most untapped energy 
resource. To achieve an alternate method of agriculture product drying system, a 
dual-energy dryer design employing maximum power points tracker was designed 
in this research. Solar panels will generate electricity to charge the battery throughout 
the day, which will subsequently be utilized to power the system, increasing system 
efficiency. The results of real-time data using Internet of Things show the results 
of battery performance and battery output loads as well as significant load devices 
by applying maximum power point tracker as the main mainframe in increasing the 
performance of the double dryer system. Better output results from this dual drying 
system at maximum power control. The novelty of the research in this activity shows 
that the maximum power capture value is more efficient in the dual-energy dryer
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system and the system performance is higher and more accurate with data obtained 
through the Internet of Things. 

Keywords Energy sources · Dual-energy dryer ·Maximum power points tracker ·
IoT · Solar panel 

1 Introduction 

Electricity consumption is continually expanding in our fast-growing planet. The 
scarcity of traditional resources, as well as its negative consequences, prompted 
humanity to consider an alternative and sustainable source of energy [1, 2]. Renew-
able energy sources are the way of the future for powering the entire country [3]. 
Solar, wind, biomass, and geothermal are just a few examples. Solar energy is one of 
the most promising alternatives. The key benefits of such a prospective energy source 
includes simple availability, eco-friendliness, and low operational and maintenance 
costs [4]. 

To optimize the energy received from solar radiation, solar collectors must be 
oriented at the optimal angle. Appropriate design, high thermal performance, and 
collector sizing are critical factors in determining the thermal performance of solar 
collectors [5]. The most critical characteristic that directly impacts the drying rate is 
the temperature within the drying chamber. 

Nonetheless, the changeable weather conditions and the intermittent nature of 
solar energy have a significant impact on the temperature threshold of drying air, the 
quality of the dried items stands greatly, solar dryers remain restricted and ineffective 
in the absence of another energy source and complete control over the whole drying 
parameters [6]. The energy generated by the solar collector is determined by both the 
solar radiation in the collector’s position and the collector’s position in reference to 
the sun. The fact that the sun’s rays turn up the collector diagonally through the day 
and allows for optimal energy output from a solar collector. Solar collector thermal 
performance, an important element of solar-powered systems, varies depending on 
absorber design, solar radiation value, air velocity, and location [7]. 

Studies on solar tracking systems have been undertaken in the literature to make 
better use of solar energy, Maximum Power Point Tracking (MPPT) is used to 
precisely track the maximum available solar panel power [8, 9]. The fundamental 
objective of the MPPT is to acquire maximum power output from photovoltaic 
panels regardless of climatic conditions such as sun irradiation and temperature, 
these controllers provide the proper quantity of power, reducing costs and increasing 
system dependability [10]. The purpose of this research is to improve the performance 
and real-time data (RTD) of the prototype in the drying process in order to shorten the 
drying time, update the data and the problem of uniform distribution of drying heat to 
humidity with controlled and stable drying. parameters by implementing IoT-based 
innovations. The Internet of Things (IoT)-based solar dryer prototype will easily and 
in more detail get real-time data so that it can provide an overview for researchers,
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Fig. 1 Schematic of dual dryer with MPPT based Arduino Mega 

practitioners, and policy makers about the many positive benefits of implementing 
IoT innovations that have been applied to solar-powered dryers prototype [11–13]. 

Typically, MPPT approaches operate on a relatively basic perturb and observe 
procedure. The converter first causes a disturbance in the panel voltage, the PV 
panel’s power output changes as a result of this disturbance [14, 15]. Based on 
the measured transformation in power, a further evaluation was made on whether to 
further disrupt the panel’s voltage and to what extent. The power tracker is compatible 
with several devices [16]. Component reduction and effective resource usage are 
among the principal advantages of the maximum power tracking approach. The 
integration of solar cells with smart grids is unachievable without the utilization of 
MPPT [17]. However, due to the speed characteristics, oscillation is likely near the 
tracking point. As a result, PV cell faults influence the efficacy of the maximum 
power point tracking method [18–20]. 

The current work describes the design and implementation of an Arduino Mega 
system-based MPPT for a dual-dryer system. Figure 1 depicts a block schematic 
of the proposed system. The system comprises a solar panel with a MPPT module 
connected to a charge controller that feeds an Arduino Mega and a battery to power 
the dryer system as a whole. 

2 Methods 

In this study, solar panels, Arduino Mega, a load control circuit, a buck-boost 
converter, a DC motor, a dual-channel 5 V relay, a temperature and humidity sensor, a 
heating element, a DC fan, and a conveyor belt are among the components utilized to 
overcome the drier process. The easy-to-use dual-energy solar-powered automated 
drier is designed to dry agriculture product rapidly and effectively. Figure 1 depicts 
the functioning block diagram. Solar panel with MPPT is has the main function in 
triggering the whole system to input the charge to battery and feed the system of
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Arduino Mega to ensure the drying process occurred, the sensor also fed the param-
eter input to the Arduino Mega as the control of drying parameter as the main goal 
of the dual-energy drying system. 

Figure 2 depicts the experimental device setup; the device consists of a solar panel 
and a cylindrical chamber equipped with a DC motor as the rotating device and a 
control system centered in Arduino Mega to ensure the drying process occurs effi-
ciently; the dryer chamber is made of aluminum mesh material to provide flexibility 
and circulate the air to prevent heat imbalance inside the dryer chamber. 

Fig. 2 Setup design for dual-energy dryer
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3 Results and Discussion 

3.1 Battery Performance of Dual-Dryer System 

The usage of MPPT to power electrical equipment in this dual-dryer based on solar 
panel comes as a means to increase the efficiency of a solar panel. With MPPT, the 
system will start at Maximum Power Point (MPP) and create its maximum power 
output by measuring the maximum solar radiation that falls on the PV module. The 
MPPT solar charge controller transfers electricity from higher voltage levels to lower 
voltage levels by acting as a DC-DC transformer. The output current will be greater 
than the input current if the output voltage is less than the input voltage. 

The measurement result shown in Fig. 3 is the process of battery charge during the 
test from morning time to afternoon as shown in graph the highest voltage measured 
14,2 V using the MPPT. 

As seen in Fig. 4, the phenomenon of current charging of a battery from morning 
to afternoon revealed 5 A. This shows that the MPPT effectively records the peak 
power point. 

Fig. 3 Battery charge voltage measurement chart 

Fig. 4 Battery charge current measurement chart
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4 Load Performance of Dual-Dryer System 

Increasing incident solar radiation on the system and monitoring the maximum 
power point of the system have the ability to enhance the output power of a solar 
panel system. Figure 5 indicates that using MPPT has a significant influence on the 
performance of the load device, as evidenced by the tested dual-dryer system. 

With high and moderate radiation levels, the performance of the dual-dryer system 
with the MPPT is investigated. Figure 5 depicts the observed power output measure-
ment of solar panel system. The module power is clearly measuring the maximum 
power throughout the day. The MPPT keeps the load functioning at the maximum 
power point. 

Figure 6 shows the measurement result. The decrease in humidity during the 
drying system test shows the main effectiveness of using MPPT. 

The maximum power point tracking function is activated by a constant temperature 
control, resulting from the design parameters of light intensity and characteristics of 
the dual-dryer system, as depicted in Fig. 7.

Figure 8 shows the highest light intensity on drying system measurement indicates 
the maximum power rise rate as shown in the measurement results during the device’s 
dual-dryer system test.

Fig. 5 Power output battery measurement of solar panel system 

Fig. 6 Humidity measurement of solar panel system 
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Fig. 7 Temperature measurement of solar panel system

Fig. 8 Light intensity measurement 

5 Conclusions 

Solar energy is an important energy source for the future because it is the most 
predictable source of renewable energy and provides large amounts of energy to many 
sectors of the world, especially agriculture. Therefore, the development of MPPT 
technology in IoT-based drying systems is very important to increase the efficiency 
and output of solar panels while increasing dependence. This study proposes an 
Arduino Mega-based maximum power point tracking controller to determine the 
MPP and then adjust the solar panel to operate at the right operating voltage. Research 
output data for normal operating power, photovoltaic, and maximum power in terms 
of maximum power tracking performance show a significant improvement in the 
drying process. 
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Implementation Phase Change Material 
at Cold Side of Thermoelectric Cooler 
Box as Thermal Energy Storage 

Adi Winarta, INyoman Suamir, IMade Rasta, and Achmad Wibolo 

Abstract In a particular application, thermoelectric refrigeration has an unrivaled 
excellence which other refrigeration systems may fail to accomplish it. Especially in 
application related in medical purposes. An accurate temperature stability is essential 
for this application. This study examined the performance of a thermoelectric cooler 
box with a cold sink that fills with Phase Change Material (PCM). Two different PCM 
were tested and analyzed for their energy efficiencies related to the thermoelectric 
cooler box. The cooler box has 240 × 260 × 265 mm dimension and is supplied with 
two Peltier modules. The power supply to the module was controlled by a thermo-
controller and set to interrupt the supply if a temperature condition was achieved 
during the test. The purpose is to exchange the cooling supplied from thermoelectric 
with cold PCM inside the container. Thus it can reduce the power consumption of 
thermoelectric. The result shows that PCM 2 which mixed of 95% of tap water and 
5% soya ester could hold the temperature of the cooler box more stable and longer 
than tap water as PCM 1. Furthermore, the result also shows that using PCM 2 has 
potential energy storage in thermoelectric application devices compared with PCM 
1. 

Keywords Thermoelectric cooler box · Phase change material · Thermal energy 
storage
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1 Introduction 

Nowadays, refrigeration is an essential aspect of human life, exclusively in the 
medicine and food process industry. The vapor compression refrigeration system 
(VCRS) is the most applied in those industries. The system uses refrigerant as a 
working fluid; most of the refrigerant is not environmentally friendly. Therefore, 
researchers worldwide have to work hard to find and optimize systems that are 
more energy efficient and free from environmental issues. Fortunately, thermoelec-
tric cooling (TEC) is one promising technology to answer the above problem. In 
addition, technological developments today in renewable energy (PV cells) and ther-
moelectric materials increase the feasibility of using thermoelectricity in refrigeration 
systems [1, 2] 

Thermoelectric cooling (TEC) is a latter refrigeration system whose principal 
work is based on the Peltier, Seeback and Thomson effect. Some people also call 
thermoelectric with a Peltier module. Operation of thermoelectric module begin when 
a DC current passes through a junction made from couple of p-n type material of 
semiconductor then heat is carried out from the cold to the hot surface. The quantity 
of heat dissipated by the hot side related to the cooling method and the current supply. 

Peltier module has several advantages such as no moving part, no friction and 
noise, light and compact structure, no refrigerant use, and almost free maintenance. 
Unfortunately, its energy performance is still very low compared with VCRS. The low 
performance of thermoelectric makes its development in many applications relatively 
slow compared with the VCRS. 

Thermoelectric find their best use in medical, aviation and spaceship which 
requiring accurate and precise temperature control for specific refrigerated areas. 
Indeed, the researchers have made enormous progress in the field of cooling by ther-
moelectricity. Recently, low-cost thermoelectric cells have been rapidly developed 
by the industry and are produced in several sizes [3]. The good things is this module 
will obtain better parameter, such as higher cooling capacities, more compact dimen-
sion, varied shapes and sizes and lower prices in the next future [4, 5]. Therefore, 
this work then become more important and increase its possibility. 

Many studies have been performed regarding to evaluating the performances of 
thermoelectric refrigeration. Enescu and Virjoghe [6] stated that the COP of ther-
moelectric refrigeration cannot more than 0,5 for the 20 K temperature difference if 
its power by conventional electricity. Only if uses renewable energy to supplied the 
electricity, it can reach more than 0,5. Gokçek and Shahin [7] successfully increase 
the performance of thermoelectric refrigerators using a water cooled heat sink with 
mini channel for the cooling block. They claim that the performance of their system 
around 0,41. Riffat and Qiu [8] numerically studied about cylindrical water cooled 
heat sink. They found that cylindrical water cooled has overall heat transfer 20 time 
compared with air cooled heat sink. Mirmanto et al. [9] proposed a study of thermo-
electric cooler box using different type of heatsink on the hot side. Two type of heat 
sink such as a Heat Sink Fan (HSF) and Double Fan Heat Pipe (DFHP) were used 
to absorb the heat dissipation from the hot side. Their result shows that the HSF has
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lower energy consumption. Cuce et al. [10] conduct an experimental about improving 
COP of cooler box using water cooled block system and nanofluid working fluid. 
Al2O3, TiO2 and SiO2 were used as nanoparticle to water-based working fluid for 
water cooling block. They claim that using nanofluid for water block system has 
significant improvement for the temperature of cooler box cabin. Winarta el al. [11] 
conduct an experimental using vapor chamber as the cooling method of thermoelec-
tric hot side. The highest COP obtained when the current supply to the Peltier module 
is 4 amperes. 

Few researchers use phase change material (PCM) to increase the performance 
of thermoelectric cooling. Riffat et al. [12] were the researcher who investigated 
the employment of PCM (ClimSel C7) within the heat sink unit. The PCM inside 
the enclosure contacted with the cool side of the thermoelectric system through the 
aluminum block. Their results shows that encapsulated PCM improved the perfor-
mance of thermoelectric cooler box. Omer et al. [13] then continued his study by 
adding thermosyphon as the thermal diode between Peltier module and the cold sink. 
In addition, they also compared the performance of their proposed system with the 
similar one but without the thermosyphon. They conclude that the proposed system 
could prevent heat leakage from PCM when the supply power off. Zhao and Tan 
[14] performed a study of integration PCM with thermoelectric for space cooling. 
Similar cooling effect also could achieve using the thermal diode as though the system 
without it. However, there is still a lack of study about implementing PCM as the 
thermal energy store for thermoelectric refrigeration. 

The objective of this present study is to determine whether the effect of the imple-
mentation of PCM on the cold side of the thermoelectric module could save power 
consumption. Therefore, the thermoelectric cooler box is expected to have a more 
efficient and effective use of energy in the future (Fig. 1). 

Fig. 1 Schematic diagram of experimental setup of the thermoelectric cooler box. The PCM 
container detail schematic picture shown at left side
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2 Methodology 

The experimental test consists of a cooler box, two thermoelectric modules, a heat 
sink for cold and hot sides of the module, and a data logger unit for temperatures and 
power input. The box dimension is 240 × 260 × 265 mm with a thickness of 40 mm 
and is made from polyurethane material. The top of the cooler box is partly wood and 
framed with polyurethane material. It is also composed of two TEC2-19,006 with 40 
× 40 × 6.3 mm of dimension. The thermoelectric is attached to the cold sink, which 
also functions as a PCM container. The detail of the cooler box is shown in Fig. 2. 
Tap water and mixture of water and soya ester are used in this experiment. The liquid 
volume is about 360 ml. The PCM container is made from aluminum and attached 
with fins to extend the heat transfer area. In Fig. 2, the detailed schematic picture of 
PCM container is also presented for the detailed construction. Two heat pipe heat 
sinks with fans were used to dissipate the heat from the hot side. The gaps between 
the cold sink, thermoelectric and the heat sink heat pipe are minimized with thermal 
paste. Temperature measurements are carried out at 11 points such as hot (ThotTEC) 
and cold side (TcoldTEC) thermoelectric, PCM liquid (T PCM), PCM container (T 
Cold Sink), cabin (T Cabin), cabin wall (T wall Cabin) and ambient (T ambient). 
Type K of the thermocouple and Lutron BTM-4208SD 12 channels data logger was 
employed to measure the temperature history of this experiment. Power consumed 
by the thermoelectric was captured by a measurement system using PZEM-017 DC 
meter coupling with Arduino Uno. The energy data is then stored on a laptop for 
later analysis.

Figure 2 shows the picture of experimental test. The power supply to the thermo-
electric was regulated using a thermo-controller W1219 dual display. The tempera-
ture of liquid PCM was used as the setting value for controlling the power supply 
to the thermoelectric. The setting value was −7 °C with 2.5 °C differential. Liquid 
PCM inside the container was assumed already solid with this setting value. After 
that, the supply current of the thermoelectric will be cut by the thermo-controller. 
The solid phase of PCM will cool down the temperature of the cooler box cabin. On 
this occasion, no heat load was located inside the cooler box. The DC supply was 
set at 13 V and 4.5 A to power the Peltier module. The ambient temperature is set at 
25 °C using air conditioning. 

3 Results and Discussion 

Figure 3 shows evolution temperature versus time for the test using tap water as 
PCM 1. Initially, all the temperature measurement were display around 25 °C near 
the ambient temperature. As soon as the current flows to the Peltier module, the cold 
and hot sides temperatures separate each other. The temperature of TcoldTEC falls 
rapidly to −3 °C in 2070s (34 min). After that, its curve slowly decreases until the 
14750th second (245 min). At the same time, ThotTEC increases sharply and then
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Fig. 2 Actual experimental work

gets stable around 42–43 °C. This result validates our experimental work because it 
shows a similar trend with previous publications [7, 9, 11, 15, 16]. Furthermore, T 
PCM trend follows the pattern of cold junction temperature with few degrees higher. 
The slope of TcoldTEC temperature increases from 14,750 to 20,550 s, dropping to − 
8,4 °C. The changing slope of temperature might be the effect of the transition process 
of PCM from liquid to solid. Due to the low cooling capacity of thermoelectric, the 
phase change process was time-consuming. At 20,560 s, the temperature of Tcold 

TEC and PCM suddenly jump to 0.3 °C due to the response of thermo-controller 
cut-off. The electricity supplied to the thermoelectric was shut off for around 150 s 
due to the thermo-controller setting value. Three sets of cut-offs and cut-in are shown 
clearly in the graph, which makes the cabin temperatures fluctuate.

Figure 4 presents the temperature data using PCM 2, which contains 95% of 
tap water and 5% soya ester. As seen on the graph, the temperature of TcoldTEC, 
during the cooling phase, falls to −301 °C in 3070 s and then drops slowly and 
almost stably. After being stable for nearly 180 min, thermo-controller cut-off the 
power to the Peltier module, which automatically increases the temperature of the 
cold side TEC. The PCM temperature also follows this increment. On the other 
hand, ThotTEC temperature drops below the ambient temperature due to no heat 
dissipating. Surprisingly, the cabin temperature is almost stable, around 7–8 °C, 
despite a temperature change of PCM due to a power supply interruption to the 
Peltier module.
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Fig. 3 Experimental data of variation of temperatures TEC cooler box using PCM1 (tap water)

Fig. 4 Experimental data of variation of temperatures TEC cooler box using PCM 2 

The charging process of PCM, regarding of cooling process, is related to the 
transition phase from liquid to solid material. The storage of cold energy in the 
phase change materials causes the solidification of the PCM material. Based on 
temperature history analysis, PCM 1 shows lower temperature and longer cooling 
period than PCM 2. This might be due to delay of solidification process of PCM 1, 
which composed from 100% tap water. Hence, using PCM 2, implemented on a cold 
surface of the Peltier module, is more feasible for saving energy than PCM 1. 

The on–off cycle of profile temperatures from both tests is observed into a detailed 
graph, as shown in Fig. 5, to examine the phenomena in more detail. One complete 
cycle consisting of an on-and-off period could be interpreted as a charging and
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discharge process, as cold energy is absorbed and released to maintain the cabin 
temperature. Fast increase of PCM 1 temperature (a) indicating rate of heat transfer 
from cabin to the water tap as PCM. The temperature of PCM 1 rises with a higher 
Delta T (dT), from −9 to 2.7 (11,7 K) compared with PCM 1, when the thermo-
controller cuts off the current supply to the thermoelectric. As shown in the graph, 
fluctuations in PCM 1 temperature and the cold side of TEC cause disturbances in 
cabin temperature. These phenomena may occur due to an incomplete phase change 
process in PCM 1 becoming solid. The phase change process of tap water requires 
supercooling almost 40 degrees below the phase change temperature (0 °C) [17, 18]. 
The data also shows that PCM 2 has a longer off-time than PCM 1. The off-time 
of thermoelectric energy supplied is related to discharge process of phase change 
material. The discharge process on the PCM 2 occurs slower and longer due to 
higher energy which has been storage during the charging process, compared with 
PCM 1. Or, we could say that, PCM 2 has been completely frozen before the thermo-
controller stop the energy supply, and then giving out their energy storage to absorb 
the heat from the cabin. Much cold energy can be absorbed by the PCM 2 compared 
with PCM 1.

The off-time of thermoelectric supply power is related to discharge time in phase 
change material, which shows the material’s ability to maintain the cabin temperature 
without an electricity supply. PCM 2 is more capable of maintaining a more stable 
cabin temperature than PCM 1. Our results find that using PCM 2, the mix of tap 
water and soya ester can maintain better temperature stability in the cabin for this 
cooler box application. 

Figure 6 shows the comparison of power consumption of thermoelectric in the 
experimental test using PCM 1 and PCM 2. The graph shows that PCM 2 has 
lower energy consumption due to a longer off-time cycle corresponding with longer 
discharging time, as shown in Fig. 4. As indicated by the increased distance between 
power off and on to the Peltier module. Using tap water mixed with soya ester for 
thermal energy storage at the cold side of the thermoelectric can reduce the Peltier 
module’s energy consumption. On the other hand, the capability of reduced energy 
consumption in PCM 1 failed to show, which is depicted in a shorter off cycle 
compared with PCM 2, as described in Fig. 6.

Tables 1 and 2 compile the data on the thermoelectric cycling process, such as on– 
off condition time, TEC and PCM temperature, thermo-controller time, and charging-
discharging period which already shown at Fig. 5a and b. From the data, the average 
ratio of discharge and charge is calculated for each PCM. This ratio may be indi-
cating the effectiveness of PCM for the thermal energy storage. The average ratio of 
discharge and charge for PCM 2 is 0.36 meanwhile, 0.121 for PCM 1. PCM 2 has 
three times higher than PCM 1. The result shows that PCM 2 has the three time of 
discharge and charge ratio than PCM 1, which means that the capability of thermal 
energy storage for PCM 2 is better than PCM 1.
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Fig. 5 Temperature evolution during cycling process of Tcold TEC and PCM in PCM 1 a and 
PCM 2 b experimental result

Fig. 6 Power consumption comparison between PCM 1 and PCM 2
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Table 1 Time and temperature of cycling on–off, charging and discharging period using PCM1 

Stages Thermo-controller Time TEC 
temperature 

PCM 
temperature 

Charging 
period 

Discharge 
period 

Ratio 
discharge 
and 
charge 

[second] [C] [C] [minutes] [minutes] 

I Off 20,560 −8.4 −7.05 2.50 

On 20,710 1.05 0.3 

II Off 22,520 −9.1 −7.25 30.17 5 0.083 

On 22,820 2.3 1.35 

III Off 24,660 −7.3 −6.6 30.67 3.67 0.163 

On 24,880 2.2 1.1 

IV Off 26,750 −7.8 −6.95 31.17 3.83 0.118 

On 26,980 2.3 1.2 

Average ratio of discharge and charge 0.121 

Table 2 Time and temperature of cycling on–off, charging and discharging period using PCM2 

Stages Thermo-controller Time TEC 
temperature 

PCM 
temperature 

Charging 
period 

Discharge 
period 

Ratio 
discharge 
and 
charge 

[second] [C] [C] [minutes] [minutes] 

I Off 14,170 −5.5 −4.2 28.67 

On 15,890 1.1 0 

II Off 20,340 −5.5 −4.8 74.17 28.7 0.39 

On 22,060 1.1 0.6 

III Off 27,400 −5 −3.9 89.0 15 0.32 

On 28,300 0.4 0 

Average ratio of discharge and charge 0.36 

4 Conclusion 

The implementation of PCM as thermal energy storage in the cold side of thermo-
electric cooler was tested in this study. The PCM container was tested using two 
materials (tap water as PCM 1 and mix of tap water and soya ester PCM 2). The 
results showed that the use of PCM 2 produced better thermal energy storage capa-
bilities than PCM 1, indicating greater savings in thermoelectric power supply. The 
cycle on–off temperature at PCM 2 is longer than PCM 1. The cabin temperature 
also more stable at 7–8 °C. Better power reduction also achieved at PCM 2 and this 
led to higher ratio of discharging-charging ratio.



314 A. Winarta et al.

Acknowledgements The authors would like to acknowledge Mechanical Engineering Department 
Politeknik Negeri Bali for its research facility. The research is supported by the Politeknik Negeri 
Bali through Penelitian Unggulan DIPA PNB with the contract number: SP DIPA-023.18.2.677608/ 
2022 Revisi ke 03 tanggal 15 Februari 2022. 

References 

1. Zhao L-D et al. (2014) BiCuSeO oxyselenides: new promising thermoelectric materials. Energy 
Environ Sci 7(9):2900–2924. https://doi.org/10.1039/C4EE00997E 

2. Kim JY, Lee J-W, Jung HS, Shin H, Park N-G (2020) High-efficiency perovskite solar cells. 
Chem Rev 120(15):7867–7918. 12 Aug 2020 

3. Hadjiat MM, Salhi K, Ouali S, Ait-Ouali A, Hazmoune M, Imessad K (2020) Experimental 
study of a thermoelectric refrigerator. In: ICREEC 2019, Singapore, 2020, Springer, Singapore, 
pp 27–34 

4. Salsabila E, Ajiwiguna T, Suhendi A (2019) Performance evaluation of TEC1–12706 thermo-
electric cooler module at low temperature experimentally. In: 2019 International conference 
on information and communications technology (ICOIACT), 2019, IEEE, pp 835–838 

5. Enescu D, Ciocia A, Mazza A, Russo A and assessments (2017) Solutions based on 
thermoelectric refrigerators in humanitarian contexts. 22:134–149 

6. Enescu D, Virjoghe EO (2014) A review on thermoelectric cooling parameters and perfor-
mance. Renew Sustain Energy Rev 38:903–916. 01 Oct 2014 

7. Gökçek M, Şahin F (2017) Experimental performance investigation of minichannel water 
cooled-thermoelectric refrigerator. Case Stud Therm Eng 10:54–62. 01 Sep 2017 

8. Riffat SB, Qiu GQ (2006) Design and characterization of a cylindrical, water-cooled heat sink 
for thermoelectric air-conditioners. 30(2):67–80 

9. Mirmanto M, Sayoga I, Sutanto R, Alit I, Nurchayati N, Mulyanto A (2018) Experimental 
cooler box performance using two different heat removal units: a heat sink fin-fan, and a 
double fan heat pipe. 10 

10. Cuce E, Guclu T, Cuce PM (2020) Improving thermal performance of thermoelectric coolers 
(TECs) through a nanofluid driven water to air heat exchanger design: an experimental research. 
Energy Convers Managem 214:112893. 15 June 2020 

11. Winarta A, Rasta IM, Suamir IN, Puja IGK (2021) Experimental Study of thermoelectric 
cooler box using heat sink with vapor chamber as hot side cooling device. In: Proceedings of 
the 2nd international conference on experimental and computational mechanics in engineering: 
ICECME 2020, Banda Aceh, October 13–14, Akhyar, Ed. Singapore, Springer Singapore, pp 
389–399 

12. Riffat SB, Omer SA, Ma X (2001) A novel thermoelectric refrigeration system employing heat 
pipes and a phase change material: an experimental investigation. Renew Energy 23(2):313– 
323. 01 June 2001 

13. Omer SA, Riffat SB, Ma X (2001) Experimental investigation of a thermoelectric refrigeration 
system employing a phase change material integrated with thermal diode (thermosyphons). 
Appl Therm Eng 21(12):1265–1271. 01 Aug 2001 

14. Zhao D, Tan G (2014) Experimental evaluation of a prototype thermoelectric system integrated 
with PCM (phase change material) for space cooling. Energy 68:658–666. 15 Apr 2014 

15. Midiani LPI, Subagia IWA, Suastawa IW, Sapteka AANG, Winarta A (2020) Preliminary 
investigation of performance and temperature distribution of thermoelectric cooler box with 
and without internal fan. J Phys: Conf Ser 1450(1), pp 012088. 01 Feb 2020 

16. Winarta A, Made Rasta I, Ike Midiani LP, Wayan Adi Subagia I, Gde Sapteka AAN (2021) 
Experimental study of thermoelectric cooler box using heat sink with u-shape heat pipe and 
methanol working fluid. In: IOP conference series: materials science and engineering, vol 
1034(1). pp 012033. 01 Feb 2021

https://doi.org/10.1039/C4EE00997E


Implementation Phase Change Material at Cold Side of Thermoelectric … 315

17. Safari A, Saidur R, Sulaiman FA, Xu Y, Dong J (2017) A review on supercooling of phase 
change materials in thermal energy storage systems. Renew Sustain Energy Rev 70:905–919. 
01 Apr 2017 

18. Rasta IM, Suamir IN (2018) The role of vegetable oil in water based phase change materials 
for medium temperature refrigeration. J Energy Storage 15:368–378. 01 Feb 2018



Supercooling Behavior of Water-Based 
Solution with Propylene Glycol 

Adi Winarta, Achmad Wibolo, INyoman Suamir, and IMade Rasta 

Abstract Thermal energy storage using phase change material (PCM) is considered 
a promising technology for future energy needs due to its low-cost and high storage 
capacity under isothermal conditions. Supercooling of phase change materials (PCM) 
during the transition process from liquid to solid is a major problem in thermal energy 
storage, which reduces energy efficiency and exacerbates energy wastage. This study 
focuses on the supercooling characteristics of PCM under heterogeneous nucleation, 
which provides a new idea to investigate the effect of nucleating agents on the super-
cooling rate of aqueous solutions. Understanding, predicting, and, where possible, 
preventing, or at least reducing, supercooling is particularly important for latent heat 
thermal energy storage systems, as the temperature differences within them must be 
small to achieve higher efficiencies. Water is the most popular PCM today because 
it has good characteristics despite high supercooling. Various PCM samples were 
prepared and tested in this study to reduce water supercooling. The sample comprises 
water and propylene glycol solution in various percentages (10/90, 20/80, and 30/ 
70). The t-history method is applied to test the samples. The results showed that 
the water supercooling decreased with the increase in the percentage of propylene 
glycol solution in water, from 10 degrees to 6, 4, and 2 degrees, respectively, making 
it suitable for cooling applications. 

Keywords Supercooling · Nucleated agent · Phase change material · Thermal 
energy storage
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1 Introduction 

The technology of latent heat thermal energy storage has become one a popular 
research topic due to its huge benefit and massive industrial applications, including 
aerospace, air conditioning and refrigeration, solar thermal storage systems, and 
building heating. A large amount of literature on experimental and numerical studies 
has been published in the last few decades [1–3]. 

The thermal storage concept has been investigated since the 1970s [4]. After that, 
the phase change material (PCM) was introduced to improve the performance of 
thermal energy storage due to the massive energy density and minimum temperature 
changes during the phase transition [5]. 

PCM is divided into two categories: organic and inorganic. Inorganic PCM has 
the characteristics of a significant phase transition temperature range, large enthalpy 
value, and unstable energy output. In contrast, organic PCM has the characteristics 
of low heat storage density, does not corrode, and does not undergo supercooling 
[6]. The enthalpy of the phase transition of inorganic salts is large. Although its 
transition temperature is stable, the supercooling rate during the phase transition is 
significant. This inorganic salt is also corrosive to the storage material. Furthermore, 
phase separation occurs with increased phase change cycles [7]. 

There are several methods to hinder the PCM supercooling, such as nucleating 
agents [8–10], ultrasonic vibration [11–14], and mechanical vibration [15]. Adding 
nucleating agents and thickening agents to phase change materials are mostly adopted 
methods by researchers to reduce the rate of supercooling and phase separation 
[16–20]. 

Supercooling is a phenomenon in which a liquid freezes below its usual freezing 
point. The PCM is still liquid below its melting point, which can cause the material to 
fail to function as thermal energy storage. Hence, controlling supercooling becomes 
crucial in PCM technology to ensure that latent heat energy storage can be performed 
at isothermal temperatures. 

The importance of supercooling phenomenon is reflected in the increasing number 
of published articles and patents which discuss supercooling in their topics over the 
last few decades. Figure 1 illustrates this trend based on Google Scholar data.

Depending on the given application, supercooling can be helpful or destruc-
tive. However, treating this phenomenon requires a good knowledge of its mate-
rial behavior under different conditions. Supercooling is a prevalent phenomenon 
in nature and technological processes, but it is still difficult for researchers and 
developers to control. 

Supercooling was introduced through its emergence in nature or everyday appli-
cations such as food preservation, water transition from liquid to solid, and many 
natural phenomena. Water is the most well-known PCM when studying supercooling 
in nature. The importance of considering this phenomenon in experimental and 
research work is explained by presenting its direct effect on application performance 
and efficiency.
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Fig. 1 Trend of supercooling handling in published article until 2020 [21]

Searching for low-cost materials that can be used for proper latent thermal energy 
storage has led researchers to study new materials or maximize the potential of known 
materials. The new phase change material should have better performance or thermal 
and chemical stability regarding PCM performance. 

Thus, proper nucleation ability while releasing and absorbing latent heat is essen-
tial. In addition, the supercooled material must have enormous activation energy 
for nucleation to avoid spontaneous crystallization under supercooled conditions. 
Although several developers have provided well-established theories of meta-stable 
fluids, calculating thermophysical properties remains an open issue. Controlling the 
behavior of supercooled or liquids is a new challenge in technical applications. There-
fore, understanding the crystallization process for supercooling control is critical to 
PCM research and technology advances. 

Water is currently a well-known PCM because it has good characteristics. 
However, water has a high supercooling capacity, limiting its practical application as 
a thermal energy store. The scope of this paper is to select the best nucleating agent 
for use with water to optimize its performance as a phase change material by reducing 
its supercooling. The choice of nucleating agent was considered and compared with 
the results obtained to strengthen their effect. 

This study aims to reduce the degree of supercooling of water by adding propylene 
glycol solution. Due to supercooling being a crucial parameter and critical issue 
from a practical point of view of thermal energy storage, methods for controlling 
supercooling are the basis for advanced thermal energy technology.
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2 Methods and Materials 

The material used as PCM in this study is water-based with various percentages 
(5, 10, 15, 20, 25 and 30%) of propylene glycol solutions. Those mixtures were 
prepared and then tested as PCM. After that, their result compared with common 
water tap to find the effect of glycol solution regarding to supercooling perceptive. 
There are a few methods of measuring the degree of supercooling, which basically 
measures supercooled liquids melting and freezing points with acceptable accuracy. 
One common measurement method is T-history, as depicted in Fig. 2. This simple 
method provided simplicity for determining the melting point, the heat of fusion, 
specific heat, and thermal conductivity of PCM with reasonable accuracy. Those 
mixtures were PCM samples (each of 10°C) were put inside the glass tube and then 
immersed in the water bath chamber, as shown in Fig. 2. The water chamber was 
cooled down from 25 to −20 °C with refrigeration until below the transition phase 
temperature. The temperature versus time curves of PCM samples were taken, and 
their thermophysical properties were obtained by comparing them with the other 
known reference materials (tap water) [22]. Zhang and Jiang measured the thermo-
physical properties of several PCMs using the T-history method and found sufficient 
concordance between the results and the data available in the literature [23]. The 
detail of T-history method used in this work is explained clearly in [24]. Temper-
ature measurement of the PCM sample performed using type K thermocouple and 
data acquisition with personal computer. 

Fig. 2 T-history method schematic diagram [23, 24]
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Fig. 3 a Temperature curve of liquid in different phase, b Freezing process of tap water with 
supercooling 

3 Results and Discussion 

3.1 Supercooled Liquid Thermal Energy Storage 

Figure 3a shows the supercooling curve and the thermal behavior of the supercooled 
liquid for tap water before solidification begins (change from liquid to solid). Poor 
crystal growth or nucleation makes a deep supercooling process, which takes a lot of 
energy to perform the process. The graph proves that it takes longer for ice cores to 
form a bulk solid due to nucleation delay. In addition, the temperature of water falls 
below its melting point. The temperature of tap water rises and stabilizes at the melting 
point (Tm) immediately after crystallization. Figure 3b shows the detail explanation 
for transitions of water tap from liquid to solid. It shows that the temperature of 
liquid fall below the melting point before the nuclei begin to form. After that, the 
temperature of water tap increases suddenly for initial solidification and latent heat 
release. The water temperature is almost stable until the end of latent heat release 
when solidification occurs. 

Figure 4 shows a supercooled or very cold liquid and its solid state. Liquids 
in which they remain in the liquid phase when cooled below their melting point 
temperature. Supercooled liquids require additional energy to release the stored latent 
heat. In addition, the supercooled material must have a large activation energy for 
nucleation and avoid spontaneous crystallization under supercooled conditions. For 
example, pure water can be supercooled to −41 °C, at atmospheric pressure in the 
laboratory without transitioning to the solid phase [24].

3.2 Degree Supercooling 

The level of supercooling is the difference between the theoretical melting temper-
ature of a substance and the lowest temperature reached by the liquid phase before
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Fig. 4 Picture of supercoled liquid in different phase

the solidification process begins. In this period, the nucleation process or ice core 
formation occurs. Supercooling degree expressed as a hysteresis equation below [25]:

ΔTs = Tm− Tn (1) 

where ΔTs refers to the degree of supercooling, Tm is the melting temperature, and 
Tn is the nucleation temperature. Reduced the difference between Tm and Tn would 
increase the effective heat capacity of supercooled liquids. 

Figure 5 shows a graph of the temperature in the solidification process of water 
with the addition of propylene glycol percentages of 5, 10, 15 and 20% variations 
to tap water. Adding glycol solution with different percentages to tap water results 
in different temperature evolution, as shown in Fig. 5a–d. In general, the PCM solu-
tions freezes after the cooling temperature are well below its typical freezing point 
temperature. The crystallization process goes through several phases: the induction 
phase, the crystal growth phase, and the crystal regrowth phase. During the induction 
phase, the nucleus is formed and grows to a sufficient size to become stable (a nucle-
ation center is formed). Furthermore, PCM crystals diffuse toward the nucleus to be 
adsorbed on its surface and grow the nucleus. The adsorbed material migrates along 
the surface and is incorporated into a crystalline form. These tiny crystals continue to 
grow and eventually become large enough and large enough to sustain the rapid rate 
of crystal growth. The rate of crystallization slows down as the freezing process is 
almost complete. Even after the material is entirely frozen, the redistribution process 
continues to modify the particle shape and size distribution.
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Fig. 5 Crystallization behavior of PCM samples 5, 10, 15 and 20% of propylene glycol in water 

Adding propylene glycol to water causes the freezing point of water to decrease, 
and the degree of supercooling also decreases. Adding various percentages of propy-
lene glycol solution (5, 10, 15 and 20%) into water causes the freezing point of water 
to decrease to 5, 8, 11 and 13 °C. The same thing also happened to the degree of 
supercooling, where there was a decrease in the degree of supercooling to 8 K, 7 K, 
4 K, and 1 K, respectively. 

Meanwhile, with 25 and 30% propylene glycol addition to the water, there is no 
state change from a liquid to a solid (solidification), as shown in Fig. 6. The  lowdegree  
of supercooling is probably due to the solution’s freezing point being lower than the 
test temperature. No particles can trigger nuclei formation for crystallization growth. 
Furthermore, the testing time is not enough to achieve solidification. Therefore, the 
material only stores sensible heat.

Figure 7a shows the freezing temperature of water and solutions of various 
percentages of propylene glycol in water. Figure 7b shows the degree of supercooling 
of water and some aqueous propylene glycol solutions. In detail, the freezing temper-
ature, degree of supercooling of water, and various percentages of propylene glycol 
in water are given in Table 1.

Experimental results show that adding propylene glycol to water causes the 
freezing temperature and degree of supercooling of water to decrease. The most 
exciting result is that the addition of 20% propylene glycol in water causes the super-
cooling of water to decrease drastically, even minimal (1 K), making it very suitable 
for low-temperature thermal energy storage applications (refrigeration).
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Fig. 6 Cooling curve 25 and 30% propylene glycol in water

Fig. 7 a Freezing temperature of tap water and various percentages of propylene glycol in water. 
b Supercooling degree of tap water and various percentages of propylene glycol in water 

Table 1 PCM thermal 
properties of tap water and 
propylene glycol mixtures in 
water 

Sample 
(Vol.%) 

T-history 

Cooling process 

Freezing temperature Supercooling degree 

(Tm, °C) (K) 

Tap water 0 10 

5/95 (PG/W) 5 8 

10/90 (PG/W) 8 7 

15/85 (PG/W) 11 4 

20/80 (PG/W) 13 1 

25/75 (PG/W) No solidification -

30/70 (PG/W) No solidification -

PG/A = Propylene glycol in water
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4 Conclusion 

The efficiency of a phase change thermal energy storage device is directly related 
to its thermophysical properties. New blends of pure PCM and additives are being 
developed for thermal energy storage. These materials solutions are important areas 
of research today. Most methods for improving PCM properties, production, and 
cost-effectiveness are still in the testing phase. However, the findings show they are 
very promising for the thermal energy storage industry. 

This study is focused on increasing the thermal storage capacity of PCM. The 
thermal storage capacity of PCM can be increased by using suitable additives in 
appropriate proportions. However, improper concentration can lead to a reduction in 
heat storage capacity. 

Adding suitable additives or nucleating agents to PCM is one of the most 
frequently used methods to reduce the degree of supercooling because it can induce 
nucleation. The test results of several water-based PCM samples developed with the 
addition of propylene glycol additives can reduce and even eliminate the degree of 
supercooling of water and lower the freezing point of water, making it suitable for 
cold storage applications. The degree of supercooling depends on the container’s 
shape and size, the PCM’s composition, heating and cooling rates, heat transfer area, 
and other related areas. 
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Simulation on Compressive Testing 
Softwood Materials Using Finite Element 
Analysis 

Z. Salleh, M. F. M. Nor, and M.A.A.Zullastri 

Abstract Nowadays, in many industries such as marine, aerospace and civil, the 
utilization of several materials must undergone a product testing and one of it is a 
compression test. The purpose of the compression test is to clarify whether the mate-
rial possesses excellent mechanical properties or vice versa peculiarly with regard 
to the compressive behaviour. The compression test will determine the compressive 
strength, elastic modulus as well as the specific compression of the material. In this 
research, the simulation of the compression test of the activated carbon composite will 
be executed via Finite Element Analysis. The activated carbon that will be used in this 
research is softwood materials such as Mangrove Bark Activated Carbon (MBAC), 
an eco-friendly type activated carbon since it is derived from the mangrove bark of 
the mangrove tree. The model of the activated carbon composite with different diam-
eter will be tested on the simulation software to compare the compressive strength 
of each models. 

Keywords Finite element analysis · Activated carbon ·Mangrove Bark 

1 Introduction 

According to (Taylor and Francis 2005), activated carbon, occasionally to be known 
as activated charcoal, is a kind of unique adsorbent due to its extremely permeable 
structure that permits it to effectually lay hold of the materials [1]. In addition, the 
activated carbon had been widely used throughout a number of industries. Activated 
carbon is a carbon-based material that can be procured from carbon-rich organic 
materials including [2]:

• Bamboo stem
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• Mangrove bark
• Oil palm empty fruit bunch (EFB)
• Coconut shells 

The physical properties as well as the chemical properties of the activated carbon 
can differ significantly depending on the source of the material and also the processing 
techniques implemented to produce the activated carbon [3]. Due to this, commer-
cially produced activated carbons are exceptionally particular to accomplish the best 
outcomes for a given application. MBAC stands for Mangrove Bark Activated Carbon 
is an activated carbon that is procured from the mangrove bark of the mangrove tree. 
Mangroves are one kind of tropical trees that survive in climate most timber could 
never bear; salty, coastal waters, and the tide flow. Mangrove trees also has the ability 
to store enormous amounts of carbon (Fig. 1). 

Mangroves are usually make a habitat along sheltered coastlines whether in the 
tropics or sub- tropics as they fulfil important socio-economic as well as environ-
mental responsibility. In 1980, as a part of FAO/UNEP Tropical Forest Resources 
Assessment, the total mangrove population were approximated for the first time and 
estimated that 15.6 million hectares are concluded as a world total of the mangrove 
area [4] (Fig. 2).

There are many advantages of mangrove tree. From the roots, leaves, bark, all 
have their beneficial function whether towards the human or environment. One of 
the popular utilisations of the mangrove is the benefit of the mangrove bark. From 
the mangrove bark, the activated carbon is procured through a string of heating times 
and also the suitable temperatures [6]. In this research, the material is softwood

Fig. 1 Mangrove forests 
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Fig. 2 Mangrove area extent worldwide [5]

which is similar properties with MBAC properties. Hence, the material properties 
data are also available in CREO simulation database. The softwood properties such 
as Tensile strength: 104 MPa, Bending strength: 87 MPa, Shear strength: 10 MPa, 
Impact strength: 70 kJ/m2, Hardness: 4Brinell and Modulus Elasticity: 12000 MPa. 
The similar materials also show that MBAC with different weight percentage (wt.%) 
can reduce the barnacle growth when applied for marine applications [7]. 

In this research, the finite element analysis software will be used to conduct the 
simulation. Finite Element Analysis or also recognized as Finite Element Method 
(FEM) is a popular method used in science and engineering. As highlighted by (Rao 
2004), the FEM has been applied widely as a solution to variety of problems that 
arise in applied science and engineering [8]. Since the experimental testing required 
a lot of time investment and resources, FEM is an alternative and better option since 
FEM delivered much more detailed set of results and furthermore it is less time 
consuming and less expensive. This is very useful when we had global disease issues 
such as COVID-19 pandemics has been attacked around the world since 2020. While 
we are using this simulation and modelling, it will reduce our attended to make the 
experimental work physically but can be alternate wit simulation and modelling 
research work. There are a lot of FEM advantages for simulation and modelling 
particularly related with structural analysis for engineering applications. 

The list of the advantages as bellows: 

(a) Comprehensive result sets, producing the physical reaction of the framework 
at any area, counting a few which might have been ignored in an expository 
approach. 

(b) Secure simulation of possibly unsafe, damaging or illogical stack conditions 
and disappointment modes. 

(c) The concurrent calculation and visual representation of a wide assortment of 
physical parameters like stress or temperature, empowering the architect to 
quickly examine execution and conceivable adjustments.
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There are several software’s are available for the Finite Element Analysis software 
such as ANSYS, Strand 7, CREO, Maxsurf, and many mores. In this research, the 
simulation for models will be used PTC CREO. PTC CREO has been widely used as 
a modelling tool whether in 2D or 3D shape and also provide every design-through-
manufacturing process. In addition, the software is able to perform an analysis with 
ease. 

2 Methodology 

The actual size for compression samples has been used in this research and converted 
into modelling for FEA. After the design of the model has been imported into CREO 
Software, the design need to be set according to the below procedures before running 
the full analysis. This is benefit for any simulation for any mechanical testing could 
be performed before it is compared with actual axial load experiment such as flexural 
testing [9]. The procedures are repeated with remaining designs of the model shows 
in Figure 3 for details. 

There are five models to be design and simulated and it is followed according to 
the ASTM (D695) standard with differences diameter is shown in Fig. 4:

The samples have been develop based on the different diameter ranging from 6 
to 102 mm. The details for the specification can be referred in Table 1. The process 
set-up for the samples preparation are shows bellows:

(a) Step 1: Set the load and constraint 
(b) Set the load to 10kN and the constraint opposite to the load. 
(c) Step 2: Assign the materials into the model 
(d) The materials that being assigned from the database into the model is a softwood 

pine which has similar mechanical properties to MBAC. 
(e) Step 3: Refine the model by using AutoGEM shows in Fig. 5.

Fig. 3 Simulation 
procedures before running 

Set the load and 
constraint 

Assign the materials 
into the model 

Run the analysis Refine the model by 
using Auto GEM 
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Fig. 4 Cylinder model

Table 1 Specification for 
compression samples Model Height 

(mm) 
Diameter 
(mm) 

1 50.8 6.35 

2 12.70 

3 25.40 

4 50.80 

5 101.60

Fig. 5 Overview the AutoGEM summary 

(f) Step 4: Run the analysis 
(g) Steps 1 until 4 were repeated for all five models. The results are summarised in 

Results and Discussion part.
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3 Result and Discussion 

In this research, there are five models of data or result that can obtained which is 
stress, strain and displacement according to the Table 1. All the data or result for 
each specimen was collected and tabulate. The results from the Table 1 clarify that 
the stress experienced by the model of larger diameter which is model 5 has lesser 
compression stress than the other remaining models. The maximum compression 
von misses stress that the model 1 experienced is only 435 MPa. Furthermore, model 
5 also has the lowest maximum principal strain compared to the other models which 
is 202 × 10−6 MPa. The details of the all models showed in Fig. 6. 

From Figs. 7 and 8, there are differences of value of stress, strain, and displace-
ment between all the five specimens. When the diameter changes with percentage 
of the mangrove wood activated carbon increase, all the value of maximum stress, 
maximum strain, and maximum displacement also show decreased when the diam-
eter is larger size given in Table 2 for details. The results from the Table 2 clarify that 
the stress experienced by the model of larger diameter which is model 5 is lesser than 
the other remaining models. The maximum stress that the model 5 experienced is 
only 4.648 MPa. Furthermore, model 5 also has the lowest maximum principal strain 
compared to the other models which is 202 × 10−6. The displacement of the model 
5 also is at the lowest which 5.24 × 10−6 mm. The larger diameter of the model 
deliver the larger compressive strength compared to the other models since it expe-
rienced a small stress, strain, and displacement, making the model higher resistance
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to breaking under compression. The result also shows the isotropic materials such 
as softwood could similar behaviour when compressive testing has been performing 
[10]. 

Fig. 7 Specimen with H: 50.8 mm, D:6.35 mm 

Fig. 8 Specimen with H:50.8 mm, D: 101.6 mm
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Table 2 Comparison data for all specimens 

Model Max compression stress 
(MPa) 

Max compression strain Max displacement (mm) 

1 2.77 × 102 9.85 × 10–2 9.46 × 10–04 
2 8.12 × 101 2.98 × 10–03 2.35 × 10–04 
3 2.51 × 101 9.86 × 10–04 5.83 × 10–05 
4 8.40 6.00 × 10–03 1.45 × 10–05 
5 2.51 1.01 × 10–04 5.24 × 10–06 

4 Conclusion 

This research had successfully satisfied all the three objectives. Firstly, the model 
of the specimens had been developed and design by using a design software which 
one of models following the ASTM D695 Standard. The simulation test also had 
been successfully executed and the comparison of the compressive strength of each 
models also had been done in an orderly manner. The MBAC model with larger 
diameter possess larger compressive strength since the stress it experienced lesser 
compared to the other MBAC models. In overall, although the magnitude of the load 
is same, the area of force applied are different. The more area of the force, the less 
stress experienced to the subject. 
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Abstract At this time, autonomous mobile robots are used to move groceries. There-
fore, object classification is required to move groceries to avoid collisions with other 
objects. Object classification using a convolutional neural network (CNN) can signif-
icantly increase mobile robot autonomy. Therefore, this paper investigates object 
classification performance using CNN for several environmental conditions. The 
research method is computer simulation using several steps: image collection, image 
annotation, and training. SSD Mobilenetv2FPNLite was used as a CNN model for 
object classification. The objects for the classification using the pre-trained CNN 
are cars, motorcycles, persons, and goods rickshaws. The results enabled us to esti-
mate the effectiveness of using pre-trained CNN for classifying different objects. 
The result also shows that objects can be recognized with a classification accuracy 
of 100%. 
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1 Introduction 

The increased need for service robots has motivated academics to enhance technology 
for automating these platforms. Their navigation system is one of the most crucial 
technologies for automating these platforms [1]. Autonomous mobile robot (AMS) 
navigation is an active research topic that has piqued many researchers’ interest in 
recent years [2]. AMRs are developed and programmed to replace people in various 
jobs. Humans are typically unable to undertake such duties for a variety of reasons, 
including poor environmental circumstances, harmful and dangerous surroundings, 
and repeated work that can be tedious. Due to these constraints and the necessity for 
robots under challenging situations, there has been a great study on mobile robots in 
recent years. The goal is to have such devices that can do most jobs automatically and 
without human interaction. Various hurdles accompany all of the benefits that can 
be obtained by AMR use. The key issues with these robots’ self-controlling systems 
are localization and navigation. 

Hence, emerging AMRs employ cameras and deep learning methods for object 
detection and classification [3]. These techniques identify probability linked to each 
bounding box that encloses identified objects and predicts their bounding boxes. 
Convolutional neural network (CNN)-based techniques, particularly, have demon-
strated promising outcomes in detecting pedestrians, cars, and other objects [4]. The 
method of object detection resembles that of picture classification. Only that image 
classification seeks to determine a class for the entire image. Object detection, on 
the other hand, seeks to identify a particular position of each class and mark it with 
a bounding box and name. Detection by categorization is the common name for this 
process. 

In poor lighting situations, especially early in the day, during the day, in the 
evening, and at night, the quality of the visual signals that autonomous cars acquire 
might be compromised and distorted. The capacity of the autonomous mobile robot 
to recognize important things in the surroundings may suffer significantly under such 
circumstances, which reduces scene contrast and visibility. An object’s geometrical 
representation can be used to identify it to the human eye. Our capacity to discern 
distinctions in hue and light intensity is used to comprehend geometry. Similar to 
this, a sudden shift in hue in computer vision may point to a particular geometry 
of the object being seen. How well the geometry can be deciphered will be greatly 
influenced by the quantity of light reflected by an item and detected by the camera 
sensors. 

Deep learning is a subclass of machine learning that has shown to be quite effective 
in various applications such as robotics. This success and advancement in machine 
learning have inspired academics to examine AMR localization in outdoor contexts 
using deep learning algorithms. Most of these systems are based on vision-based 
localization, which is often implemented as image discovery, which discovers the 
picture in the database with the most similar characteristics to the query image [5]. 
Many approaches have been successfully implemented to tackle the localization 
problem using the deep learning methodology; nevertheless, they have limitations
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due to the restricted size of the private datasets. Deep learning models have millions 
of parameters, and training them with minimal datasets might result in overfitting. 
Even though transfer learning and learned weights from previously trained models 
can help to alleviate this problem, the model still has finite accuracy due to insufficient 
generalization capabilities. 

In this paper, we focus on determining the influence of light consistency on the 
performance of CNNs in classifying objects on the road in Banda Aceh City. We 
collected images under three lighting conditions. We also studied transfer learning 
from datasets into CNN frameworks used in classifying the object. 

2 Related Work 

Recently, many models have been put up that employ these layers to carry out the clas-
sification task. The Rectified Linear Unit (ReLU), a pioneer model that was proposed 
to increase accuracy and performance, is the AlexNet [6]. ReLU has the benefit 
of significantly accelerating convergence during network training. Later, factorized 
convolutions were included in the VGG model [7], which enhanced CNN-based 
models. The convolutional layers of VGG employ smaller receptive windows, such as 
kernels or filters, which results in a smaller network and better performance. However, 
embedded systems cannot benefit from the huge parameter size. Google researchers 
responded by publishing a MobileNet version of their design [8]. MobileNet was 
specifically created for embedded or mobile devices with more stringent hardware 
requirements. With this methodology, training time was cut, while performance was 
elevated. The accuracy of MobileNet on the ImageNet dataset was 87%, and it had 
a total of 28 layers. 

The introduction of one-stage detectors established the next major milestone in 
object detection. The key idea of a one-stage detector is to avoid region proposals 
that consume time and perform detection in one step. You Only Look Once (YOLO), 
proposed by Joseph et al. [9] in 2015, improved detection speed. YOLO achieved 45 
fps at an accuracy of 63.4% mAP on the VOC07 dataset. By reducing the convolu-
tional layers, the fastest version of YOLO achieved 155 fps at an accuracy of 52.7% 
mAP evaluated on the same dataset. 

The second one-stage detector that appeared was the Single Shot MultiBox 
Detector (SSD). W. Liu et al. proposed an SSD approach in 2015[10]. The main 
contribution is related to introducing multi-reference and multiresolution detection 
techniques. These techniques significantly improved the detection accuracy of small 
objects. SSD achieved a speed of 59 fps at an accuracy of 76.8% mAP evaluated 
on the VOC07 dataset. However, one-stage detectors could not compete in accuracy 
with two-stage detectors until Y. Lin et al. discovered that the foreground–back-
ground class imbalance experienced during training was a reason for low accuracy. 
Researchers proposed RetinaNet as a solution in 2017 [11]. RetinaNet utilizes focal 
loss that focuses more on misclassified background examples during training. The
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suggested technique allows one-stage detectors to retain very fast detection speeds 
while achieving accuracy equivalent to two-stage detectors. 

The fact that training data are often obtained in dry weather with high visibility 
conflicts with the necessity that autonomous mobile robot systems perform depend-
ably in various lighting conditions. As a result, algorithms for classifying objects 
perform worse under difficult lighting circumstances. A straightforward approach 
to address this problem is to train a given CNN to classify objects using images 
captured in some environmental lighting conditions. Unfortunately, as we high-
lighted earlier, sufficient annotated datasets captured in realistic urban environments 
in Banda Aceh City in natural lighting conditions are not readily available. Moreover, 
small datasets inherently make them inadequate to train deep learning architectures 
for object classification reliably. 

3 Method  

3.1 Image Collection 

We used a camera for image collection. The camera provides a 12-megapixel resolu-
tion. This image collection configuration captured detailed visual information about 
the vehicles and persons while allowing image collection to occur under natural 
lighting conditions without much influence from the shadow of the image collection 
system. Image collection took place in Banda Aceh City. The light factor is measured 
for each condition (morning, afternoon, and evening) and expressed in light units. 

3.2 Image Annotation 

Since images have a dimension of 4160 × 3120, which is too large for neural network 
training, the images were divided into 800× 600 pixels. The object types in the image 
set were grouped into four categories: car, motorcycle, person, and goods rickshaw. 
The last category contains a new object not pre-trained on the CNN model. 

3.3 Training 

A large dataset and training hardware are needed to create a CNN model from scratch. 
The use of transfer learning and augmentation is one method for overcoming this 
weakness. Transfer learning involves retraining a model for a comparable job after 
it has been trained on a huge dataset like ImageNet or COCO. The TensorFlow 2 
Detection Model Zoo is a collection of several contemporary models and modeling
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approaches for TensorFlow users. Code implementations and pre-trained models 
from disseminated research articles may be found in the Tensorflow Detection Model 
Zoo’s Object Detection directory. These models, which were trained using the COCO 
dataset, may be adjusted and utilized for transfer learning. In this work, the input 
model was changed to 800 × 600 to avoid image degradation. Moreover, it also 
avoided losing the information within the images. The architecture training was 
undertaken in Google Colab, providing free GPU access for speeding up the training 
time, with time restrictions on use. 

4 Result and Discussion 

This section presents the results obtained by training selected CNN models. A set 
of experiments described in the previous section has been prepared and evaluated 
to understand the impact of several lighting environmental conditions on object 
classification. The test was carried out to obtain qualitative data on the effect of light 
conditions on the ability of the CNN SSD Mobilenetv2 FPN lite model for object 
classification. The tested images have a resolution of 800 × 600 pixels and are in 
color. The parameters tested are object names and classification accuracy for four 
objects, including cars, motorcycles, people, and goods rickshaws. Environmental 
conditions that will be tested on the ability to classify objects are in the morning, 
afternoon, and evening. 

4.1 Morning Environmental Condition 

The image was taken at the Lam Dingin location in the morning at 9.45 am. The 
objects that can be seen in Fig. 1 consist of 2 car objects and one goods rickshaw 
object. The weather conditions are clear, and the shadows have appeared. The position 
of the car object is from the rear right side, and the goods rickshaw object is from 
the left side.

Image testing on the model’s ability to classify objects for morning conditions 
shows that the CNN model can recognize objects such as cars and goods rickshaws. 
In Fig. 1, the car object, which consists of a light-colored car and a dark-colored car 
from the rear right side, can be classified as two pieces with a classification accuracy 
of 81 and 98%. The vehicle’s color affects detection accuracy; for light colors, the 
classification accuracy reaches 98%, and for dark cars, the detection accuracy is 
81%. The car’s size shows the car’s distance to the camera, and the CNN model can 
classify objects correctly even though the pixel size of the light color car is 200 × 
100 pixels and the dark color is 250 × 150. On a dark car, a small part of it is covered 
by a board on the back; objects can still be recognized with a classification accuracy 
of 98%. The goods rickshaw is a new object that has never been trained before. With 
a large number of datasets, it can be classified with 100% accuracy in the left-side
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Fig. 1 Classification of objects in morning conditions

Table 1 Object name and 
classification accuracy in 
morning condition 

No. Object name Classification accuracy (%) 

1 Car 81 

2 Car 93 

3 Goods rickshaw 100 

position. It produces a classification accuracy of up to 100%. The results of object 
classification and classification accuracy are displayed in Table 1. 

4.2 Afternoon Environmental Condition 

In afternoon conditions, the image was taken at the Batoh location at 11.16 am. The 
objects seen in Fig. 2 are one car object, two-person objects, and two motorcycle 
objects. Sunny weather conditions and shadows dominate the road. The object’s 
position is the car from the rear, the person, and the motorcycle from the rear.

Figure 2 depicts the car parts as seen from behind. Even if the shadow on the 
bottom of the car is nearly indistinguishable from the black color of the wheels, the 
simulation test can be classified with 100% accuracy. Motorcycles are recognized
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Fig. 2 Classification of objects in afternoon conditions

with 100% accuracy, and 99% on the rear left position. The shadow on the underside 
of the motorcycle does not reduce detection accuracy. Furthermore, the person object 
is recognized with an accuracy of 73 and 97%; the difference in the accuracy value 
of the person object classification is caused by the lighter blue color of the clothes 
with the red motorcycle color, so the resulting value is 97%. The results of object 
classification and classification accuracy are given in Table 2. 

Table 2 Object name and 
classification accuracy in 
afternoon condition 

No. Object name Classification accuracy (%) 

1 Car 81 

2 Person 73 

3 Person 97 

4 Motorcycle 100 

5 Motorcycle 99
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4.3 Evening Environmental Condition 

The image was taken at the Darussalam location in the afternoon at 17.25 pm. The 
objects seen in Fig. 3 are cars, motorcycles, and people with a large number of varying 
scales and orientations. The weather conditions are less sunny, and the shadows are 
almost non-existent. The goods rickshaw is in the left-side position, while the car is 
in the back right position. 

With less harsh lighting and shadows on the automobile’s undercarriage, auto-
motive objects seen from behind can be categorized with 100% accuracy. First, 
motorcycles are classified with 100% accuracy in the left rear position and front 
position, as shown in Fig. 3. Then, the person object is classified with an accuracy of 
75% with a slightly dark orange clothing color. The results of object classification 
and classification accuracy are given in Table 3. 

Fig. 3 Classification of objects in evening conditions 

Table 3 Object name and 
classification accuracy in 
evening condition 

No. Object name Classification accuracy (%) 

1 Car 100 

2 Person 75 

3 Motorcycle 100
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5 Conclusion 

We have investigated object classification performance using CNN for several envi-
ronmental conditions. A computer simulation has been conducted to classify the 
objects. The CNN SSDMobilenetv2FPNLite model can classify cars, motorcycles, 
and person objects according to test findings on images taken in the morning, after-
noon, and evening. An image resolution of 800 × 600 pixels is sufficient for object 
classification to keep inference time to a minimum. Tests on images that have shadows 
show that there is no effect on object classification abilities. Accuracy of object clas-
sification on car, motorcycle, and goods rickshaw objects can be achieved up to 
100%. Meanwhile, for person objects, the maximum classification accuracy reaches 
97% and a minimum of 73%. For car objects, the maximum classification accuracy 
reaches 100% and a minimum of 81%. In contrast, the motorcycle object’s maximum 
classification accuracy reaches 100% and a minimum of 99%. From testing the 
object classification model, SSDMobilenetv2FPNLite allows it to be used for object 
classification on autonomous mobile robots. 
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Investigation of Muscle Contraction 
on Motorcycle Handlebar Using 
Electromyography 

Hartomo Soewardi and Khoirul Anwar Hasibuan 

Abstract A motorcycle is commonly used by people in Indonesia as a transportation 
device. It is because this device is flexible and affordable as well as easy to maneuver. 
However, the risk of driving a motorcycle is an emergence of the Carpal Tunnel 
Syndrome (CTS) on the wrist aside from the accident. This syndrome occurs when 
tissues surrounding the flexor tendons swell, providing pressure on the median nerve. 
It is caused by the vibration on the motorcycle handlebar that results from the engine 
and it will impair the muscle work. The objective of this study is to investigate 
the correlation between the Flexor Carpi Ulnaris muscle contraction and vibration 
occurred in the motorcycle handlebar and how much the muscle contraction comes 
about. An experimental study was conducted in an ergonomic laboratory in which 
six respondents have participated. Electromyography was used to identify Maximum 
Voluntary Contraction (MVC) on Flexor Carpi Ulnaris muscle which is functioned 
as controlling the throttle, clutch, and brake levers. Manual and automatic motorcycle 
with 110 and 125 machine capacity, and 1000 and 5000 speed level for a case study. 
Statistical analysis was conducted to test the hypothesis. The result of this study 
shows that the percentage of maximum voluntary contraction on flexor carpi ulnaris 
is higher on a manual motorcycle than the automatic motorcycle in 5000 rpm for 
110 and 125 machine capacity, respectively, in which it will be higher as long as 
vibration increases on a motorcycle handlebar. An important finding of this study 
was that the machine capacity, the type of transmission, and the speed of engine will 
generate the vibration on hand’s muscle contraction. Thus, it is required to design 
the personal protective equipment to mitigate the affliction on hand for next study. 
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1 Introduction 

The motorcycle is the vehicle commonly used by people. It is affordable, easy to drive, 
and does not consume a lot of petrol compared to another vehicle [1]. In Indonesia, 
the number of motorcycles increased by 6.3% from the year 2015 to 2016, and in the 
following year, it increased by 7.4% [2]. The fact indicates that people prefer driving 
a motorcycle as the main transportation device to other means. Thus, a rider should 
have the ability and skills in driving, which is proven by driving license. However, 
an accident may occur because of the uncomfortable and instability of the rider in 
driving [3]. One of the root causes is motorcyclists are exposed to the risk of fatigue, 
pollution from other vehicles, and physical damage due to noise, movement, and 
vibration [4]. 

The vibration occurred in the motorcycle comes up from engines exposes continu-
ously along it is on, whether the motorcycle was moved or stopped [5]. This vibration 
will expose directly to the whole body especially on hand in which it is called human 
arm vibration (HAV) [6]. HAV will produce a large variety of effects on hand such as 
discomfort, numbness, and tingling that annoy the muscle contraction [7, 8] as well  
as another type of neurological disorder that is carpal tunnel syndrome (CTS) [9]. 
National Institute of Neurological disorders explained that the CTS is one of the most 
common neuropathies occurred when the median nerve was depressed or squeezed 
at the wrist. This syndrome or disorder occurs often when the excessive amount of 
vibration from the engine was exposed on the handlebar that giving pressure on the 
wrist. 

Electromyography (EMG) is a tool to identify the quantitative signal amplitude 
of muscle activity and has been used in several studies related to the activity of hand. 
The EMG signal can describe hand muscle contraction when riding a motorcycle. 

This study presents an Electromyography investigation to evaluate the relationship 
between hand muscle contraction and vibration when riding a motorcycle. 

2 Method  

Six subjects were participated in this study and taken randomly. Their age is in range 
from 21 to 23 years old. All of them have been experienced in riding a motorcycle 
for more than 2 years and none never getting accident [10, 11]. 

An experimental study was conducted on all subjects by riding a motorcycle in 
static condition with standard handlebar at two different speeds that are 1000 rpm and 
5000 rpm for manual and automatic engine type, respectively, as well as at different 
machine capacity, 110 cc and 125 cc, during thirty minutes. 

The vibration on the handlebar was measured by sticking an accelerometer 25 g. 
The speed of the engine is controlled by using a tachometer in order to maintain a 
fixed rotation per minute. Raw signal of vibration is filtered by using Fast Fourier 
Transform (FFT) to get rid of the noise.
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Fig. 1 Electrode attachment 

Muscle contraction on hand is also measured by using the electromyography by 
attaching an electrode at the flexor carpi ulnaris muscle to record and normalize raw 
signal of the maximum voluntary contraction (MVC). Location of attached surface is 
illustrated in Fig. 1. The surface of electrodes attached should be parallel to muscle 
fibers between one electrode to another on the sterilized skin area, whereas one 
reference electrode is attached on nearby unaffected area [12]. Electromyography 
signal was set at 500 Hz with high-pass and low-pass amplifier, band pass filter was 
set to 10–500 Hz with 100 ms Root Mean Square for smoothing the signal [12]. 

A personal computer is used to present the raw signal of EMG and vibration using 
logger pro version 3.8.7 (Vernier software and technology). Parametric statistical 
analysis by using independent T-test was conducted to test the hypothesis about 
difference among some variables examined. 

3 Result and Discussion 

The result of experiment for the automatic transmission is presented in Fig. 2. It  
shows that the muscle contraction increases along with the faster of rotation per 
minute (rpm) whether for the machine capacity of 110 cubical centimeter (cc) or 125 
cubical centimeter (cc). This because of there is difference the vibration of machine 
between both capacities with speed increase. Thus, this condition will affect the 
comfort of hand in steering motorcycle such that it can lead to instability, even 
accident. The same state of affairs will also occur on the manual transmission as 
shown in Fig. 3.

The result of maximum voluntary contraction (MVC) on automatic transmission 
with machine capacity 110 cubical centimeter is 15.86 and 35.79% with vibration 
0.65 and 2.41 m/s2 and for 125 cubical centimeter (cc), 16.13 and 34.02% with 
vibration 0.76 and 1.64 m/s2 for 1000 and 5000 rotations per minute (rpm). Whereas 
in manual transmission, the maximum voluntary contraction (MVC) in 110 cubical 
centimeters is 21.01 and 42.79% with vibration 1.57 and 6.02 m/s2 and in 125 cubical 
centimeters, 22.37 and 41.89% with vibration 1.66 and 3.09 m/s2. Reference [13] 
stated that sign of muscle fatigue begins at 11% of the MVC value due to continuous 
and prolonged muscle contractions. During the contraction, the internal pressure will
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shorten the muscle fibers at 10% to 50% of the maximum voluntary contraction. The 
higher of MVC value will endanger the muscle and reducing endurance of muscle 
made the muscle easier to be fatigue. 

Table 1 shows result of the independent T-test, in which there is a significant 
difference in MVC value between 1000 and 5000 rpm for both automatic and manual 
transmission on 110 cc of machine capacity. 125 cc of machine capacity also had the 
same result as the test. This difference is caused by increased vibration in the engine 
due to increase engine speed such that the contraction on muscle in the hand of the 
greater. Likewise, the MVC testing between automatic and manual transmission also 
produced significant differences in engine rotation for both 110 and 125 cc. Thus, this 
study found a fact that automatic transmission is better than manual transmission and 
also 110 cc of machine capacity is better than 125 cc because of lower contraction 
occurred.

Reference [14] stated that there is strong relationship among muscle activity, 
interval time, and vibration level. This result is in line with [14] found that increasing 
of vibration level will increase heart rate and RMS value. The reason of MVC value 
as the vibration increase because the muscle is sensitive to change in posture and 
respond the muscle activity when hand is exposed to vibration [15].
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Table 1 Independent T-test result of MVC 

MVC 

110 cc 125 cc 

Automatic Manual Automatic Manual 

1000 rpm 0.0000051 0.000068 

5000 rpm 0.0000026 0.00019 

Independent T-test 0.000013 0.000000090 0.0021 0.000025

4 Conclusion 

The vibration effects are hazardous for motorcyclist, so it needs to be minimized. 
Based on the analysis, it can be concluded that the engine vibration increase will 
work up the muscle voluntary contraction (MVC) and automatic transmission, the 
low machine capacity, and the lower speed have the lower contraction of muscle. An 
important finding of this study was that the machine capacity, the type of transmission, 
and speed of engine will generate the vibration on hand’s muscle contraction. Thus, 
this study recommends to involve all relevant muscles of human body part in further 
investigation and to design the personal protective equipment to mitigate the affliction 
on hand for the future study. 
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Parameter Study of Wing-Type Structure 
Subjected to Impact Loading 

Awangku Muhammad Asyraf bin Pengiran Haji Mat Rais 
and Yulfian Aminanda 

Abstract This research scopes to the modelling and simulating of one section 
of wing-type structure subjected to a bird strike. Modelling and simulations are 
performed through finite element (FE) approach by using ANSYS Workbench 
(Explicit Dynamic). The bird is modelled as a rigid body, having a similar weight to 
an actual bird. Varying desired parameters of the leading edge—curvature radius (R), 
skin thickness (T ), and number of ribs (N) behind the leading edge—provides a better 
understanding of the extent of each design modification. Six different values of R and 
T are studied, with none (N0), one (N1), and two ribs (N2) behind the leading edge’s 
skin considered. By impacting the model with 120 m/s of initial velocity, the effect 
of T is seen to exhibit linear relationship with energy absorbed (EA) and specific 
energy absorbed (SEA). For R, a peak EA and SEA has been identified. Adding ribs 
behind the leading edge’s skin was also proven to provide more strength. Spacing 
of ribs is expected to vary the performance. The effect of impact location has been 
analysed as well. 

Keywords Aircraft wing · Structural analysis · Bird strike · Finite element 
analysis · Impact engineering 

1 Introduction 

Air accidents have been recorded ever since the introduction of air travel which 
causes damage to the corresponding aircraft as well as to the extent of casualties [1]. 
One reason includes the occurrence of bird strike during travel in which intersection 
between aircraft and the bird typically causes a high energy impact [2]. The general 
aviation accidents had damage due to foreign object debris for as much as 90% [3, 4]. 
Forefacing external parts of the aircraft are prone to such damage, by which wing’s
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leading edge is considered to be the one of the most vulnerable [4, 5]. Therefore, 
there is a great opportunity to study within this area to suggest further improvement. 
Numerous researches have been carried out to replicate bird strike phenomena on 
wing structure to study the effect and subsequently propose new designs [6]. The 
use of conventional and FE methods can be performed, which the latter are widely 
utilized. 

Aircraft’s wings are generally comprised of the skin, ribs, and spars. For the wing’s 
leading edge, effect of reconfiguring the parts is typically studied. This includes 
altering its radius R, its thickness T, and number of ribs N. Promising improve-
ment to the wing’s impact capabilities has been presented by numerous authors by 
increasing either the R, T, and N. Increasing R, especially by incorporating addi-
tional reinforcement behind the skin, can induce higher force requirement to fail the 
skin [7–9]. More dispersion of bird during impact on models with greater T can be 
achieved which discourages perforation [10]. It as such also constitutes to higher 
effective impact kinetic energy, which translates to higher EA [11]. Introducing less 
space between two ribs, or using more N, also promotes greater stiffness to the struc-
ture, hence, requiring higher energy for perforation to occur [12, 13]. This work deal 
with analysing the effect of R, T, and N extensively using FEA in order to draw the 
trend of energy absorption capability of the structure and its deformation mechanism. 

2 Materials and Method 

2.1 Validation 

Validation was initially performed by referring to an existing study of impact test 
by Aisyah [14]. The test comprised of semicircular aluminium plate and a spherical 
impactor of diameter 13 mm with mass of 28.45 kg. An illustration for the test is 
shown in Fig.  1, with impact test to proceed with initial velocity of 10 m/s. R is set 
to 70 mm with a length of 150 mm. 

Fig. 1 Illustration for 
validation set-up
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Different values of skin thickness T (0.40, 1.00, 1.25, and 1.50 mm) for the plate 
are accounted. Respective results obtained will be used for comparative study for 
validation. Also, different mesh sizes are used for the plate for mesh study—5, 7.5, 
10, and 15 mm. The impactor is simply meshed using ‘body sizing’ of size 2.5 mm. 

2.2 Actual Research 

Simple sketch of wing model is shown in Fig. 2. Wing’s leading edge is considered 
to be part A, C, and D with fuel tank being the box behind it. Parts B and E are 
the front and rear wall, respectively. F is the fuselage body with G to be considered 
as the side wall of fuel tank or the end rib. All parts are applied using material AA 
2024-T35. Fixed support is applied to part F and the connected circumferential edge 
of part A. Varying wing configurations for parametric study is provided in Table 1. 

Variation of R affects the profile of part A, and variation of T affects the wing’s 
leading edge, whilst N affects the void between parts A and B. Parts unaffected by 
varying T have constant thickness—7 mm for part B and 2 mm for other parts. 

Impactor (Fig. 3) is considered as a rigid structure and take account of bird’s mass 
(approximately 3 kg) which has a density of 2300 kg/m3. It is placed 10 mm away 
from the wing’s leading edge with initial velocity of 120 m/s. Impactor is placed at 
central-fore position (Fig. 4a) except for models with N1 and N2—placed 200 mm 
away from the end rib (Fig. 4b, c).

Fig. 2 Illustration for wing model 

Table 1 Variations of R, T, and  N 

R1 [mm] R2 [mm] R3 [mm] R4 [mm] R5 [mm] R6 [mm] 

37.50 75.00 150.00 350.00 750.00 900.00 

T1 [mm] T2 [mm] T3 [mm] T4 [mm] T5 [mm] T6 [mm] 

0.50 1.00 1.25 1.50 1.75 2.00 

N0 N1 N2 

No ribs 1 additional rib 2 additional ribs 
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Fig. 3 Dimension of 
impactor (bird model) 

Fig. 4 Initial position of impactor for wing models with a N0, b N1, and c N2 

In order to systematically assess the viability of each parametric variation, the 
impact is modelled through the steps listed below: 

Step A1—Vary R and T with N0 to determine the best performing R and T. 
Step A2—Determine the effect of varying N by considering the best performing 

R and T. 
Observing the impact successions aids understanding of wing’s behaviour to with-

stand the impact through different failure modes. The use of numerical analyses 
would support any claims from the observations. EA and SEA are determined by 
using Eqs. 1 and 2. m, V 0, Vi, and ms denote the impactor’s mass, impactor’s initial 
velocity, impactor’s prompt velocity, and mass of leading edge’s skin (parts A, C, 
and D), respectively. 

EA = 0.5 × m × (
V 2 0 −V 2 i

)
(1) 

SEA = EA/ms (2) 

3 Results and Discussion 

3.1 Validation and Mesh Study 

Energy absorption (EA) at each thickness T and different mesh sizes are given in 
Fig. 5.
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Fig. 5 EA at t = 0.007 s against different T and mesh sizes 

Based on Fig. 5, a similar trend has been achieved—gradual increase in EA, and 
T increases. As part of mesh study, the use of 5 mm mesh size can be observed to be 
much closer Aisyah [14] in comparison to the use other mesh sizes. 

3.2 Failure Mechanisms (Step A1) 

By varying T and R at N0, four different failure mechanisms have been identified 
via simulation, as briefly described in Table 2. Respective wing models affected with 
these types of failure mechanism are provided in Table 3. 

Table 2 Different types of failure mechanisms for A1 

FM1 FM2 FM3 FM4 

Brief 
description 

Impactor reaches 
front wall and 
causes 
perforation, 
without fully 
penetrating the 
leading edge’s 
skin 

Impactor reaches 
front wall and 
causes perforation, 
after fully 
penetrating the 
leading edge’s skin 

Impactor reaches 
front wall creating 
crack and bounces 
back, after fully 
penetrating the 
leading edge’s skin 

Impactor reaches 
front wall and 
bounces back, 
after fully 
penetrating the 
leading edge’s 
skin 

Table 3 Wing models associated with each failure mechanism 

R1 R2 R3 R4 R5 R6 

T1 FM1 FM1 FM2 FM2 FM2 FM2 

T2 FM1 FM1 FM2 FM2 FM2 FM2 

T3 FM1 FM1 FM2 FM2 FM2 FM2 

T4 FM1 FM1 FM2 FM2 FM2 FM2 

T5 FM1 FM1 FM2 FM2 FM3 FM3 

T6 FM1 FM1 FM2 FM3 FM4 FM3
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Fig. 6 Velocity–time plot for a R1T1 for FM1, b R3T1 for FM2, c R5T5 for FM3, and d R5T6 
for FM4 

For all failure mechanisms, all respective models have similar trend in its velocity– 
time plot which only vary in magnitude. As example, the velocity profile for wing 
model with R1T1, R3T1, R5T5, and R5T6 is shown in Fig. 6. This corresponds to 
failure mechanism FM1, FM2, FM3, and FM4, respectively. 

Generally, constituting models with FM2, FM3, and FM4 are considered to fail 
prompt to complete perforation by the impactor through the wing skin (Fig. 7b–d, 
respectively). Dissimilarly, failure for FM1 occurs prompt to impactor reaching the 
front wall (Fig. 7a). As such is due to the nature of R1 and R2 which are consider-
ably small. For all models, crack initiates on the wing skin around the proximity of 
impact—arises from higher high stress concentration which exceeds the material’s 
yield point.

For FM1, impact is considered the most disastrous—not highly affected by the 
wing. Crack continues to develop on the skin as impactor travels against it. As it 
proceeds, it eventually reaches the front wall (Fig. 7a) and causes the structure to 
bulge which then cause crack to initiate and propagate. The crack on front wall is 
large enough to allow impactor to puncture through and exposing the internal part of 
the fuel tank. These progressions of deformations are similar with that of FM2. The 
only difference identified is the lack of obstruction by the wing skin due to large crack 
size, allowing impactor to easily travel further (Fig. 7b). This can also be reflected 
by the sudden constant acceleration after such failure point in Fig. 6b. 

For both FM3 and FM4, sufficient energy from impact is able to be absorbed by the 
wing skin since it disallows impactor from entering the fuel tank. The progression of 
deformation initially starts with crack propagation on the skin as well as observation 
of buckling (Fig. 8a, c), which is dissimilar from FM1 and FM2. Despite such, the
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Fig. 7 Failure point of wing model with a R1T1 for FM1, b R3T1 for FM2, c R5T5 for FM3, and 
d R5T6 for FM4

impactor was still able to eventually perforate through the skin (Fig. 7c, d). Following 
then, impact reaches front wall and causes it to bulge inwards. Crack on front wall 
only occurs for models with FM3. Eventually, surplus impact energy is absorbed 
entirely by the front wall and causes the impactor to bounce back and travel to the 
opposite direction. Maximum deflection suffered by models with FM3 and FM4 is 
approximately 126 mm and 28 mm (Fig. 8c, d), respectively.

3.3 Energy Absorption Capabilities (Step A1) 

Energy absorption (EA) and specific energy absorption (SEA) at each model’s failure 
point are compared, as shown in Fig. 9a, b, respectively. A similar distribution can 
be observed for the case of EA plots. EA increases with R and reaches a peak value 
at a point. Peak value is observed to occur for wing models with R5, except for the 
case of T1 which occurs at R4. Although comparing each trendline’s peak value, a 
linear relationship is obtained with highest EA for wing model with T6 at 19,819.4 J 
and lowest EA for T1 at 1567.5 J. For SEA comparison, each plot at different T is 
not entirely similar. However, it is observed that for each R, the dominant T which 
allows greater is wing model with T6. Overall, by considering both EA and SEA 
comparison, wing model with R5T6 is the best as it has inherent greatest magnitude 
of EA and SEA.
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Fig. 8 a crack initiation and buckling of R5T5 for FM3, b maximum deflection of front wall of 
R5T5 for FM3, c crack initiation and buckling of R5T6 for FM4, and d maximum deflection of 
front wall of R5T6 for FM4

Fig. 9 a Energy absorbed (EA) comparison, b specific energy absorbed (SEA) comparison 

3.4 Failure Mechanisms (Step A2) 

As wing model with R5T6 has been identified to be the best from step A1, effect of 
additional ribs (N1 and N2) is analysed. The deformation progressions are almost 
similar with failure mechanism FM4 from step A1. Failure point still occurs prompt
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Fig. 10 a Failure point for R5T6N1, b failure point for R5T6N2, c initial crack propagation, 
buckling and skin detachment for R5T6N1, and d skin tear and end rib deflection for R5T6N2 

to impactor perforating through the wing skin (Fig. 10b). For R5T6N1, crack propa-
gation and buckling initially occur with skin detached from the end rib (Fig. 10c). For 
R5T6N2, the initial deformation is similar with R5T6N2. However, an additional skin 
tear has been observed due to the central rib. This also caused the end rib to deflect 
inwards throughout the impact succession (Fig. 10d). Following the progression of 
deformations, both models eventually reach a failure point and cause the impactor 
to reach the front wall. As more deformation occurs for R5T6N2 than R5T6N1, the 
latter results in greater deflection of front wall with approximately 38 mm whilst the 
former deflects by 22 mm. 

3.5 Energy Absorption Capabilities (Step A2) 

EA and SEA at failure point for R5T6 with different N are provided in Fig. 11. For  
R5T6N0 and R5T6N1, SEA is obtained by considering the entire mass of the wing’s 
leading edge. Dissimilarly, R5T6N2 only considers wing’s leading edge from the 
end rib to the central rib.

Comparing each model’s EA and SEA, it is definite that R5T6N2 is the best 
performing model (EA = 20,696 J; SEA = 4176 J/kg) with R5T6N1 being the worst 
(EA = 18,427 J; SEA = 2614 J/kg). The effect R5T6N2 proves that having well-
designed support behind the wing’s leading edge is important. Stiffness offered by the 
central with wing skin’s distortion behaviour during impact allows more energy to be
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Fig. 11 Comparison of EA and SEA at failure for R5T6 with varying N

dissipated or absorbed, hence, causing less destruction to constituting components 
behind the leading edge. 

4 Summary 

Different parametric variations have shown great potential in altering the impact 
strength performance, especially for the case of bird strike. Generally, a linear relation 
has been found for the case of varying T. Increasing T was observed to potentially 
increase the energy absorption capabilities. For the case of R, non-linear trend has 
been observed. Between six different values of R tested, R5 (750 mm) was found to 
exhibit the best performance for almost all values of T. The effect of rib(s) was not 
extensively studied, although promising results have been obtained. It has been found 
that incorporating additional ribs are capable in enforcing the structural integrity of 
the wing’s leading edge by providing more support and stiffness, which improves 
EA and SEA capabilities. Overall, wing model with R5T6N2 configuration would 
offer the best design in absorbing impact energy. 
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Experimental of the Distribution 
and Direction of Droplet Movement 
Using a High-Speed Camera 

Rachmad Almi Putra , Hamdani Umar, Samsul Rizal, Maimun Syukri, 
and M. Salamul Fajar 

Abstract Droplets are liquids or splashes of water that are expelled through the 
respiratory tract when a person talks, coughs, or sneezes. The average size of the 
droplets released during sneezing is > 5 µm with a distance of < 1 m. Meanwhile, 
when speaking, it is 5 µm at a distance of 1 m, which is often called nuclei or 
respiratory droplets. Due to their smaller sizes and the inability to observe with the 
naked eye, the direct spread of infections through these droplets is a major factor 
in the increase in disease cases. Therefore, this research is focused on the set-up 
of droplet observation instrumentation in the room, where the velocity of airflow is 
neglected. The novelty lies in determining the size distribution of droplets produced 
and examining the transmission speed when someone sneezes. The results showed 
that the set-up successfully identifies the droplets expelled during sneezing. The
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mucosal sac expands and is dispersed and retracted, which makes the ligaments 
to be visible when pulled or detached from the mother’s pouch, causing the sac 
to disintegrate and form droplets. Based on observations, the number of droplets 
produced when sneezing is approximately 109 particles, where 39% are 5 µm and 
61% are above 5 µm, with a speed of 2.08 m/s. 

Keywords HSC · Droplets · PIV · Sneezing · Size 

1 Introduction 

Infectious diseases such as Acute Respiratory Infections (ARI), Pneumonia, Tuber-
culosis (TB), and SARS are caused by several biological factors, namely viruses, 
bacteria, and parasites that are transmitted through the air. In 2020, the world was 
faced with the emergence of coronavirus, often called COVID-19. It is a new variant 
of the SARS-Cov 2 virus and the worst outbreak from 2002 to 2003 [1, 2]. This 
pandemic is experienced in almost all countries and one of the main spreads is 
through droplets [3]–[5]. Meanwhile, droplets are liquids or splashes of water that 
are expelled through the respiratory tract when a person talks, coughs, or sneezes. 
The average size of droplets expelled by a person when sneezing is > 5 µm with a 
distance of < 1 m. When a person speaks, the size is 5 µm at a distance of 1 m [6], 
which is often referred to as nuclei or respiratory droplets. Due to the smaller size of 
droplets and the inability to observe with the naked eye, the direct spread of a disease 
is a major factor in the increase in COVID-19 cases [5]–[7]. Patients diagnosed with 
respiratory infectious diseases are generally recommended to self-isolate by staying 
in a room, at home, and avoiding contact with other people, including those living 
together. 

Isolation measures for people with infectious diseases are also carried out in health 
care facilities such as hospitals, which are called isolation rooms [6–8]. An isolation 
room is a place with lower air (negative) pressure compared to the surrounding space 
for patients with airborne infectious diseases. The design is aimed to direct the airflow 
to the isolation room and prevent air contaminated with pathogens from entering other 
rooms [9, 10]. It also aims to make the airflow in the isolation room comes out into 
free air, therefore, adequate pressure, humidity, temperature, and ventilation settings 
are needed [12]. One form of air disinfection in the isolation room is the droplets 
released by a patient, which are mixed with the airflow. This makes the release of 
air from the isolation room into free space, the risk of infecting other patients. These 
include visitors and medical personnel, who are around the isolation room and even 
aggravate the illness suffered by the isolated patient. Based on these conditions, an 
analysis is needed to calculate the velocity of air or droplet flow and evaluate the 
movement of air contaminated with pathogens in the isolation room. 

A previous related investigation stated that the droplet velocity can be observed 
using a High-Speed Camera (HSC). Based on the observation, it was discovered that 
the average droplet velocity was 5–10 m/s when sneezing [13]. Another report was
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also conducted on the safe distance of people suffering from COVID-19 in public 
places by considering the level of aerosol concentration that varies and accumulates 
through inhalation using the Monte Carlo method and obtained quantitative data 
about the length of time exposure in different public spaces [14][15]. Therefore, 
this research focuses on the set-up of droplet observation instrumentation in the 
room, where the velocity of airflow is neglected. The novelty lies in determining 
the size distribution of droplets produced and examining the transmission speed 
when sneezing. The results are expected to be a benchmark as the basis for further 
investigations. 

2 Method  

2.1 Experiment Settings 

The droplets released by the subject were recorded using a High-Speed Camera 
(HSC) Phantom brand model T-1340. The lighting during the shooting process was 
from the GSVITEC Multi-led G8 brand LED. This type of LED was selected because 
it is equipped with a choice of lighting dispersion angles in form of sheet illumination. 
The droplet recording process used sheet illumination with a beam angle of 15° to 
focus the light directly on the droplet and produce a clear image. The lamp power 
during the recording process was 85% and was considered the main light, while the 
HSC position, light source, and subject were at the same height and placed in front of 
a black background. The subject position was directly opposite to the LED as a light 
source and in a straight line. Similarly, the HSC position to the subject was parallel 
in a straight line and perpendicular to the light source. Since the camera focus was 
directed to the droplet (object), it forms an angle of 10° from the subject position 
(Fig. 1).

2.2 HSC Configuration 

Since the duration of droplets released by humans through sneezing ranges from 150 
to 200 ms [16], HSC is needed to record the movement. Droplets were recorded at 
1024 × 768 resolution at a frame rate of 1000 frames-per-sec (fps) and an exposure 
time of 1000 µs. The camera position was faced 10° from the subject direction and 80° 
toward the light source to reduce perspective distortion and clarify the recorded object 
in form of droplets. This configuration was also carried out in previous investigations 
[13, 17] with a distance of 60 cm from the camera to the subject and 90 cm to the 
light source.
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Fig. 1 Set-up of the position of the droplet retrieval instrument

2.3 Image Processing 

The data were analyzed using the Particle Image Velocimetry (PIV) method with 
the Particle Tracking Velocimetry (PTV) algorithm. Before the application of the 
algorithm, PTV samples in form of HSC recordings went through several stages, 
namely Sampling Rate, Pre-Processing, and Post-Processing. 

2.3.1 A. Sampling Rate 

The sampling rate is the number of shots taken sequentially with a maximum distance 
of 1/20 s between the images. For measuring the speed of particle motion, a minimum 
of two images is required to analyze the movement in the frame divided by the time 
interval. The image footage is saved in Tagged Image File Format (.tiff) and the 
processing is carried out starting from pre- to post-processing.
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2.3.2 B. Pre-Processing Image 

Pre-processing is the initial processing of image data from video footage to improve 
image quality before analysis. This includes increasing image intensity for each 
pixel, lighting and capping intensity, image acquisition, feature extraction, and image 
evaluation. 

2.3.3 C. Post-Processing Image 

Post-processing image is a step to filter outliers by selecting a speed limit that is 
determined manually. This is followed by data interpolation techniques, commonly 
the nearest neighbor-interpolation. Subsequently, data exploration, which is the 
appearance of the velocity vector direction of the particle motion, is carried out. 

3 Result and Discussion 

Observations were made on the sneezing of a male with an age of 30 years, to confirm 
that the instrumentation set-up described can be used to observe the droplets released 
by a person when sneezing. The result showed that the duration of sneezing is about 
120 ms, which is faster than the values in previous reports [17]–[19]. Figure 2 shows 
the formation of a mucosal sac when a person sneezes. The sac is formed from a fluid 
with a specific level of viscosity that comes from the secretions of the respiratory 
cavity mixed with saliva. The impact of air pressure makes the sac to expand and 
promote dispersion. The edges of the mucosal sac retract and the ligaments become 
visible when pulled or detached from the mother pouch, which occurs due to shear 
stress in the fluid. The mucosal sac is assumed to be fluid in motion (dynamic), while 
the surrounding air is considered to be fluid at rest (static). This is illustrated in Fig. 2. 

The orange line shows the boundary layer or between the mucosal sac and the air. 
It was formed because the effect of fluid viscosity still occurs. Therefore, the shear 
stress that occurs in the fluid is systematically described in the equation below: 

τ = F A = du dy  …(10).

Fig. 2 Illustration of the position of the mucosal sac when sneezing 



370 R. A. Putra et al.

Fig. 3 Droplet size distribution 

= μ du dy  …(11). 
Where the value of du/dy is the rate of deformation of the fluid and μ is the propor-

tionality factor between τ and du/dy, which depends on the viscosity. Equations (10) 
and (11) indicated that the shear stress experienced by a fluid with a high viscosity 
will have a higher deformation than the value of a fluid with a lower viscosity. This 
causes the mucosal sac to disintegrate and form droplets that contain pathogens or 
viruses with the potential to spread in the air [20]. 

The distribution of droplets released by a person ranges from 109 particles, where 
39% is ≤ 5 µm in size and 61% more than 5 µm, which was distributed as shown in 
the graph (Fig. 3). The average, smallest, and maximum droplet sizes obtained are 
17 µm, 3 µm, and 127 µm, respectively. 

The maximum speed of the droplet is 2.08 m/s, which is close to the value obtained 
in a previous report [21], which is graphically shown in Fig. 4.

The speed is influenced by the pressure coming from the nasopharynx, assuming 
the amount of pressure when everyone sneezes are the same, namely 2.19 kPa [22]. 
The direction of droplet flow is shown in Fig. 5.
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Fig. 4 Graph of droplet movement speed

Fig. 5 Droplet Flow Direction



372 R. A. Putra et al.

4 Conclusion 

The experimental set-up of droplet measurement and distribution using a High-Speed 
Camera (HSC) was examined. The results showed that the design can observe the 
droplets released from the spray and when sneezing. It was discovered that droplets 
from a spray are produced by a thin layer of fluid that is centrifuged, while those 
generated when sneezing are through the mucosal sac. When someone sneezes, the 
sac expands and is dispersed and retracted. The effect of this deformation causes 
the sac to disintegrate and form droplets. The droplet size obtained varies from 3 to 
127 µm and the average size from a sneeze is approximately 17 µm, where 39% was 
≤ 5 µm and 61% was more than 5 µm. 
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An Investigation of Friction and Wear 
Behavior of Hybrid Polymer Composites 

M. Iqbal, L. B. Abhang, and P. M. karandikar 

Abstract In automobile and consumer product industries, companies require long-
life reliable, lightweight, and high performance self-lubricating composite mate-
rials, properties of these materials are promising materials for guide-ways, bear-
ings, bushes, and piston rings that demand low friction and wear in the absence of 
wet lubrication. The present work investigates the tribological properties of hybrid 
composites. PEEK, PTFE reinforced with some new additives. Tribological tests 
are conducted at different temperatures on tribometer under dry sliding conditions 
and different environmental temperatures (room temperature) to elevated tempera-
ture. The experimental tests were conducted as per standard duration according to 
work conditions for all specimens. The hybrid composite exhibited lower friction 
and lower wear rate than those of without hybrid composite materials at both low 
and elevated temperatures. The combined effect of solid-state lubrication of hybrid 
PTFE composite was found satisfactory at higher temperature. Dominating friction 
and wear mechanisms in the hybrid polymer composites at the different temperatures 
were exhibited to get PTFE adhesion. Formation of transfer films on the steel surface 
was also analyzed at various temperatures. 
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1 Introduction 

PEEK is a thermoplastic polymer with a glass transition temperature (Tg) of 143 °C 
whose composites are widely used in many tribological applications. For elevated 
service temperatures, a maximum operating temperature of 250 °C was reported 
[1]. Tribological performance of Nylon composites with nano additives was studied 
for self-lubrication purposes. A systematic study comparing the wear behavior of 
composites with nylon matrix (PA 66, 46, 12) and different nano additives and rein-
forcing additives like graphite, graphene, Mos2, and Zro2 has been carried out exper-
imentally. In order to achieve a proper self-lubricant material for bearing cages [2], 
performance analysis of PTFE as journal bearing material. Among all the PTFE 
composites under experimental investigation due to friction and wear mechanism, 
the lowest wear loss is observed for the composite of PTFE reinforced with 15% Glass 
fiber + 5% MoS2 particles by weight for all the values of loads and sliding velocity 
[3]. Hybrid PTFE glass hierarchical braided epoxy composites with self-lubricating 
and high tribological performance were investigated. In this study, hybrid PTFE/ 
glass fibers were employed in hierarchical braided structure as a composite rein-
forcement. Tibological experiments were performed on the hybrid composites. The 
results showed self-coefficient due to the PTFE transfer film formation, SEM micro-
graphs confirmed the transfer film formation. Friction coefficient of 0.112, 0.105, 
and 0.096 were obtained under loading of 20, 30, and 40 N forces, respectively [4]. 
Studied comparison of tribological performance of PEEK, UHMWPE, glass fiber 
reinforced PTFE, and PTFE reinforced PEI composite materials was obtained under 
dry and lubricated conditions. The tribological performance of PEI + 10% PTFE, 
PEEK, UHMWPE polymers, and glass fiber reinforced PTFE composites under dry 
and lubricated environment conditions was obtained at room temperature [5]. The 
friction and wear response of neat and reinforced PEEK polymers were investigated 
by means of a reciprocating wear test with a 100Cr6 steel as a counter surface. From 
the study, it is concluded that the tribological behavior of filled polymers is unique 
for different materials and test parameters. Solid lubricants are fairly effective in 
reducing the coefficient of friction but not the wear rate in tribosystem [6]. Study the 
comparative wear behavior of two PEEK and PBIat high temperatures done experi-
mentally. During the experiment, the polymer exhibits superior wear resistance due 
to formation of transfer films along with PTFE polymer. PBI has observed lower wear 
rate at low temperature because of its good thermomechanical characteristics [7]. The 
author Iqbal et al. [8], investigated the hole elimination in drilling Kevlar composite 
materials panel. Author [9] has designed and developed asymmetric gear, fabricated 
by 3-D printing method, and results were analyzed and compared to experiment as 
well as simulation by ANSYS method. Author [10] has studied the bending strength 
of the FML with different fiber content. Five panels of abaca FRP were prepared 
using hand-lay-up methods. Authors [11] have recently studied the friction and wear 
properties of hybrid polymer with different percentage of glass fiber rotating under 
dry and lubricated conditions by using Tribometer (TR-20). A Taguchi approach 
is used to design the experiment for scientific study for experimentation. Abhang
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[12] has demonstrated the application of a simple multi-objective optimization on 
the basis of ratio analysis (MOORA) method to solve the multi-criteria (objective) 
optimization problem in engineering field. Author [13, 14] has studied effect of 
bio-lubricant in tribological systems of piston ring under the concentration of bio 
green (Jatrophaoil) by using response regression analysis and fuzzy-logic technique. 
Objective of this research work is mainly to investigate the tribological properties 
(friction and wear) of lightweight materials like peek and peek hybrid composites 
subjected to various ageing conditions. The lightweight material is used commonly 
in aerospace, automotive, oil, and gas industries etc. 

2 Experimental Work 

2.1 Materials and Compounding 

The composite was prepared by compression as well as injection molding. First, 
PEEK, PTFE, Glass fibers, Bronze, and Mos2 were mixed with different proportion 
for various batches with batch size 100 gm for compression molding and 15 gm for 
injunction molding. Preparations of samples are prepared and given their nominations 
as follows, as shown in Table 1 and Fig. 1a. 

The mixtures of the PEEK with the fillers were prepared by twin screw-extruders 
and injection molding. The counterpart that is disc is selected with consideration of 
application like air compressor. So, the disc material was selected steel with grade 
EN 8 as picture shown in Fig. 1b. Disc hardness was checked by Brinell hardness 
tester and surface roughness 0.4 µm was checked at Vishal Engineering Nashik 
(Maharashtra, India). 

Wear behavior of composites is studied using a pin-on-disc (Ducom madetri-
bometer) apparatus under dry sliding condition which is available in the mechanical 
engineering laboratory, at PREC, Loni as shown in Fig. 2. Wear monitoring setup 
was supplied by DUCOM and the sliding wear test is performed according to ASTM 
G99. The coefficient of friction is determined on the same experimental setup. The 
amount of wear is determined by weighing specimens before and after the test.

Table 1 Prepared samples 

S. No Polymer materials Name of 
sample 

1 Pure PEEK Pin1 

2 PEEK (70 %wt) + PTFE (15 %wt) + glass fibers (15%) Pin 2 

3 PEEK(65 %wt) + PTFE(15 %wt) + Glass fibers(15 %wt) + MoS2(5 %wt) Pin 3 

4 PEEK(50 %wt) + PTFE(15 %wt) + Glass fibers(15 %wt) + MoS2(5 %wt) 
+ Bronze (15 %wt) 

Pin 4
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Fig. 1 a Manufactured specimens for testing on Tribometer. b Manufactured polish steel discs 
with size Ø 165 × 8 mm

Specifications and testing parameters are MODEL: BD-NL, working pressure = 
0.3471 mpa, speed = 450 to 850 rpm, stroke length = 120 mm, cylinder diameter = 
100 mm. Operating parameters are load 15 N, sliding velocity = 2.5 m/s, temperature 
= 25 to 180 °C, with each test having a duration of 30 min. 

During the experimental test, the friction force and the normal force were 
measured. The coefficient of friction is calculated from these measured forces 
according to formula, ratio of the friction force FF, and the normal force FN. The 
amount of wear is determined by weighing both specimens before and after the 
experimental test. The amount of wear depends upon the number of factors such 
as the applied load, machine characteristics, sliding speed, sliding distance, the 
environment, and the material properties like material behavior etc.
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Fig. 2 Experimental setup of pin-on-disc for measurement of wear and force (frictional)

The specimen pin, with 4 mm diameter and 30 mm long, was run against the 
polished steel disc of grade EN-8 with surface roughness of 0.4µ. The contact pres-
sure ranges from 0.25 to 0.5N/mm2. The values of contact pressure were selected for 
dry lubricating air compressor applications in actual practice, like working pressure is 
10mpa and sliding velocity was selected in the range from 1.8 to 3.4 m/s. To evaluate 
the durability of material at elevated temperature, the pin was kept in environment. 
During the test, first specimen p1 was held in an elevated temperature, load 15N, and 
sliding velocity 2.5 m/s as input parameter for wear and frictional force measure-
ment. The calculated specific wear rate is also used to validate the reliability of the 
recorded height loss of specimens. The wear results were performed at the elevated 
temperature (150°). Each result is the average value of last three experimental data, 
and frictional coefficient and temperature of pin in the tables are the mean values 
during the steady state of the sliding process. 

Coefficient of Friction(µ) = Frictional force/Normal load (1) 

The wear rates have been determined as wear volume loss (mm3) per unit sliding 
distance (m). The Archard’s Law of wear expressed as, 

Wr  = V /FN  L (2) 

where, Wr—wear rate (mm3/m), V = wear volume (mm3), L = sliding distance (m), 
FN = Normal load (N) 

Wear rate in pure PEEK (Pin-p1) at elevated temperature was found higher and 
increased continuously up to the end of test as shown in Fig. 3. This indicates that 
the pure PEEK has less lubricating properties. Though PEEK has good mechanical 
property, sudden friction with counterpart at time of starting released heat and starts 
to deteriorate.
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Fig. 3 Graph shows the Wear Vs Temperature after 30 min at elevated temperature 

Figures 3 and 4—wear vs. time at room temperature and elevated temperature— 
indicate that initially, wear of pure PEEK (Pin P1) has tremendously increased 
because of sudden friction due to sudden application of normal load on the PIN
-1 this is due to the asperities from counterpart and pin both are rubbed because of 
relative sliding motion between them and show abrasive effects on pin as well as 
counterpart resulting high wear loss. That’s why the graph initially shows the high 
wear value. As the time increased, the asperities removed out from the pin have to 
be settled on the counterpart, and formed a solid lubricating film that causes the less 
wear. It has been found that wear again increased with respect to the time and became 
stable for value 49 micron after 30 min. The specific wear rate was found to be K0 

= 2.65 × 10−6mm3/Nm.
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WEAR R1 WEAR R2 WEAR  R3 WEAR (R4) 
10 min 42.5 25.72 558.49 41.64 
20 min 54.21 38.42 564.27 41.3 
30 min 62.02 49.6 574.22 43.22 
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Fig. 5 Wear of hybrid composite pin at elevated temperature 

Figure 4 shows the effect of time on specific wear rate of PEEK at standard oper-
ating conditions. Initially, the wear rate was negative, because of sudden thermal 
expansion between disc and pin. The expansion deteriorates the mechanical prop-
erties due to which, base material initially loses some pin material in a vicinity of 
counter parts and adheres on the surface of pin. This transfer film creates resistance 
against wear properties. The addition of MoS2 with glass fiber acts as self-lubricating 
agent, which helps to form a thin black gray color transfer film on disk along with 
thermal expansion of pin material. It was observed that with respective time, the 
wear rate increases and stabilizes after 6 mints. The specific wear rate is 3.31 × 
10–11 mm3/Nm after 30 min. 

Composition of PEEK/PTFE reinforced with glass fiber (Pin R2) shows  (Figs.  5 
and 6) less wear as compared to pure peek. This is because glass fiber has good 
mechanical property which acts as resistance to wear also overcome the thermal 
expansion of pin material.

The effect of time on wear rate of PEEK composites at standard operating condi-
tions. It has been observed that specific wear for pin-p2 was initially somewhat high 
because of sudden normal and tangential force acted on the pin during the starting 
of test rig. As the time increases, the wear decreases. For first 20 min, the wear for 
pin p2 was very less and also showed the negative value of wear, that is − 10 µm. 
This is due to the sudden start-up of the test rig and some particles were removed and 
settled on the wear track through which pin was moved. A very thin layer of material 
transfer is called transfer film on counter face. Initially, we get the high wear value 
but because of formation of transfer film, wear rate decreased. The specific wear rate 
is found to be 9.44 × 10–11 mm3/Nm after 30 min. 

It was observed that from Figs. 5 and 6 with addition of 5% MOS2 and reducing 
5% Peek from PEEK/PTFE enhanced the wear performance. The wear properties 
drop down vigorously as compared to pure PEEK and PEEK/PTFE/GF. The addition 
of inorganic filler material like Mos2, which is used as solid lubricant and has greater
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WEAR P1 Wear P2 Wear  P3 Wear (P4) 
10 min 43 10.87 1.2 62.64 
20 min 42.36 28.33 1.23 67.65 
30 min 49.3 39.86 1.48 71.02 
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Fig. 6 Wear of hybrid composite pin at room temperature

lubricating properties, helps in formation of transfer film as compared to other filler 
material. The presence of GF also helps to provide resistance to wear because of 
its toughness and simultaneously, the formation of Mos2 transfer film around the 
pin surfaces occurs rapidly, leading to a decrease in the wear rate and coefficient of 
friction. Addition of glass fiber with Mos2 increased wear resistance, compressive 
strength, reduced cold flow, and increased rigidity. The percentage of MoS2 with 
glass fiber should be 5%. above this it loses its mechanical properties show the 
greater wear rate. 

The PIN-R4 has a composition of Bronze, PEEK/PTFE/GF/MoS2. The significant 
result was found as compared to PIN-R3. During analysis, it was found that the Pin-4 
shows low wear rate than PIN-R1, PIN-R2, and PIN-R3. And wear rate of PIN-4 is 
less as compared to PIN-R1 and PIN-R3. It was 2.66 × 10–3 mm3 /Nm, because the 
percentage of bronze shows in Figs. 5 and 6. It improves the thermal conductivity 
of the composite materials. So it is used as additive materials. The specimen made 
by PEEK (50 %wt) + PTFE (15 %wt) + Glassfibers (15 %wt) + MoS2 (5 %wt) + 
Bronze (15 %wt) has designated PIN-P4. The graph of pin-P4 shows the effect of 
time on wear rate or specific wear rate of PEEK at standard operating conditions. 
During the test, the thin brown color transfers film form on disc. The specific wear 
rate is found to be 2.98 × 10–9 mm3/Nm after completion of test. 

3 Comparative Study with Frictional Force and Coefficient 
of Friction 

Coefficient of friction (µ) is a dimensionless number that is defined as the ratio 
between friction force and normal force. COF depends on the nature of the materials 
and surface roughness. Figures 7, 8 and 9 represent effect of time on frictional force
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for PIN-R4 at same operating conditions. It has been found that initially, the frictional 
force was 15 N at load 1 kg and contact pressure 0.347 Mpa and velocity 2.5 m/s. And 
coefficient of friction for this value is found to be µ = 0.433. The value of frictional 
force of PIN-3 is very less as compared to all four pins but with respective time, this 
value increases. This indicates that there is significant relation between wear and 
frictional force. It has been found that the coefficient of friction for PIN-P4 is very 
less as compared to all other three pins as shown in Figs. 7 and 9. The least values 
of coefficient of friction are found to be 0.65. Figures 10 and 11 show coefficient of 
friction at elevated temperature and room temperature, respectively. 
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Fig. 7 Graph shows coefficient of friction versus elevated temperature after 30 min 
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Fig. 8 Graph shows the result of coefficient of friction versus time after 30 min at room temperature
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Fig. 9 Graph shows the comparison of coefficient of Friction after 30 min at room temperature 
and elevated temperature 

R1 μ R2 μ R3 μ R4 μ 
10 min 0.558666667 0.516 0.564 0.416 
20 min 0.554 0.527333333 0.62 0.446666667 
30 min 0.552666667 0.507333333 0.637333333 0.474 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

co
ef

ff
ic

ie
nt

 o
f f

ric
tio

n 

Fig. 10 Coefficient of friction at elevated temperature



An Investigation of Friction and Wear Behavior of Hybrid Polymer … 385

P1 μ P2 μ P3 μ P4 μ 
10 min 0.46 1.526666667 0.64 0.993333333 
20 min 0.64 1.493333333 0.766666667 0.826666667 
30 min 0.88 1.48 0.86 0.706666667 
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Fig. 11 Coefficient of friction at room temperature 

4 Conclusion

• Pure PEEK shows high wear rate, k0 = 0.355 × 10−6mm3/Nm at elevated temper-
ature 180 °C and Pure PEEK shows high wear rate, K0 = 2.65 × 10−6mm3/Nm 
at room temperature

• The addition with glass fiber to PEEK/ PTFE improves its wear resistance 
properties at both conditions (room temperature and elevated temperature).

• It was found that the PIN –R2, 15% GF reinforced with PEEK / PTFE at elevated 
temperature, improves the friction & Wear behavior of polymer Composite. Also, 
Fiber Filler improves the creep resistance & composite strength of the PEEK 
composite and result enhance wear resistance K0 = 0·108 mm3/N.m. At room 
temperature the pin-P2, it is K0 = 9.44 × 10–11 mm3/Nm.

• In pin-R3 Composite 5% Mos2 with 15% GF in PEEK / PTFE exhibited at elevated 
temp. high wear resistance. K0 = 4.16 × 10–3 mm3 / N.m as compared to PIN – P3

• Mos2 and Bronze work as a solid lubricant material in polymer composite. It shows 
low coefficient of friction and high wear resistance. In dry sliding condition, the 
lowest coefficient of friction is measured of normal load 15N. This is helpful to 
reduce the wear and increase wear life of element.

• By adding various filler materials in polymer composite improve the tribolog-
ical properties. Pin-R4 shows greater wear resistance at same load condition and 
elevated temperature of 180 °C. Wear rate = 2.66 × 10−3 mm3/N·m

• It was also found that at room temperature, the composite pin-P3 composition 5% 
MoS2 with 15% glass fibers in PEEK/PTFE exhibited low coefficient of friction 
and high wear resistance. It shows very less wear rate than that of PEEK/PTFE 
reinforced with glass fibers. It is 3.331 × 10–11 mm3/NM. This is because of 
proportion of solid lubricant.
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• MoS2 and Bronze are used as solid lubricant material. These materials easily 
enter the roughness valley and stably stay on disk. It provides necessary lubrication 
during sliding. This is helpful to reduce the wear and increase wear life of element.

• The test conducted at room temperature shows much better result than test 
conducted at elevated temperature. 
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Optimization of Production Surface 
Facilities in Mature Gas Compression 
System in APO and Point B 
with Economic Valuation Strategy 

Edy Kurniawan, Helmi, Supriadi, Hasan Yudie Sastra, and Syifaul Huzni 

Abstract Mature gas field optimization for new local company for operatorship 
shall begin with main production problems identification and cost readiness, for Gas 
Compression Area Cluster IV (APO) and Unit 26 (Point B) operation, the main 
problem is the production facility equipment needs to modify surface production 
facility to adapt the current operating conditions. Excessive fuel own use has more 
challenging for new operator, in additional, several joint agreements in Facilities 
Sharing Agreement also need to be considered. First and foremost, generating surface 
production facility resizing programs that directly contribute to reduce fuel own use 
should be put on priority with business scheme toward Operation Expenses i.e., rental 
equipment models should be put in first consideration as the company needs cash to 
do exploration in the area. Gas Compression is a vital system in the distribution of 
Gas. The existing gas booster compressor cluster IV (K/KGT-4920) and gas booster 
compressor unit 26 (K/KGT-2601) are 2 (two) stage LP/HP Centrifugal machine 
driven by Gas Turbine. Fuel gas consumption of K/KGT-4920 in the amount of 3.8 
MMSCFD and fuel gas consumption of K/KGT-2601 in the total amount of 6.2 
MMSCFD. There is one project were in Cluster IV Gas Compression area that will 
be executed to reduce fuel own use in gas booster compressor package for Cluster IV 
and Unit 26 as well as increasing sales gas. Resizing of new gas booster compressor 
package cluster IV (K/KGT-4920) is adjusted to the gas booster compressor package 
unit 26 (K/KGT-2601) output by means directly delivered to the Inlet treating unit 
of Point B. The new size of gas booster compressor will reduce total amount of fuel 
gas consumption ± 6.9 MMSCFD, therefore, the equal gas sales will increase in 
the same amount that will contribute extra income of 37,464 USD on daily basis. 
Based on the project economic valuation from Q4 2023 up to Q4 2028, the expected 
Net Present Value (NPV) worth 27,800,000 USD after replacement of the existing 
compressor looks profitable.
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Keywords Optimization · Gas compression · Production facility · Fuel own use ·
Economic valuation 

1 Introduction 

Arun field is well-known for its remarkable hydrocarbon resource in Indonesia. 
Discovered in 1971, the field has supported Liquefied Natural Gas (LNG) sales to 
Asian market [1]. The Arun field has been producing since 1977. Currently, more 
than 99% of expected ultimate gas recovery has been produced. Surface facilities 
were designed for a peak capacity of 3500 MMSCFD with multiple well clusters 
and production trains [2]. 

The first gas was produced in July 1977, and the first condensate was exported in 
October 1977, and the first LNG tanker was loaded in October 1978 [1]. 

Since 17 May, 2021, this field has been operated by PT Pema Global Energi (PGE) 
as a new operator (Production Sharing Contractor) to Aceh Upstream Oil and Gas 
Management Agency (hereinafter called “BPMA”). Previously, the field had been 
operated by PHE-NSB. 

The production field area consists of Arun, South Lhoksukon A (SLS-A), and 
South Lhoksukon D (SLS-D), [3]. Gas production from the fields will be transported 
via 42-inch pipeline 32 km to Point B treating unit ex.PT Arun NGL and PHE-NSO 
Onshore for blending and further process with gas from PHE-NSO and from Triangle 
Pase Indonesia. 

This study describes changing operation mode and resizing surface production 
facilities to reduce fuel own use consumption. The effective implementation of the 
concept to reduce cost and fuel own use shall be analyzed comprehensively. In the next 
stage, several surface facilities changing and resizing will be selected to additionally 
offer utilized innovations in various units, such as power generation system and gas 
compressor in Aceh Production Operation (APO) field and other ageing facility. 

The issue of ageing facilities leads to an increased risk of loss of containment 
and other failures due to plant and equipment deterioration. The significance of 
deterioration and damage relates to the potential effect on the equipment’s availability 
and reliability. Ageing facilities are no longer considered fully fit for purpose due to 
obsolescence in its integrity or functional performance [4]. 

The traditional approach to reduce the cost production and fuel consumption is to 
change the existing surface production facility which appropriates with the current 
operating condition (Fig. 1).
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Fig. 1 Arun field map [5] 

2 Data and Method 

Currently, the production from Pema Global Energi (APO) approximately is 48 
MMSFD and 1000 barrels of stabilized condensate per day. The APO field 
information is shown in Table 1 

The Arun field consists of Cluster I, II, III, and IV and each cluster consisted 
of production wells and other surface facilities. Gas from SLS-A, SLS-D delivered 
to Cluster IV as well as gas from Cluster I, II, and III. In cluster IV, stream gas 
undergoes a three-phase separation and then refrigerated dehydration unit. Dry gas 
and separated condensate are then delivered to metering station in Point A by Booster 
Compressor K-4920 (located in Cluster-IV) before transfer to the Point B [2]. 

Feed gas from the PGE (APO field) still contains impurities. Feed gas from PGE 
and PHE NSO (outlet SRU unit) will be commingled shared facilities booster gas

Table 1 APO field 
information Field information Arun SLS-A SLS-D 

Discovery 1971 1972 1991 

No. of Wells 141 14 16 

No. Active Wells 43 2 8 

IGIP (Bscf) 14,112 306 696 

Gp (Bscf) 13,267 286 616 

Rem. Reserve (BCF) 56 1 3 

Gas Prod. (MMscf/d) 36.62 2.18 6.19 

RF (%) 94 94 89 
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Table 2 Gas composition 
from APO No Component Composition Mol fraction 

1 N2 0.0045 

2 CH4 0.6845 

3 H2S 0.000 

4 CO2 0.2156 

5 C2H6 0.0514 

6 C3H8 0.0203 

7 iC4H10 0.0051 

8 nC4H10 0.0063 

9 iC5H12 0.0033 

10 nC5H12 0.0021 

11 C6H14+ 0.0069 

Total 10,000 

compressor (KGT-2601), the feed gas will require further purification and processing 
to remove impurities and condensate stabilization before delivered to the buyer. Gas 
purification and processing in this step causes a large consumption of fuel for its own 
use (FOU). 

The operation scheme at Point B using Facility Sharing Agreement (FSA) and 
the FSA is operated by PHE-NSO. In addition, there are cost for utilities service 
provided by PT. PAG in this area. The utilities services are intended for two main 
areas, namely Sulfur Recovery Unit (dedicated for PHE-NSO) and the other Gas 
Treating and Condensate Treating Unit (share between PGE and PHE NSO). For 
Gas Treating unit, the allocation of cost sharing will be based on ratio of the volume 
of feed gas rate. And for condensate treating unit, the allocation cost will be based 
on the ratio of the rate of volume of the condensate (Table 2). 

After purified, gas is then delivered to buyer according to gas nomination. This 
gas is also used for operational needs at Point B. On the other hand, to support oper-
ating gas purification and processing, both parties need additional items including 
services and consumable such as manpower, chemical and catalyst, lubricant, and 
other supporting utilities. 

Different strategies were created by previous operator (ExxonMobil) to maintain 
profitability of mature field. Arun Cluster Consolidation Project (ACCP) was started 
in 2004 to centralize gas dehydration and booster compression facilities into one 
cluster. The benefit from this project is reduced active assets by 60%, reducing oper-
ating expense by $350 K annually, and saving fuel gas consumption by 9 MMSCFD 
by deactivated 2-unit gas turbine booster compressor. The ACCP was followed by 
the Liquid Handling Project (LHP) to consolidate liquid separation and transfer facil-
ities from four clusters into two. Deactivation of two condensate pumps is enabled 
until 20% reduction of power consumption. In addition to the condensate pumps, the 
LHP also eliminated several other types of equipment, including condensate-water 
separators, produced water treatment tanks, and produced water transfer pumps [2].
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3 Cost Sharing, Feed Gas, and Gas Supply 

The treated gas that is flowed from the shared facility to all buyers is a commingled 
gas sale of the parties. Sales gas for each party is measured based on feed gas after 
deduction with fuel consumption. Gas for fuel is taken from treated gas from shared 
facilities, the fuel gas is used for power plants, steam generators, gas turbine for 
booster compressor and NSO facilities. 

Measurement of fuel consumption is carried out at the measuring point of each 
equipment. Fuel consumption for NSO treating unit will be borne by NSO, and the 
fuel consumption used for PGE treating unit (APO field) is also fully borne by PGE. 
Gas from the parties entering the sharing facilities is measured at the Gas Transition 
Point in volume units (MMSCFD) using the following measuring tools: 

PGE gas is measured using flow meter FQI-56001/2, which is as flow meter for 
PGE. Gas from NSO is measured by calculating the difference from the combined 
gas measured by flow meter FQI-2602A, which is located downstream of booster 
compressor unit-26 (Fig. 2). 

Gas for fuel is taken from the gas that has entered the shared facility, which will 
be used as fuel for booster compressor (Unit-26). The fuel consumption for booster 
compressor will be charged to each party (PGE and NSO) proportionally based on 
the feed gas volume of each party. Fuel consumption for power plants and steam 
generators is charged on a prorated basis based on the use of electricity and use of 
steam by each party. Feed gas volume from each party is measured by flow meter 
(custody) as shown in Table 3.

The recording of the feed gas volume measurement is carried out daily at 00:00– 
24:00. Analysis of gas composition to determine the GHV value is carried out on a 
weekly basis. 

The volume of gas sales to each buyer is commingle gas sales by PGE and NSO, 
measured by the flow meter also as shown in Table 3. 

The recording of the sales gas volume measurement is carried out daily at 00:00– 
24:00. Analysis of gas composition to obtain the GHV value will be carried out peri-
odically in accordance with the agreement with each buyer. Recording and reading 
of gas usage in the system is carried out each day, weekly, and monthly.

Fig. 2 APO field information 
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Table 3 Custody meter supply gas 

Tag number Services Remark 

FQI-6751 Total treated gas 

FQI-1905 Gas to Arbel KIM and Jargas Lhoksukon 

M-401/402 PT Pupuk Iskandar Muda 

M-403/404 PT Kertas Kraft Aceh (KKA) PLN-KKA 

CM Jargas Aceh Utara 

CM Jargas Lhokseumawe

Sales gas for each party is calculated by prorating it based on the comparison 
of each party’s feed gas after deducting for fuel consumption (PGE and NSO) as 
described below (Fig. 3). 

Sales Gas PGE = Total gas sales 
× Feed Gas PGE − Fuel PGE 

(Feed Gas NSO − Fuel) + (Feed Gas PGE − Fuel PGE) (1) 

Sales Gas NSO = Total gas sales 
× Feed Gas NSO − Fuel NSO 

(Feed Gas NSO − Fuel NSO) + (Feed Gas PGE − Fuel PGE) (2) 

Fig. 3 Arun field reservoir pressure [3]
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The calculation of fuel own use is carried out in energy units. The measurement of 
the volume of gas fuel own use and heating value at the measuring point is described 
in Table 4. 

The measurement of gas volume is recorded daily at 00:00–24:00. 
In many mature gas fields, production and fuel own use is a big issue. For APO 

field, optimal use of existing surface facilities or intervention of surface equipment, 
including installing the new facilities to adapt with current condition, is the key for 
reducing production costs and increasing economic value (Fig. 4). 

Table 4 Measuring point of fuel own use 

No Equipment Meter Remark 

1 Condensate 
stripper 

FI-2760 Dedicated NSO 

2 SRU plant FI-6702 Dedicated NSO 

3 HRSG FI-9239 Share based on using of Steam 

4 Power 
generation 

FI-9001 Share based on electricity consumption after deduction with 
load of PAG 

5 KGT-2601 FI-5731 Share based on feed gas volume 

6 KGT-4501 FI-4562 Share based on feed gas volume 

Fig. 4 Fuel own use 2019–2020
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4 Result and Discussion 

The Arun and SLS A/D fields are mature fields with the oil and gas depletion rate 
reaching 94%. The carbonate reservoir drain rate is generally below 80%. The rate 
of decline in natural production from year to year reaches 20%. 

Apart from that, along with decline of gas production and excessive fuel own use 
in Block B, cause on production life becomes shorter and at certain times, all the 
production will be used for fuel gas only. 

With the existing operating conditions, the economic value of the Arun field will 
be negative in 2022/2023. To prevent this event, PGE as new operator should define 
the objective to be achieved, including prioritizing and identifying effectiveness of 
production cost. 

Average production of gas from APO field is 48 MMSCFD (March 2022). In this 
field, the biggest fuel own use consumption is for Gas Booster Compressor Cluster 
IV (K/KGT-4920) that consumes 3.8 MMSCFD. After deduction with fuel own use 
in APO field, feed gas should be delivered to Point B in amount of 42 MMSCFD. 
At point B, feed gas from APO field will commingle with gas from NSO (outlet of 
unit 27), with the amount 21 MMSCFD. The total feed gas commingled at Point B 
is 63 MMSCFD. 

From the amount of feed gas, 20.24 MMSCFD is used for fuel own use, and this 
is heavily influencing the commercialization of sales gas. The biggest fuel own use 
in Point B is the treating unit that consumes + 10 MMSCFD, followed by power 
turbine generator, which consumes 7.5 MMSCFD. The amount of impurities gas 
is 18.44 MMSCFD. Finally, total amount sales gas is 21.3 MMSCFD with 15.05 
MMSCFD for PGE portion, 5.25 MMSCFD. (This data is based on PGE daily report 
August 2021). 

First and foremost, generating surface production facility intervention programs 
that directly contribute to reduce fuel own use (efficiency) should be put on priority. 
In this scenario, there is one project that located at Gas Compression Area Cluster 
IV that will be executed to reducing fuel own use and increasing sales gas. 

5 Replacement Booster Compressor Package KGT-4920 

The project is replacing the existing Booster Compressor Cluster IV (K/KGT-4920), 
which has a design capacity of 400 MMSCFD with a new booster compressor unit 
that adjusts to the feed in amount of 50 MMSCFD. 

Initially from the existing flowline design from APO to Point B before the reservoir 
experienced decrease pressure, Booster Compressor Cluster IV (K/KGT-4920) sent 
feed gas directly to the Inlet Point B treating unit. 

With the current operating condition, the suction pressure is ± 30 psig at the inlet 
flange of Booster Compressor Cluster IV (K/KGT-4920) and final stage discharge 
pressure at the outlet flange is ± 380 psig.
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Unit 26 is a booster compressor (K/KGT-2601) which aims to increase feed gas 
pressure exit from Cluster IV to the Inlet treating unit of Point B. The feed gas comes 
from PGE gas and PHE NSO gas. 

The inlet pressure of K/KGT-2601 is ± 265 psig and outlet pressure is ± 738 
psig. To compress this amount of untreated gas, K/KGT-2601 requires treated gas 
fuel consumption of 6.2 MMSCFD, the amount of fuel is not much different from 
the design fuel requirement. This amount of total fuel gas consumption is the portion 
divided between PGE and PHE NSO based on throughput feed gas. The fuel gas 
consumption of K/KGT-4920 is 3.8 MMSCFD (Figs. 5 and 6). 

Fig. 5 Fuel consumption of KGT-4920 and KGT-2601 

Fig. 6 PGE portion fuel consumption of KGT-4920 and KGT-2601
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By reducing fuel gas consumption at the booster compressor unit by replacing 
the booster compressor with a smaller capacity with discharge pressure ± 800 psig, 
is adjusted to the gas booster compressor package unit 26 (K/KGT-2601) output by 
mean directly delivered to the Inlet treating unit of Point B. Decrease in fuel gas 
consumption can be used as additional gas sales to increase gas revenue. 

Due to the high compression ratio between discharge and suction pressure, 
the most suitable type of Compressor in Cluster IV to meet the current operating 
condition should be a Reciprocating machine. 

The new booster compressor in Cluster IV will be selected with fuel gas consump-
tion maximum 1.8–2.0 MMSCFD, therefore will be a fuel saving from the unit Cluster 
IV dan unit 26 can reach ± 6.9 MMSCFD and this fuel saving can be additional sales 
gas for the portion PGE itself. 

In addition, PHE NSO will also replace the existing booster compressor unit 
26 with suitable capacity with fuel gas consumption maximum 0.5–0.7 MMSCFD, 
therefore will be a fuel saving from the unit 26 can reach ± 1.3 MMSCFD and this 
fuel saving can be additional sales gas for the portion PHE NSO (Fig. 7). 

Raise in economically viable awareness of current operation mode has led to 
increased fuel efficiency at APO and point B Gas Compression area, almost ± 7.4 
MMSCFD. This fuel saving provides economic advantage for PGE and PHE NSO.

Fig. 7 Schematic gas compression to treating unit point-B 
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6 Project Economic Cost and Benefit Valuation 

Fuel consumption for a reciprocating compressor is lower than centrifugal 
compressor unit (existing) for same condition on operation. The reciprocating 
compressors are widely used in many industries related to the compression and 
supply gas to consumers. Compressor units can be made on single frame design. 
With interstage devices and all necessary piping, placed on a single platform with a 
compressor. The modern automation system of the compressor units guarantees the 
safety and easy use of the equipment. 

The project for replacement of the Booster Compressor Package Cluster IV is 
planned to be executed in the current year. The plan is to split the execution in 2 
(two) separate contracts as follows: 

1. Contract for Rental, Operation & Maintenance (O&M) On-skid Booster 
Compressor Package for the period of 60 (sixty) months. 

2. Contract EPCI Off-skid Booster Compressor Package, which consists of Civil 
foundation, Piping interconnecting, Electrical and Instrumentation interface, etc. 

The economic benefits of replacing the Booster Compressor Cluster IV, the savings 
in gas fuel consumption as well as operation and maintenance costs obtained for 60 
(sixty) months period from the existing Booster Compressor Cluster IV and the 
existing Booster Compressor Unit 26 are shown in Table 5.

The best method for arriving at the decision for project investment is usually 
by applying methods like Net Present Value (NPV) and Internal Return Rate (IRR) 
calculation, which will provide financial and economic viability for the investment. 

The estimated Cumulative Cash Portion as described in Table 6, also known as 
Net Present Value (NPV), earned for the duration of the project from Q4 2023 to Q4 
2028, is to the tune of $27.8 million USD and the calculated value of the Internal Rate 
of Return (IRR) is 159%. Operating expenses are based on rental costs of the unit 
new booster compressor package and EPCI Off-skid booster compressor package 
work. Assuming the inflation rate is around 5.0% per year.

Detail breakdown calculation of NPV and IRR are shown in Table 6. 

7 A Sustainable Efficiency Effort 

Currently, the portion of PGE fuel at point B is 13 MMSCFD. In the next option, 
the new gas booster compressor KGT-4920, located in Cluster IV with a discharge 
pressure of 800 psig, will not be delivered to point B for blending with gas from 
NSO. And for this option, the gas purification and treating unit will be installed at 
Cluster IV. 

As mentioned above, gas purification and treating unit will be installed at cluster 
IV. This project Cluster IV purification and treating unit is designed to treat raw gas 
from APO field and then directly delivered to the buyer and no further processing at
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Point B is needed. The purification and treating unit at Cluster IV includes installation 
of CO2 removal unit, TEG Dehydration Unit, H2S removal and sales point of gas 
from PGE is located at Point A (Custody Meter). Potential customers to sales gas 
directly from APO field are PT PIM or PTGN. 

This scenario will provide economic benefits for PGE which can increase gas sales 
by 12 MMSCFD. This option should be seriously considered to prevent economical 
issue of APO field production and the application of new concept has generated 
numerous opportunities to extend field life. 

8 Conclusions 

1. PGE as a new operator has a lot of challenges to operate Arun mature field. The 
new operator should be seriously considered innovative method by generating 
surface facilities to reduce excessive fuel own use and intervention for mature 
equipment to expand life of production profile. 

2. Optimization of existing surface facilities or intervention of surface equipment, 
including installing the new facilities to adapt with current condition, is the key 
to reducing production costs and increasing economic value. 

3. Without facility intervention program to reduce excessive fuel own use, at certain 
time, all the production from this field will be used for fuel gas only. 

4. In view of the excessive fuel consumption and aging facilities, which have oper-
ational and reliability challenges, replacement of existing Booster Compressor 
is one of the solutions to improve efficiency, reliability, and integrity of the gas 
compression area. 

5. Reduce fuel consumption and cost reduction for maintenance at APO and Point 
B is a cost reduction strategy and this is a key to a new operator to deal with 
economic issue in mature gas compression area. 

6. It can be concluded that, based on the project economic evaluation from Q4 
2023 up to Q4 2028, Internal Rate of Return (IRR) is estimated to be 159% and 
Net Present Value (NPV) is worth $ 27,800,000 USD which makes this project 
economically viable and profitable. 
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Combustion Test of Densified Arabica 
Coffee Pulp Biochar in a Purposely Built 
Chamber 

Siti Nurjannah , Yoandra Andika, Adi Setiawan , Faisal Faisal  , 
Muhammad Muhammad , and Lukman Hakim 

Abstract The study of solid fuel combustion characteristics is still continuing due 
to increases in demand of clean and renewable source of energy. Agricultural waste 
such as coffee pulp is an alternative source of biomass which has not optimally been 
utilized. The aim of this study is to examine the characteristics of the solid fuel 
combustion of densified coffee pulp biochar in a purposely built furnace. Initially, 
a simple mechanical design of combustion test furnace was prepared equipped with 
data logger for measuring weight lost and temperature changes. As main testing 
fuel, arabica coffee pulp was pyrolyzed and densified by adding starch binder. For 
comparison, locally available commercial coconut briquette and young brown coal 
were also tested under similar condition. The weight of each fuel sample was ≤ 
50 g. Based on combustion test results, required time for ignition of coffee pulp and 
coconut briquettes was 2 min, and it took 5 min for coal. The combustion rate of 
densified coffee pulp biochar, coconut briquette, and coal was 0.5 g/min, 0.59 g/ 
min, and 0.23 g/min, respectively. The maximum combustion temperature of 480 °C 
at 35 min, 375.9 °C at 45 min, and 487 °C coal at 140 min was observed during 
the combustion test of densified coffee pulp biochar, coconut briquette, and coal, 
respectively. 

Keywords Solid fuel combustion · Coffee pulp · Rate of combustion ·
Combustion temperature · Coconut briquette · Brown coal
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1 Introduction 

Biomass is organic material produced through photosynthesis, either in the form of 
products or waste. Agricultural waste, biomass, is a great alternative energy source 
containing relatively large energy content [1]. In Indonesia, the biomass which can 
be used as an energy source is abundant. Wastes originating from animals and plants 
have the potential to be processed and developed [2]. Apart from utilizing waste, 
biomass as a product for energy sources is currently being developed rapidly. Oil 
palm, jatropha seeds, soybeans are several types of plants mainly used as raw mate-
rials for making biodiesel while sawdust, corn cobs, coconut husks, and husks are 
products that are often used as materials for making biobriquettes [3]. 

Biobriquette can be a solid fuel made from biomass raw materials with a mixture of 
a little adhesive. There are several types of biobriquette, which have been developed 
such as biobriquette from sugar cane, straw, sawn waste, coconut husk, and husks 
[4]. There have been many biobriquette manufacturing, but it is necessary to conduct 
more in-depth experiments on the factors that affect the quality of the biobriquette. 
By carrying out in-depth experiments, it is expected that the factors influencing the 
quality of biobriquettes can be known as one of the factors is the combustion rate 
and the burning characteristics of briquette fuel. 

Coffee growth and consumption were known to increase every year [5]. This has 
directly caused more and more waste to be generated, while the management is still 
very old-fashioned. There are several previous studies that have been carried out 
related to the characteristics of combustion from coffee waste biomass. The research 
conducted by [3] studied the combustion ability of spent coffee ground biobriquettes 
on variations in the use of adhesives, which gave the result of a maximum combustion 
temperature at 533.4 °C and a combustion rate 0.09–0.20 g/s. The highest peak 
temperature is obtained by biobriquettes with the addition of adhesive 10% and at 
the percentage of air supply in the combustion process as much as 850%. Kang et al. 
(2017) studied combustion of spent coffee ground in a small boiler. They reported 
that spent coffee ground can be used in a 6.5 kW boiler and the emissions of O2, 
CO, and NOx were found to be better than commercial gas and wood pellets [6]. 
Alchalil et al. (2021) studied the combustion characteristics from rice husk and coffee 
pulp biobriquettes with different densified pressures. The results showed that the 
biobriquettes of rice husks and coffee skins produced had calorific values, combustion 
rates, and ash content of 4764 cal/g, 0.019 g/s, and 12 wt% ash, respectively [7]. 

Setiawan et al. (2019) reported the combustion characteristics of coffee pulp 
biobriquettes with different addition of starch adhesive. In this study, coffee pulp 
biobriquettes were produced by carbonization of raw coffee pulp through a slow 
pyrolysis method, then crushed the particle size of coffee pulp charcoal into a mesh 
of 20 and densified with a pressure of 150 kg/cm2. The results showed that the coffee 
pulp biobriquette had a calorific value of 4427.96–4662.98 cal/g, the combustion rate 
was 0.41–0.97 g/s, the maximum temperature was 450–488 °C, and 8.41–9.86% ash 
[8]. Based on the literature, it can be seen that biobriquettes have the ability for using 
as a solid fuel. The aim of this study is to examine the characteristics of the solid
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fuel combustion rate of densified coffee pulp biochar, coconut shell briquette, and 
coal in a purposely built furnace. Combustion temperature, combustion rate, and % 
of ash were determined and used as criteria for the best combustion condition. The 
results of the study are expected to provide an alternative choice for using waste as 
energy. 

2 Materials and Methods 

2.1 Materials 

The solid fuels used in this study were coffee pulp biobriquettes, coconut shell 
briquettes, and coal. Biobriquette coffee pulp is prepared according to the procedure 
in the previous research report [8]. Coconut shell briquettes were purchased from 
local market in Lhokseumawe. 

2.2 Design and Fabrication of Combustion Test Apparatus 

Figure 1 shows the design chamber for evaluating the combustion characteristics of 
solid fuels. This chamber was a cylinder made from A106 grade carbon steel with 
160 mm inner diameter, 170 mm outer diameter, and 170 mm height in the combustion 
chamber. The height of the chimney is 95 mm with a diameter of 20 mm, and the 
pipe for air entry has a diameter of 30 mm. The design of the tool is shown in Fig. 1. 
This equipment was then manufactured and tested using three solid fuels: coffee skin 
charcoal biobriquette, commercial briquettes, and coal with a weight of 50 g per fuel.

2.3 Experimental Procedure 

Densified coffee pulp biochar was prepared following procedure reported in previous 
publication [8]. The weight of sample was set ≤ 50 g and put into the combustion 
chamber. Temperature inside the chamber and at the flue gas outlet was recorded by 
using type-k thermocouple sensors. This set-up was equipped with data logger. To 
start ignition, a portable gas burner was used. During the combustion process, the 
sample weight loss with respect to time was recorded every 1 min until the fuel has 
completely burnt out. The remaining ash after the combustion was then recorded.
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1. Digital scale 
2. Tray hanger wire 
3. Frame structure 
4. Combustion chamber 
5. Tray sample 
6. Door of combustion 

chamber 
7. Bottom part of combus-

tion chamber 
8. Primary air intake pipe 

Fig. 1 Set-up of combustion test chamber

3 Result and Discussions 

Table 1 details all parameters recorded during combustion experiments. Ignition 
of coffee pulp and coconut biobriquettes took 2 min while brown coal required 5 
min to start combustion. During combustion test, the highest flame temperature was 
observed from combustion of coffee pulp briquette, i.e., 675 °C. Duration of combus-
tion process of coffee pulp and coconut briquettes is 100 and 80 min, respectively, 
while burning duration of brown coal is much longer, i.e., 212 min.

Figure 2 shows the pictures of combustion test chamber after fabrication and 
installation. There are several measuring instruments used at the time of testing 
including digital scale, portable gas lighter, thermocouple, and data logger. The total 
volume of combustion chamber is 73.72 mm3. Prior to combustion test experiment, 
the sensors were calibrated against standard analog instrument.
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Table 1 Measurement results 

Measurement Densified coffee pulp biochar Coconut briquettes Brown coal 

Fuel weight (g) 50.03 50.12 49.95 

Ash weight (g) 16.25 17.01 4.99 

Ignition time (minutes) 2 2 5 

Duration of fuel burn (min) 100 84 212 

T flame (°C) 675.2 651.7 556.7 

Tmax fuel (°C) 480 375.9 489.4 

Ti chimney (°C) 46.07 59.98 108.29 

To chimney (°C) 28.66 29.53 36.06 

Ti wall (°C) 78.92 81.81 120.04 

To wall (°C) 54.53 59.74 105.2 

Ti combustion chamber (°C) 88.56 96.36 198.63 

To combustion chamber (°C) 29.2 31.07 31.38

Fig. 2 Combustion test apparatus 

3.1 Combustion Rate Test 

The combustion rate test was carried out by burning the fuel to find out the duration 
of flame while measuring the mass of the burning sample. This test was conducted 
to determine the quality of a fuel in term of the extent of the fuel burning. This data 
is necessary to be used later in its application. The rate of combustion is the time 
required per gram of fuel to be burnt. Table 2 provides the results of combustion tests 
of three kind of fuels.
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Table 2 Results of combustion rate test 

Solid fuel Mass of fuel burned (g) Fuel duration 
(minutes) 

Combustion rate (g/ 
min) 

Densified coffee pulp 
biochar 

50.03 100 0.5 

Coconut briquette 50.12 84 0.59 

Brown coal 49.95 212 0.23 

Based on the data in Table 2, it can be seen that the combustion rate of coal 
is longer than the coffee pulp and coconut briquettes. This occurs due to the low 
volatile matter and density in coal. In addition, the duration of the burning solid fuel 
and temperature toward the ignition time can be seen in the Fig. 3. From this figure, 
it is observable that the temperature at the time of testing was fluctuated because 
the ash in the fuel remains attached when it burns. The coffee pulp biobriquette has 
an ignition temperature of 480 °C in 35 min, while the coconut briquette ignited at 
375.9 °C in 45 min. The ignition temperature of brown coal was 487.4 °C in 135 
min.

3.2 Ash Content 

The ash content analysis was carried out by weighing the weight of ash and fuel 
sample. The purpose of this test is to determine the percentage of ash content left 
after combustion test, where the percentage of ash content in each fuel is different. 
Ash content from three different fuels is displayed in Fig. 4. Ash is the remaining 
part of the combustion product, and its main element is the mineral silica, which 
contains poor fuel quality. The higher the ash contents of a fuel, the lower the calorific 
value. Based on the test, it can be seen that the ash content of commercial briquettes 
(33.90%) is higher than coffee skin charcoal briquettes (32.30%). Meanwhile, coal 
has a relatively smaller ash content compared to the other two fuels, where the ash 
content in coal fuel is only 9.98%.
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Fig. 3 The loss of weight and flame temperature as a function time a Coffee pulp briquette, 
b coconut briquette and c brown coal
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4 Conclusion 

The characteristics of densified coffee pulp biochar combustion has been studied in a 
purposely built combustion chamber and compared to coconut briquette and brown 
coal. The combustion rate of densified coffee pulp biochar is 0.5 g/min, comparable 
to coconut briquettes combustion rate. While, brown coal sample has the lowest 
combustion rate with only 0.23 g/min. In terms of ash content, coconut briquette 
has the highest percentage with 33.9% followed by coffee pulp briquette with ash 
content of 32.30%. 
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Design and Operation System of Small 
Robot for Water Spinach Planting 

Arhami, Aulia Nanda Rizki, and Sabri 

Abstract The innovation of agricultural equipment influences an increase in crop 
production. The process of planting vegetables is still a problem for the farmers, so it 
needs to be solved by designing tools in agriculture. This paper discusses the design 
and operation system of a small robot for planting spinach water. This study aims to 
design a small robot that can be used to plant spinach water seedlings quickly and 
with minimal labor. The planting operations for the spinach water seedlings include 
making holes, inserting seeds, and closing holes again. The mechanism for planting 
spinach water seeds is modeled as a robot that has a frame, electrical components, 
seed shelter, and soil hole punch. The design results of this robot can be the planting 
process approach of 25 kg of seed load. The operation of robot was tested using a 
control system on a Bluetooth-enabled cell phone. The robot control system operates 
on a standard electrical voltage range of 5–12 V and has a system performance of 
16 min. With this workload, the robot can plant seeds on a 12 m × 0.5 m plot of soil. 
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Water spinach plant
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1 Introduction 

The increase in population may outnumber the increase in food producers, one of 
which is vegetable producers. With these issues in mind, several engineers have 
developed the science of robotics and automation systems to create a robot that 
can work to increase the amount of food production, particularly in agriculture, to 
increase the amount of basic vegetable production that exists at this time. 

Today, vegetables are a staple food that must be consumed daily to survive. 
According to the Indonesian Central Bureau of Statistics, the population grows by 
1.2% per year. In this case, Indonesia must have adequate food supplies, including 
vegetables as a basic need. To provide smooth distribution of vegetables as staples, 
the increase in demand for vegetables must be balanced with the procurement of 
these vegetables. 

However, as the population continues to grow and vegetable production continues 
to comply, vegetable production becomes less suitable for the needs of the Indonesian 
population. To address these issues, the researchers in this paper aim to design and 
develop a robot to carry out the process of planting plant seeds quickly according 
to procedures. This small robot is designed to plant water spinach seedlings quickly 
and without the need for additional labor. In general, the planting of water spinach 
seedlings has a planting procedure, which includes making a hole, inserting the seed, 
and closing it. 

Robots are becoming less and less novel as time passes and technology becomes 
more sophisticated. Currently, robots can be found in almost every aspect of human 
life, including mobile robots. Because this robot can move freely, it is frequently used 
to transport goods. The mobile robot’s weakness, however, is in navigating difficult 
and uncertain terrain. Complex robot movements require a navigation method that can 
handle problems and complete the given mission, such as observing its environment, 
interpreting information from sensors to improve knowledge of the robot’s position, 
and environmental structure, and planning a route from the initial position to the 
destination position, avoiding obstacles, and controlling the angular speed and linear 
speed of the robot to reach the target [1]. The robot functions as follows. The weeding 
robot enters the plant beds with the assistance of the control and navigation system. 
The coordinates of the location of weeds in a row are determined automatically using 
a computer vision system [2]. 

The development of robots cannot be separated from the design and design to 
produce a robot shape by the mechanism of the planting process. Manufacturing 
includes design, material selection, assembly, and testing processes, but the design 
in question is design, design validation, design analysis, and production working 
drawings [3]. There are two general approaches to design a robotic for agricultural 
tasks. The first approach is to create and use a universal arm capable of performing 
a variety of tasks [4]. After comprehending the motion design, the motion must 
be adjusted to the sensor configuration to adjust the sensor and actuator navigation 
readings [5].
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Depending on the model of the agricultural robot, there are two methods for 
acquiring turning angles. Navigational readings also affect the visual sensor of the 
robot, the robot will move according to the predetermined visual navigation. Robust-
ness to changes in illumination, weather conditions, image background, and object 
appearance, for example, as plants grow, is required for agricultural robotic vision, as 
is sufficient accuracy and real-time performance to support onboard decision-making 
and vision-guided control of robotic systems. Active vision approaches that incorpo-
rate next-best-view planning may be required to ensure that all relevant information 
is available for robotic decision-making and control, for example, when the fruit or 
harvestable part of a crop is obscured by leaves or weeds [6]. 

The robot’s motion will be perfect if the robot’s support or chassis can support 
the load perfectly. The load-bearing strength also affects the resistance strength of 
the robot car chassis. A supporter with a less safety factor causes excessive loads and 
unstable motion to the speed of the robot car [7, 8]. 

The process of making and assembling electrical connections cannot be separated 
from the design of a robot car for planting water spinach seeds. Electricity is the 
primary component used to the power robot cars and control systems [9, 10]. 

This robot operates using a 12 V battery with a storage capacity of 7.5 Ah and 
the total load consumption of all the system is 20 W. So, it is necessary to take into 
account the length of time the robot will use the battery in every hour. 

Following the calculation of the battery current is I = 20 W/12 V = 1.67 A. 
Hence, the usage time of the battery is 7.5 Ah/1.67 A = 4,5 h. Therefore, with battery 
deficiency assumption 20%, the usage time of the battery become to 4.5 h – (20%  
× 4.5 h) = 3.6 h. To build a robot car for growing water spinach seedlings, several 
aspects were previously described, including design construction, robot movement, 
visual navigation, control systems, and electrical system assembly. The operating 
system and testing by connecting to the mobile phone network. So, the motion 
system will automatically move forward, and there is a button to carry out the process 
of shedding seeds. Thus, it is hoped that this research will lead to technological 
advancements in agriculture. 

2 Material and Method 

The performance of the robot car for planting spinach water seedlings is comparable 
to that of conventional spinach water seedlings. The robot car’s design must include 
a hole mechanism, a planter, and a manhole cover. There are several methods for 
producing a robot car suitable for planting spinach water seeds the design of a robot 
car for growing spinach water seed. Figure 1 depicts the procedure.

The method is explained by first reviewing several literature studies to get the 
desired robot shape. The process of analyzing how the process of planting water 
spinach seeds which will be converted into the form of a planting mechanism that 
will be carried out on the robot, will then be carried out. The planting process can 
be seen in Fig. 2.
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Fig. 1 Method of processing production mobile robot spinach water

Fig. 2 Process of water spinach planting 

The process of planting spinach water seeds includes punching holes, inserting 
seeds, and closing holes. Based on this analysis, the design idea for designing a robotic 
mechanism for planting spinach water seedlings is developed, and the appearance 
of the design of the carrot robot for growing spinach water seedlings can be seen in 
Fig. 3.
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Fig. 3 Design of the mobile robot spinach water 

The chassis, electrical housing, drive wheels, and seed storage are the main 
components of the water spinach seedling robot car, as shown in Fig. 3. The robot’s 
motion system will operate by the control system commands that have already been 
connected and turned on; the control system will issue orders to the wheels, which will 
operate via the mobile control application. Figure 4 depicts the navigation procedure.

Several components are required to support the motion of the robot from the 
motion control navigation. Table 1 shows the components of the robot.

Following the design and material selection stages, the next step is to enter the 
results stage of the applied method, as shown in Fig. 3, analysis is carried out in the 
form of load analysis working on the robot car chassis, from the design, the process 
of making a robot car is carried out, motion analysis and control system analysis on 
robot cars. 

3 Result 

3.1 Design Model of Robot Frame 

Loads acting on the chassis, such as load bearing loads and electrical system loads, 
are included in the design analysis. This design analysis only determines whether 
or not this chassis is appropriate for use on a water spinach seed growing robot car. 
Figure 5 depicts the placement of the load on the robot car for growing water spinach 
seedlings.

The total weight of the seed holder and the electrical load is 25 kg, resulting in 
a force of 196 N. To determine how much stress influences the chassis design of 
the robot car, a centralized load simulation is performed. By looking at the safety



418 Arhami et al.

FB 

L 

R 

Forward (F) 

Backward (B) 
Left (L) 

Right (R) 

Extra (On/Of) 

Robot  

Fig. 4 Control Navigation of the Mobile Robot

factor, the normal load stress is a maximum of 5088 MPa for steel materials with 
dimensions of 30 × 30 × 2 mm. Figure 6 depicts the results of the stress from graph 
at a predetermined load.

Figure 6 shows that the influence of the chassis caused by the load causes the 
chassis in the middle position to deform and stress. But it is safe, and this design can 
be used because it has a maximum safety factor value of 3 on moving objects. The 
effect of stress in Fig. 6 is that it occurs only in 1 rod, namely the rod that is adjacent 
to the reservoir and the electrical box has a maximum force of 3.265 N on the FY 
symbol. 

3.2 Mobile Robot and Electrical System Control 

Figure 7 is an assembly form of each component consisting of a chassis, electrical 
box, wheels, and motor, and accompanied by operation test. Whereas, the Fig. 8 
depicts the water spinach seed planting process.

Figure 8 depicts the robot’s performance process, in which the robot’s navigation 
is controlled by a cellular connected to Bluetooth, which sends commands to the



Design and Operation System of Small Robot for Water Spinach Planting 419

Table 1 Component mobile robot 

Chassis 

Name Function 

Steel frame hollow 2.5 cm × 2.5 cm As a support material for the entire component to be 
used 

Motor DC 12 V As the primary driver of the wheels, allowing the robot 
car to move by the control system 

Wheel As a mover 

Box electrical As storage of electrical components 

Electrical 

Battery 12 V DC To store current and distribute current to all electrical 
components so that they turn on 

Arduino Mega Robot car control center 

Monster Moto Shield DC rotation controller in CW or CCW 

Step down Reduce the excessive voltage on electrical components 

Relay Automatic circuit breaker controller 

Bluetooth Control network link between mobile and robotic 
systems 

Motherboard Electrical circuit main board 

Cable jumper Current connecting line

Fig. 5 Simulation of the chassis load

microprocessor or Arduino Uno, causing the robot to run by the commands on the 
cellular, but the navigation system or robot motion cannot be separated from the 
electrical system, which is always connected, so some electrical system analysis is 
also required. When the robot walks forward, the cellular gives the command to spill
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Fig. 6 Graph depicting the effect of load on the chassis

Fig. 7 Components assembly and operation test of small robot for water spinach planting 

Forward 

Holes  

Fig. 8 Water spinach seed planting process

the seeds into the hole made by the hole punch. Using this mechanism, the seeds are 
guaranteed to enter the hole that has been formed. 

The electrical display of the components described in Table 1 can be seen in Fig. 9, 
namely an analysis of the electrical system in the form of electric voltage and electric
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Fig. 9 Electrical system 

Fig. 10 The voltage changes during the operation 

current, where a stable electric voltage has a stable electric current but if the electric 
current changes due to component division, the voltage also changes data. The graph 
in Fig. 10 is the result of this analysis. 

Because this robot uses a 7.5 Ah battery, the electrical system is divided into two 
parts: one for the 5 V and one for the 12 V. Figure 10 shows the analysis of voltage 
changes as the robot moves forward, backward, and turns. 

When the control command from the cellular cellphone uses the Bluetooth 
network, the robot car will drive according to the control system, when the robot 
car performs a maneuver, the electrical measurement of the system when the robot is 
working here. Figure 10 shows that the 12-V voltage is used for the 5-V propulsion 
for power to turn on the control system. If the working amperage continues to fall 
after 16 min, the voltage on the robot car also falls, but this does not affect the robot’s 
performance. The robot can still operate at a voltage of 10 V and a current of 1 Amp. 
This system can plant seeds with a field size of 12 m × 0.5 m in about 16 min. 
Figure 11 depicts the results of the planting.
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Fig. 11 The result of planting seeds 

4 Conclusion 

The design process and operation system of the small robot for water spinach were 
successfully done. Based on the results, several indicators of readiness in the image, 
namely the readiness of the results of the robot chassis analysis, the readiness of 
the electrical components, and the readiness to carry out the production process of 
the small robot. The operating system and testing were carried out. By connecting 
to the mobile phone network, the motion system will automatically move forward, 
and there is a button to carry out the process of shedding seeds. After the success of 
testing this robot, it will have an impact on farmers, allowing the process of planting 
seeds to be faster and more precise. The analysis of the robot’s motion system is also 
considered successful because the electrical capacity operates by the specifications 
of the electrical components, ensuring that the robot is safe to use and operate. This 
robot car control system’s voltage ranges from 12 to 5 V, with an average amperage 
of 2 Amps. 
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Commercial AC System Alternatives 
for a Case Study Hotel Building in Hot 
Climate Country: An Inclusive 
Comparison Analysis 

I Nyoman Suamir, Adi Winarta, and I Made Rasta 

Abstract Air conditioning (AC) systems are the main energy-significant services 
in hotel buildings. There is, therefore, remarkable potential to increase energy effi-
ciency use of the hotel AC systems by optimization of both their system selection and 
operational characteristics. This paper presents an inclusive evaluation of commer-
cial AC systems that can be appropriately functional for a case study star hotel. The 
hotel considered consists of resorts and villas of cooling load as high as 2400 tons of 
refrigeration. Site investigation, AC-specified characteristic review, and numerical 
approach were applied. The evaluation involved operational characteristics, coef-
ficient of performance, and power and energy use per year. The evaluation results 
showed, for hotel building application, the central AC systems which generally have 
better diversity factor, could provide flexibility in installed system capacity. The 
results also showed that the water-cooled chiller system could perform with higher 
COP compared to the other AC systems. Additionally, the annual energy efficiency 
of the water-cooled chiller system was also found very superior with energy savings 
more than 50%. After central water-cooled chiller system, it was found that a modular 
water-cooled chiller system could also provide an excellent energy performance. 
Finally, the evaluation results can provide the most suitable AC system alternatives, 
specifically in hot climate country applications, to hotel facility consultants, hotel 
building contractors, and hotel owners. 

Keywords Inclusive comparison analysis · Commercial AC system · Operational 
characteristics · A case study hotel building
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1 Introduction 

In Indonesia, the building sector, including hotel buildings, uses 50% of energy in 
general or 70% of total electricity consumption. This makes the sector the largest 
energy user and even exceeds the industrial and transportation sectors. In terms of 
energy use, the AC system in buildings consumes 65% of the total energy use in 
hotel buildings [1]. The hospitality sector itself is growing very rapidly in Indonesia, 
and tourist visits, especially to Bali, continue to increase. 

AC plays a very important role in maintaining thermal comfort in the room, espe-
cially for hot and humid climates. The energy consumed by heating, ventilation, and 
air conditioning in tropical climates can exceed 50% of the total energy consumption 
of buildings [2, 3], 47% in the US [4] and 30–50% in China [5]. AC systems are the 
largest energy-significant utility of hotel buildings. Therefore, there is tremendous 
potential to increase the overall efficiency of the AC system in hotel buildings. 

The largest electricity usage in hotel buildings is 70–80% for air- or water-cooled 
chiller operations, where the chiller is the main sub-system of the AC system. Hotel 
operational costs can be reduced by optimizing the use of energy in the chiller. Effi-
cient management of multi-chiller systems can be very challenging as an alternative 
in optimizing their energy use [6]. The overall energy efficiency of an AC system 
with multi-chillers can have a major impact using the chiller operating sequence 
arrangement concept [7]. This operational method is a good practice in using multi-
chillers with the best efficiency compared to chiller operations which consume more 
energy [8]. 

The energy demand for AC system can increase rapidly in the twenty-first century 
[9]. Higher outdoor temperatures impacting climate change affect cooling energy in 
terms of higher indoor temperatures and more stringent thermal comfort require-
ments. In addition, the impact of climate change on AC systems is expected to cause 
energy demand to soar up to 72%. The biggest consumers of energy related to AC 
systems come from developing countries. A large increase is expected in South Asia 
as energy demand for AC systems could increase by about 50% due to climate change 
[10]. 

To anticipate these changes, increasing energy efficiency in hotel buildings is 
currently the main target of energy policy at the regional, national, and international 
levels. Among building utilities, the increase in energy use of heating, ventilation, 
and air conditioning systems or better known as HVAC is very significant [11]. 
Several solutions have been proposed to promote energy conservation such as the 
development of an AC system equipped with a heat recovery system to heat water 
[12–16]; maintaining system performance through close monitoring of key chiller 
parameters including evaporator and condenser approach temperatures [17]; and 
optimizing the distribution of the cold water circulation system [18]. This could lead 
to wider adoption of energy efficiency, to support the Government of Indonesia’s 
commitment to reduce greenhouse gas (GHG) emissions by 26% by 2020 [19]. 
Energy saving is one of the smart solutions to be applied to hotels. Therefore, actions 
from the building sector to mitigate and adapt to climate change early on from
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planning and selecting utilities including energy-significant AC systems become 
very important to reduce building energy consumption and GHG emissions [20]. 

This paper presents an alternative evaluation of various AC systems that can 
be applied to a case study five-star hotel. The hotel is a resort and villa with a 
peak cooling load based on a comprehensive design result of 2400 TR (tons of 
refrigeration). The main aspect that becomes the basis of evaluation in this paper is 
operational characteristics and the energy performance of the AC system including 
COP, power consumption, and energy consumption per year. Several other aspects 
were also discussed such as operational flexibility of the AC system, risk of damage, 
ease of maintenance and repair, and the economic life of the various AC systems 
evaluated. 

2 Material and Methods 

The commercial AC systems evaluated in this paper are AC systems that are 
commonly applied to hotel buildings, especially star hotels. The evaluated AC 
systems included five types of AC systems, namely: water-cooled chiller, air-
cooled chiller, modular air-cooled chiller, water-cooled package (WCP), and variable 
refrigerant volume (VRV). 

The main methods applied in this research include site investigation, AC-specified 
characteristic review, and numerical approach. Site investigation was conducted to 
the case study hotel in order to evaluate hotel building characteristics, the AC system 
used, and cooling demand. Various studies and reviews have also been conducted, 
among others: a study of the needs and characteristics of cooling loads in various 
commercial buildings, especially hotel buildings; study of technical specifications 
covering energy performance, cooling capacity, construction, installation, spatial 
requirements, and economic life. The study also involved operational characteristics 
as well as maintenance and repair of various types of commercial AC systems. 

The results of the study were then evaluated comprehensively, and comparative 
analysis was carried out between the cooling load characteristics of the hotel building 
and the operational characteristics of the air conditioning system. Comparative anal-
ysis between various types of AC systems is also carried out to obtain the best AC 
system priority scale and the one that best suits the needs of hotel buildings, especially 
from the aspect of energy performance. 

3 Results and Discussion 

AC System Characteristics. Five commercial AC systems characteristics have 
been inclusively evaluated. They included water-cooled chiller, air-cooled chiller, 
modular air-cooled chiller, water-cooled package, and variable refrigerant volume 
AC systems. The results of the evaluation are systematically detailed below.
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Fig. 1 Schematic diagram of a water-cooled chiller and b air-cooled chiller 

Water-cooled Chiller. The water-cooled chiller is an AC system with a central-
ized or central system with a condenser cooled by water through a cooling tower 
system. For application in the case study hotel, the number of chiller units can reach 
3 units. Each unit is with a capacity of 600 TR. The AC system produces chilled 
water with temperature in the range of 6–7 °C. The chilled water is distributed to the 
loading system in this case: the AHU (air handling unit) or FCU (fan coil unit) using 
a pump system. On the condenser side, the heat is absorbed by the cooling water and 
discharged to the environment through a cooling tower system. The schematic of the 
water-cooled chiller AC system is presented in Fig. 1a. 

The characteristics of the water-cooled chiller AC system can be detailed: (i) The 
cooling capacity can be 20–30% lower than peak load due to diversity factor. For 
the case study hotel, the diversity factor can reach 70–80%; (ii) the compressor used 
is a centrifugal compressor with the required number 3 units of 600 TR each; (iii) 
a minimum enclosed refrigeration plant room is required with a floor area of 168 
m2 and a minimum height of 4.4 m [21]; (iv) the placement of the cooling tower in 
the open air is approximately 234 m2 [21]; (v) required make up water for cooling 
tower of 13–15 L/hour per TR cooling capacity [21]; (vi) each room is serviced by 
an AHU or FCU loading system; (vii) AHU capacity with a range from 5 to 90 TR; 
(viii) small room serviced by FCU; (ix) the economic life of the water-cooled chiller 
AC system is generally up to 25 years assuming good maintenance; (x) relatively 
more flexible for buildings with varying room load conditions, or those equipped 
with rooms that require large load capacity or high latent loads such as ball rooms 
or convention halls; (xi) the system can meet the needs of large cooling load with 1 
chiller unit; (xii) the refrigeration system is centralized and relatively simple; (xiii) 
the system has good annual efficiency; (xiv) the possibility of unit disturbance is 
relatively small because the refrigeration plant room only consists of 3 chiller units 
(3 × 600 TR). 

Air-Cooled Chiller. Air-cooled chiller AC systems have the main difference in 
their condenser cooling systems compared to water-cooled chiller AC systems. The
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condenser of this AC system is cooled directly by the ambient air. The air-cooled 
chiller is also a centralized AC system. For the case study hotel, the required number 
of air-cooled chillers can reach 4 units each with a capacity of 450 TR. The AC 
system can also produce chilled water with temperatures in the range of 6–7 °C. The 
chilled water is also distributed to the AHU (air handling unit) or FCU (fan coil unit) 
systems using a chilled water pump system. On the condenser side, the condenser 
heat is cooled directly by the ambient air. The schematic of the air-cooled chiller AC 
system is presented in Fig. 1b. 

The characteristics of the air-cooled chiller involve: (i) For the case study hotel 
building applications, the cooling capacity of the air-cooled chiller system can also 
be 20–30% lower than the peak cooling load due to the diversity factor; (ii) the 
compressor used is generally a screw type. The hotel requires 4 units of 450 TR 
each; (iii) a minimum open refrigeration plant room of area 420 m2 [21] is required, 
usually located on the roof top; (iv) each conditioned room is serviced by AHU or 
FCU; (v) small rooms such as hotel rooms are serviced by FCUs; (vi) the economic 
life is the same as that of a water-cooled chiller, generally up to 25 years; (vii) 
relatively more flexible for buildings with various room conditions; (viii) the system 
can meet the needs of large cooling loads with 1 chiller unit; (ix) the refrigeration 
system is centralized and relatively simpler than a water-cooled chiller because there 
is no cooling tower and cooling water system; (x) the possibility of unit disturbance 
is relatively small because the refrigeration plant room only consists of 4 chillers 
(4 × 450 TR) completed with piping system, chilled water pump, and the control 
system. 

Modular Air-Cooled Chiller. The installation of the modular air-cooled chiller 
must be in an open place, usually on the roof top so that the heat dissipation process 
occurs properly into the ambient air. The distance between the AHU and FCU loading 
systems and the refrigeration unit can be far because the system is equipped with 
a chilled water piping system. Chiller operation is very easy and more flexible. In 
addition, the equipment required is relatively less compared to the water-cooled 
chiller system. The operation of this modular air-cooled chiller is relatively similar 
to that of air-cooled chiller in that the capacity is smaller. So, the construction is 
simpler. The modular air-cooled chiller is an AC system with a non-centralized 
system, meaning the refrigeration system is spread throughout the building according 
to loading requirements. The capacity of the modular air-cooled chiller ranges from 
14 TR (48 kW) to 66 TR (232 kW) [22]. The AC system also produces chilled water 
with temperatures in the range of 6–7 °C. The chilled water is also distributed to the 
AHU (air handling unit) or FCU (fan coil unit) using a pump system. The schematic 
of the modular air-cooled chiller is presented in Fig. 2a.

The characteristics of the modular air-cooled chiller include: (i) For hotel building 
applications, the cooling capacity of the modular air-cooled chiller can be 15% 
lower than the total peak load, because the system can operate semi-centrally with a 
diversity factor of up to 85%; (ii) the modular installation can be as many as 5 units 
to get the cooling capacity. Therefore, it is a semi-central AC system (centralized 
but spread throughout the building) [22]; (iii) for the case study hotel, 8 semi-central 
systems are required with each consisting of 5 units so that 40 units of modular
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Fig. 2 Schematic diagram of a modular air-cooled chiller and b water-cooled package (WCP)

air-cooled chiller are required. Each unit is with a cooling capacity of 50 TR; (iv) 
the compressor used is a scroll inverter compressor; (v) each conditioned room is 
also serviced by the AHU or FCU system; (vi) the economic life is generally up to 
15 years assuming good maintenance; (vii) the system is quite flexible for buildings 
with various room conditions; (viii) the system is also capable to meet the needs of 
large loads, and a combined chiller unit is required; (ix) the refrigeration system is 
semi-centralized or centralized but still spread throughout the building in the form of 
groups or combined chillers. So, the refrigeration system is relatively more complex; 
(x) the system has a very good annual efficiency, especially for hotel buildings that 
have a fluctuating load factor; (xiii) the possibility of unit disturbance is relatively 
high because the large number of systems required. 

Water-Cooled Package. The installation of the water-cooled packaged (WCP) 
AC system can be on the floor or on the roof top. The distance between indoor and 
outdoor cannot be far. So, it should be installed close to the conditioned room. The 
operation of the WCP unit is relatively more complex, because before the refriger-
ation system is turned on, the cooling tower and cooling water pump must be run 
first. The schematic diagram of the WCP AC system can be seen in Fig. 2b. 

The characteristics and operations of the WCP AC system can be explained as 
follows: (i) The WCP AC system is direct expansion with water cooling in the 
condenser; (ii) consists of hanging type WCP with cooling capacity in the range of 
9 TR to 56 TR [23]; (iii) for the case study hotel, approximately 48 WCP units with 
a capacity of 50 TR each are required; (iv) the main components of the refrigeration 
system, such as the refrigerant piping system, compressor, and condenser, are already 
one packaged unit; (v) the compressor used is a scroll inverter compressor; (vi) the 
WCP system condenser is cooled by cooling water from the central cooling tower 
unit; (vii) required make up water for cooling tower of 13–15 L/hour per TR cooling 
capacity; (viii) the installed system capacity is the total peak load, because the units 
work individually for each conditioned room with a diversity factor of 100%; (ix)
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installation of the WCP system can be in spread out spaces; (x) each room or group 
of rooms is served by a WCP system with an AHU system; (xi) the economic life 
is generally up to 15 years assuming good maintenance; (xii) less flexible, because 
WCP is a standard unit with a limited number of coil rows; (xiii) the installations 
are scattered and very numerous and cannot yet be classified as semi-central; (xiv) 
maintenance costs become more expensive and time-consuming; (xv) less chance of 
damage than split-type AC system. 

Variable Refrigerant Volume. Variable refrigerant volume (VRV) AC system 
is a type of heating, ventilation, and air conditioning (HVAC) system in a building 
with a multi-split type that uses refrigerant flow control according to the cooling load 
requirements. In-building VRV system can save space for installation. Space effi-
ciency is enhanced by compact individual unit sizes, long maximum piping lengths. 
In addition, the system provides superior design flexibility especially in that layout 
changes can be made easily. The outdoor unit can be placed on the floor or on the 
roof top. The schematic diagram of the VRV AC system is presented in Fig. 3. 

The characteristics of the VRV AC system can be described as follows: (i) VRV 
AC system is an AC system with direct expansion and not central. The installation 
is spread throughout the building according to the cooling load of the conditioned 
room; (ii) consists of indoor unit and outdoor unit, where the installation of outdoor 
unit must be provided on each floor; (iii) capacity range from 6 to 30 TR; (iv) for 
the case study hotel, approximately 80 VRV units with a capacity of 30 TR each 
are needed [24]; (v) cooling of the condenser with ambient air; (vi) the amount of 
refrigerant flow in the system is variable according to the cooling load; (vii) the 
installed capacity is the total peak load, because the units operate individually with 
a diversity factor of 100%; (viii) the number of outdoor units can be very large, 
and their installation can be a problem for esthetically pleasing hotel buildings; (ix) 
each conditioned room is served by an indoor unit (IU) with a capacity range from

Fig. 3 Schematic diagram 
of a variable refrigerant 
volume AC system 

Condenser Compressor 

Expansion 
valve 

Evaporator 
(Indoor) 
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0.5 TR to 20 TR; (x) the economic life is generally up to 15 years assuming good 
maintenance; (xi) less flexible, because the indoor unit is a standard unit with a 
limited number of row coils; (xii) for large spaces, many units are needed scattered 
around the room; (xiii) maintenance costs are more expensive and time-consuming 
compared to chiller systems; (xiv) there may be more refrigerant leaks, because pipe 
installation, refrigerant charging, and tests carried out at the installation site. 

Performance and Energy Consumption Analyses. The results of the study of 
the performance of the investigated commercial AC system show various variations 
in performance. Their performances are influenced by heat rejection system in the 
condenser and the optimization of heat transfer in the heat exchanger components 
such as evaporator. Performance is also greatly influenced by the type of compressor 
and refrigerant used. The performance of the AC system also directly affects its 
energy consumption. Table 1 presents a comparison of performance and power 
consumption as well as annual energy consumption which was numerically deter-
mined based on the assumption of a use factor of 75% which means that the AC 
system is only used for 75% of the total hours in one year. 

Based on the characteristics of the AC system and the results of the analysis 
presented in Table 1, the advantages and disadvantages of each AC system can be 
identified when applied to the case study hotel building with a large cooling load. 
The hotel building has characteristics with very fluctuating load factors and provides 
advantages for central AC systems with relatively better diversity factors. So that the 
installed system capacity can be smaller than the peak cooling load of the building.

Table 1 Result of investigation on the performance and energy consumption of the AC systems 

AC system Installed 
capacity (TR) 

COP Efficiency 
(kW/TR) 

Power 
(kW) 

Annual energy 
use (kWh) 

Water-cooled chiller 
(centrifugal 
compressor) [25] 

1800 5.79–6.29 0.61–0.56 1053 6,918,210 

Air-cooled chiller 
(rotary crew 
compressor) [26] 

1800 3.34–3.40 1.05–1.03 1872 12,299,040 

Modular air-cooled 
chiller (inverter 
scroll compressor) 
[22] 

2000 4.10–4.35 0.86–0.81 1670 10,971,900 

Water-cooled 
packaged (WCP) 
(inverter scroll 
compressor) [23] 

2400 3.55–4.29 0.99–0.82 2172 14,270,040 

Variable refrigerant 
volume (VRV) 
(inverter scroll 
compressor) [24] 

2400 3.43–3.75 1.03–0.94 2364 15,531,480 

Assumption AC system operated at use factor of 75% (only 6570 h in a year). The variation of 
installed capacity due to diversity factor of AC system used 
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From the energy performance aspect, it can also be identified that the water-
cooled chiller type AC system has the highest COP compared to other AC systems. 
Combined with the advantage that the installed capacity is also small, the annual 
energy consumption for water-cooled chiller is also very superior with energy 
savings of more than 50% compared to WCP and VRV type AC systems. Modular 
water-cooled chiller also has superior energy performance after water-cooled chiller. 
This AC system consumes 10.97 GWh of energy per year. With that amount of 
energy consumption, the modular air-cooled chiller has superior energy performance 
compared to the air-cooled chiller, WCP, and VRV AC systems. 

The results of this study can provide alternative options for hotel owners, consul-
tants, and building contractors in determining the most suitable AC system to be 
applied. It is also very useful for researchers to conduct further studies on various 
applications including the economic feasibility aspect of various AC systems for 
various commercial building applications. 

4 Conclusions 

Evaluation of various types of AC systems for a case study hotel building applications 
with large cooling capacity has been carried out. Based on the characteristics of the 
AC systems and the results of the analysis, it was found that the water-cooled chiller 
AC system could perform with the highest COP compared to other AC systems. 
Combined with the advantage that the installed capacity is also small, the annual 
energy consumption of the water-cooled chiller was also very superior with energy 
savings of more than 50% compared to the WCP and VRV type AC systems, and 
around 44% compared to the air-cooled chiller, and 37% compared to modular air-
cooled chiller. 

Modular air-cooled chiller also has superior energy performance after water-
cooled chiller. The AC system consumes 10.97 GWh of energy per year. With that 
amount of energy consumption, the modular air-cooled chiller also has exceptional 
energy performance compared to the air-cooled chiller, WCP, and VRV AC systems. 
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The Effect of the Distribution of Air 
Temperature in the Isolation Room 
on the Condition of the Air Supply 

Suheri Suheri, Razali Thaib, Hamdani Hamdani, Irwansyah Irwansyah, 
and M. S. Salamul Fazar 

Abstract Isolation rooms for patients with infectious diseases in particular have a 
very high risk of being contaminated with various diseases such as Covid-19. Covid-
19 is a severe respiratory disease caused by the coronavirus family that has become 
a worldwide pandemic. This type of disease spreads very quickly through the air. 
Isolation rooms for patients with infectious diseases must be prepared to prevent the 
spread of disease through the air. The air supply in the isolation room greatly affects 
the temperature and humidity of the air. This study aims to determine the air supply 
to the distribution of temperature and humidity in the isolation room. The research 
scheme was carried out in two conditions: Firstly, the isolation room was in normal 
condition without any air entering or leaving (diffuser–exhaust Off) and secondly, 
the condition of the isolation room being supplied with air (diffuser On–exhaust 
Off). The results of the first scheme show that there are slight differences between 
each of the measurement points (T1, T2, T3, and T4). The maximum temperature 
at point T1 is 27.85 °C, at positions X = 0.2 and Y = 1.9, while in other positions, 
there are no significant differences. This is because the positions X = 0.2 and Y 
= 1.9 are the locations of the measurement point on the patient’s bed. The results 
of the second scheme in the diffuser area show that there is a significant change
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in temperature, recorded at the measurement point T1. The minimum temperature 
reaches 21.18 °C, while for the measurement points T2, T3 and T4, the minimum 
temperatures are 19.73 °C, 19.68 °C, and 19.63 °C, respectively. Other areas also 
experienced changes in temperature, and the highest temperature occurred at the 
measurement locations X = 0.2 and Y = 1.9, where these locations were at the top 
of the patient’s bed and far from the diffuser position. Thus, the measurement results 
of each condition can be the initial basis for continuing further research. 

Keywords Air temperature · Distribution temperature · Isolation room 

1 Introduction 

After the outbreak of COVID-19 cases that occurred in the first quarter of 2020, 
it is very important to provide isolation rooms for patients with infectious disease 
according to standards. The isolation room in the hospital has a special design and 
meets the standards for certain conditions. Ministry of Health Republic of Indonesia 
[1] has issued standards for isolation rooms and provides guidelines for carrying out 
procedures for handling patients in isolation rooms. The function of the isolation 
room is to meet the needs of patients suffering from infectious and very dangerous 
diseases [2]. 

Patients suffering from infectious diseases must receive special treatment in the 
isolation room to prevent transmission to medical personnel who care for them and 
their families who come to visit [3, 4]. The air inside can be conditioned by providing 
air inlet through the diffuser and air out through the exhaust. Research conducted by 
Liu et al. [2] has found that the position of the air inlet and outlet has an effect on 
the flow pattern that occurs in the room. The role of a good air conditioning system 
is needed to make the air cycle in the isolation room. According to ASHRAE [5], 
the use of HVAC (heating, ventilation, and air conditioning) can help condition the 
air in the isolation room. Standard air temperature ranges from 20 to 24 °C, and 
relative humidity of 50–60% with air changes of at least 12 times in 1 h. Types of 
infectious diseases such as bacteria, viruses and so on can quickly spread through 
the air. One of the keys to prevent the transmission of infectious diseases is to make 
isolation rooms according to standards and carry out air conditioning through several 
parameters [6, 7]. 

The air produced from the HVAC is channeled through the ducting and will then 
be distributed through 2 (two) diffusers in the ceiling of the isolation room. The 
diffuser ventilation system is designed to ensure the overall distribution of the air in 
the room [8]. The influence of the position of the diffuser and exhaust also determines 
the pattern of air flow that occurs in the isolation room. Airflow is highly dependent 
on the speed and dimensions of the diffuser [9]. 

Isolation rooms for patients with infectious disease are also highly dependent 
on ventilation systems. The design of the isolation room must also have adequate 
air intake and exhaust specifications [10]. The position of the inlet will affect the
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distribution of air in the room, while the exhaust duct will ensure that air can circulate 
properly. The configuration of the inlet and exhaust air ducts will provide comfort 
and at the same time prevent the spread of infectious diseases in the isolation room 
[9, 11]. 

The air supply in the isolation room greatly affects the temperature and humidity 
of the air. This study aims to determine the air supply to the distribution of temper-
ature and humidity in the isolation room. Many researchers have carried out an 
isolation room model based on computational fluid dynamic (CFD) to obtain indoor 
air conditions, comfort levels, and the performance of the HVAC system [12–14]. 

The distribution of air in the isolation room is highly dependent on the position 
of the diffuser and exhaust. Proper positioning can increase the efficiency of the air 
cycle in the isolation room. Poor air quality can cause problems for both patients and 
medical personnel. Liu et al. [15] studied aerosol diffusion in ventilation chambers 
with downward air supply, and the results showed that lower air supply velocity is 
beneficial for aerosol diffusion control. Qian et al. [16] investigate the ventilation 
system down the hospital ward. It is recommended to further study the location of 
the air supply diffuser and exhaust outlet on the bottom ventilation system. Airflow 
structures that efficiently remove pollutants should be designed to reduce the risk 
of cross-infection in general hospital wards [17]. Jung et al. [18] believe that the 
air velocity in areas occupied by mixed ventilation is low and has no direction. The 
mixing of fresh and old air causes a wide spread of pollutants in the respiratory 
zone. This can lead to a higher risk of infection. Based on the above studies, serious 
efforts should be made to conduct experimental studies in isolation rooms. So that 
it can be determined with certainty the effect of the air supply entering the isolation 
room on temperature and humidity. This research involves many disciplines related 
to phenomena that occur in isolation rooms. 

2 Methodology 

2.1 Experiment Setup 

This research was conducted experimentally in an isolation room laboratory using the 
HVAC (heat, ventilation, and air conditioning) system for one patient with infectious 
disease in the Faculty of Engineering building, Syiah Kuala University. The geometry 
of the isolation room has a length of 4 m, a width of 4 cm, and a height of 2.4 m, as 
shown in Fig. 1. This isolation room is specially made for one patient suffering from 
an infectious disease. This room has two diffusers located on the ceiling and has two 
exhausts behind the patient bed and two on the lower side position. The isolation 
room design has met the ASHRAE Standard which has dimensions of 4 m long, 4 m 
wide, and 2.4 m high.

The dimensions of the isolation room are distinguished in the direction of the 
X- and Y-axes to make it easier to pinpoint the location of the measurement point.
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Fig. 1 Isolation room design for patients with infectious disease

This study measured the temperature distribution at eight points (P1, P2, P3, P4, 
P5, P6, P7, and P8) near the patient’s bed. Figure 2 shows the location of the 
measurement point to determine the temperature distribution near the patient’s bed. 
The measurement locations P3, P4, P5, P6, and P7 are located near the diffuser 
(Fig. 3).

Measurement of temperature distribution was carried out under two conditions: 
first, the condition of the isolation room without air supply (diffuser–exhaust Off) 
and second, the condition of the isolation room being supplied with air (diffuser 
On–exhaust Off). Air supply is carried out at 24 °C, and the light is on. The 
humidity results for each condition are only to provide additional information in 
the measurement. 

2.2 Air Supply System 

Measurements are made by varying the air supply in the isolation room. The first 
measurement scheme is to measure the temperature distribution when the isolation 
room is not supplied with air (diffuser and exhaust Off conditions). In this condition, 
the isolation room has been sterilized for 1 × 24 on the day before testing. The second 
measurement scheme is to measure the temperature distribution when the isolation
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Fig. 2 Location of temperature distribution measurement points in isolation rooms for patients 
with infectious disease 

Fig. 3 Point of measurement of temperature distribution based on height

room is supplied with air (diffuser On and exhaust Off conditions). Air conditioning 
(AC) connected to the ducting duct supplies air through 2 (two) diffusers to circulate 
air in the isolation room for 12 h with a temperature of 24 °C (Table 1; Fig.  4).
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Table 1 Conditions of air supply in the isolation room 

Measurement Test Measurement Time (h) Air Supply 

Diffuser Exhaust 

1 12 Off Off 

2 12 On Off 

Fig. 4 Design of air supply for isolation room 

3 Results and Discussion 

The results of temperature distribution measurements with various measurement 
points have been carried out using experimental methods in the infectious disease 
isolation room laboratory and obtained results at each measurement point. There 
are two measurement conditions carried out in the isolation room: namely, the first 
condition where the diffuser and exhaust are in the Off state and the second condition 
where the diffuser is On and the exhaust is in an Off state. From the measurement 
results, the temperature distribution is distinguished based on the measurement posi-
tion and altitude. The following is the result of measuring the temperature distribution 
in 2 (two) conditions:
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A. The results of the measurement of temperature distribution in the condi-
tions of the diffuser and exhaust Off 

The results of the temperature distribution in the diffuser and exhaust Off conditions 
show that there are slight differences from each measurement point (T1, T2, T3, and 
T4). The maximum temperature at point T1 is 27.85 °C, at positions X = 0.2 and Y 
= 1.9, while in other positions, there are no significant differences. This is because 
the positions X = 0.2 and Y = 1.9 are the locations of the measurement point on the 
patient’s bed (see Fig. 5). There was a change in the temperature of the measurement 
points T2, T3, and T4 but not significant, and the maximum temperature values for 
each measurement were 2.55 °C, 2.52 °C, and 2.27 °C. 

B. The results of the measurement of the temperature distribution in the 
conditions of the diffuser On and Exhaust Off 

The results of the temperature distribution at each measurement point change almost 
the same at each measurement point (see Fig. 6). The diffuser area experienced 
a significant temperature change, recorded at the measurement point T1, and the 
minimum temperature reached 21.18 °C, while for the measurement points T2, T3,

Fig. 5 Results of temperature distribution in diffuser and exhaust Off conditions with variations in 
measurement points. (T1) in 1.6 m, (T2) in 1.1 m, (T3) in 0.6 m, and (T4) in 0.1 m 
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Fig. 6 Results of temperature distribution in diffuser On and exhaust Off conditions with variations 
in measurement points. (T1) in 1.6 m, (T2) in 1.1 m, (T3) in 0.6 m, and (T4) in 0.1 m 

and T4, the minimum temperatures are 19.73 °C, 19.68 oC, and 19.63 °C, respec-
tively. Other areas also experienced changes in temperature, and the highest temper-
ature occurred at the measurement locations X = 0.2 and Y = 1.9, where these 
locations were at the top of the patient’s bed and far from the diffuser position. The 
temperature obtained at this point has a significant difference from several other 
points. The temperature result for T1 is 23.57 °C, and the temperature results at 
points T2, T3, and T4 are 21.76 °C, 21.67 °C, and 21.64 °C, respectively. 

4 Conclusion 

In the two conditions of measurement carried out in the isolation room for infec-
tious diseases, there are significant differences. The air supply provided through the 
diffuser has an effect on the temperature distribution at each measurement point and 
location (T1, T2, T3, and T4). The temperature value at each measurement point 
decreases based on the height of the measurement point. In both measurement condi-
tions, the same phenomenon occurs for each measurement point. The temperature 
value at point T1 in all conditions shows the highest temperature value, then followed 
by the temperature value at points T2, T3, and T4. An isolation room with diffuser 
and exhaust Off conditions is needed to determine the temperature distribution when 
there is no air supply in the room, so that measurement data are obtained which will be
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the basis for further research development. In this condition, the average temperature 
value is 27.01 °C. As for the conditions of the diffuser On and exhaust Off, there are 
more significant differences from each measurement point and location. At positions 
X = 0.2 and Y = 1.9, the temperature values tend to increase at each measurement 
point. However, this does not happen at other measurement points and has almost 
the same temperature value. Thus, the measurement results of each condition can be 
the initial basis for continuing further research. 
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Box System 

Zulmiardi Zulmiardi, Adi Setiawan , Meriatna Meriatna, 
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Abstract Solar radiation is a varied source of energy, and the mismatch between 
the availability of these sources and domestic energy demand is a major challenge 
that must be faced. Energy storage system can be considered as effective solution 
to overcome the challenge in solar energy utilization. In this work, a thermal box 
was prepared as energy storage testing apparatus by using a 5W lamp as the heat 
source located at the center of the box. In the middle of thermal box, the sample 
of phase change material (PCM) was placed and monitored in order to find out the 
charging and discharging characteristics. The purpose of this study was to investi-
gate the charging and discharging performance of NaCl–KCl eutectic salt at various 
ratios. The specific heat capacity and density of all PCM samples were also tested 
during this investigation. The changes in temperature were observed through type-k 
thermocouple sensors equipped with data logger. In general, it can be concluded that 
reducing KCl portion in PCM slightly decreases the specific heat capacity. Experi-
ment results showed that PCM-1 (eutectic salt with 30 wt% NaCl–70 wt% KCl) has 
the highest specific heat capacity, i.e., 6.93 J/g˚C. The highest rate of charging and 
discharging was exhibited by PCM-1, highlighting a positive effect of KCl content 
in eutectic salt.

Z. Zulmiardi · A. Setiawan (B) · M. Sayuthi · D. L. Putra 
Mechanical Engineering Departement, Faculty of Engineering, Universitas Malikussaleh, 
Jalan Batam, Bukit Indah, Muara Satu, 24352 Lhokseumawe, Indonesia 
e-mail: adis@unimal.ac.id 

M. Meriatna 
Chemical Engineering Departement, Faculty of Engineering, Universitas Malikussaleh, Jalan 
Batam, Bukit Indah, Muara Satu, 24352 Lhokseumawe, Indonesia 

G. Gunawati 
Departement Physics, Faculty of Mathematics and Natural Sciences, Universitas Syiah Kuala, 
Darussalam, 23111 Banda Aceh, Indonesia 

S. Riskina 
Magister Program in Renewable Engineering, Faculty of Engineering, Universitas Malikussaleh, 
Bukit Indah, Muara Satu, 24352 Lhokseumawe, Indonesia 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
Irwansyah et al. (eds.), Proceedings of the 4th International Conference on 
Experimental and Computational Mechanics in Engineering, Lecture Notes in 
Mechanical Engineering, https://doi.org/10.1007/978-981-99-7495-5_42 

445

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-7495-5_42&domain=pdf
http://orcid.org/0000-0003-3967-542X
http://orcid.org/0000-0002-2055-118X
mailto:adis@unimal.ac.id
https://doi.org/10.1007/978-981-99-7495-5_42


446 Z. Zulmiardi et al.

Keywords Phase change materials · Eutectic salt · Thermal energy storage ·
NaCl · KCl 

1 Introduction 

The world’s demand for energy continues to increase, while many economic and 
environmental problems are increasing year by year due to the use of fossil fuels. 
Concerns about rising global temperatures due to the consumption of fossil fuels are 
driving the development of environmentally friendly, sustainable, and safe renewable 
energy technologies [1]. One solution to this problem is to build energy storage tech-
nology. Energy storage technology consists of several methods, including mechanical 
energy storage, electrical energy storage, and thermal energy storage [2]. Currently, 
thermal energy storage is an energy that needs to be developed because it has several 
advantages compared to other energy storage. Thermal energy storage (TES), which 
can be called heat and cold storage, is a method of thermal energy storage that uses 
the principle of heat or cold storage for future use [3], and TES is one of the cheapest 
forms of energy storage [4]. There are two storage techniques in TES in the physical 
process, namely, by using the principle of sensible heat and latent heat [5]. 

In heat storage as sensible heat, the temperature will increase along with the 
stored energy, in contrast to heat storage as latent heat, where the storage process 
takes place at a constant temperature. Materials used as sensible/latent heat storage 
are referred to as phase change materials (PCMs). PCM has the ability to absorb or 
release energy quite well. Phase transitions (phase changes) are usually from solid 
to liquid, allowing these PCM materials to store thermal energy [6]. 

Eutectic is the minimum melting composition of two or more components, each of 
which melts and solidifies congruently. During the crystallization phase, a mixture of 
components is formed, hence acting as a single component. The components freeze 
into an intimate crystalline mixture and melt simultaneously without separation [7]. 
The eutectic can be a mixture of organic and/or inorganic compounds. Therefore, 
the eutectic can be made as a mixture of organic–organic, inorganic–inorganic, or 
organic–inorganic [8]. This leaves room for a wide variety of combinations that can 
be adapted for specific applications. Organic eutectic mixtures, the most commonly 
tested, consist of fatty acids, including capric acid/myristic acid [9], lauric acid/stearic 
acid, myristic acid/palmitic acid and palmitic acid/ stearic acid [10] and capric acid/ 
lauric acid [11]. 

The most common inorganic eutectic that has been studied consists of different 
hydrated salts. The benefit of a eutectic mixture is its ability to obtain more desirable 
properties such as a specific melting point or a higher heat storage capacity per unit 
volume. Organic PCM offers better chemical and thermal stability with congruent 
melting, and little or no sub-cooling. On the other hand, inorganic products are cycli-
cally unstable, require nucleating agents and thickeners to minimize sub-cooling, and 
are highly reactive to metallic materials, as has been done by several researchers in 
Table 1.
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Table 1 Eutectic salt that has been studied as thermal energy storage 

Eutectic Salt ΔTm 
a (˚C) ΔHb(kJ/ 

kg) 
Cp 

c (kJ/ 
kg.K) 

kd (W/ 
m.K) 

Density 
(kg/m3) 

Refs. 

MgCl2–KCl–NaCl 
(60–20.4–19.6 wt%) 

380 400 0.96 – 1800 [12] 

KCl–NaCl 
(49.4–50.6 wt%) 

657 360 – – – [13] 

KCl–MgCl2 
(69.8–30.2 wt%) 

423 265 – – – 

KCl–MgCl2 
(65.3–34.7 wt%) 

429 271 – – – 

KCl–MgCl2 
(41.6–58.4 wt%) 

473 310 – – – 

MgCl2–NaCl 
(43.1–56.9 wt%) 

459 333 – – – 

MgCl2–NaCl 
(52-48 wt%) 

450 430 0.92(s) * 0.95(l) * 2230(s) * [14] 

1.00(l) * – – 

MgCl2–KCl 
(39–61 wt%) 

435 351 0.80(s) * 0.80(l) * 2110(s) * [14] 

0.96(l) * – – 

MgCl2–KCl 
(64–36 wt%) 

470 388 0.84(s) * 0.83(l) * 2190(s) * [14] 

0.96(l) * – – 

NaCl–KCl 
(43.9–56.1 wt%) 

659 313.0 – – – [15] 

a ΔTm = Temperature melting 
b ΔH = Heat of fusion = enthalpy 
c Cp = Specific heat capacity 
d k = Thermal conductivity 
* 
(s) = solid, (l) = liquid 

Studies on NaCl–KCl that have been carried out are still lacking in terms of 
application, and how after mixing NaCl–KCl is applied directly for performance 
when used as an energy storage material. One of them is in the form of solar collectors, 
and thermal energy storage systems. Therefore, we need a tool that can observe the 
ability of this eutectic salt material to store thermal energy, to observe the charging 
and discharging process of the eutectic salt material.
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Table 2 PCM sample ID 
No. Sample ID Description 

1 PCM-1 NaCl (30 wt%) + KCl (70 wt%) 

2 PCM-2 NaCl (51.8 wt%) + KCl (49.4 wt%) 

3 PCM-3 NaCl (80 wt%) + KCl (20 wt%) 

2 Materials and Methods 

2.1 Eutectic Salt Preparation 

The eutectic chloride salt (NaCl–KCl) was prepared experimentally by the smelting 
method by mixing the concentrations of sodium chloride and potassium chloride, as 
shown in Table 2. The sodium chloride used was local salt taken from Tanoh Anoe, 
Bireun District, Province of Aceh. Production of NaCl used geomembrane system, 
which results in NaCl content of 96.4%. The two salts according to their respective 
concentrations were heated in a furnace at 680 ˚C for 50 min and then cooled in the 
room at room temperature. After that, the cold eutectic salt was then grounded using 
a mortar until smooth. 

2.2 Experimental Setup 

The thermal box was designed for a 5 L storage volume capacity with external 
dimensions of 452 × 299 × 237 mm. The box consists of a layer of wood 16 mm 
thick as a casing, a layer of styrofoam (22 mm thick), and the center of the box 
was installed a wall as a PCM retainer of styrofoam (3 mm thick) with a hole in the 
middle with a diameter of 73 mm. The heat source comes from a lamp with a power 
of 5W. Figure 1 shows a thermal box design with a PCM retaining wall. 

Fig. 1 Geometric model of 
thermal box 195 mm 195 mm 

299 m
m

 
270 m

m
 

ø 73 m
m

 

16 mm 
22 mm 

28 mm 

440 mm 
420 mm 
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Experiments were carried out for three types of materials with varying concentra-
tions of NaCl–KCl. The solid sample was pressed and inserted into the PCM retaining 
wall as much as 100 g. For charging, the wall containing PCM was installed into 
the box and tested by turned on the heat source (the lamp was turned on) for one 
hour. Then, after one hour, the lamp was turned off and the discharging process 
was continued until the temperature inside the box reached the same as the PCM 
temperature. The setup of this experiment are shown in Fig. 2. 

Physical properties in the form of analysis of bulk density, apparent density, and 
specific heat capacity are shown in Fig. 3. Bulk density analysis was carried out 
using a 5-ml bottle. The PCM sample was poured into it until was full the mass of 
sample before and after was recorded, and then the density calculation was carried 
out. Apparent density was defined by measuring the total volume of pressed PCM 
sample and also its mass. 

Specific heat capacity (Cp) is the amount of heat energy required to raise the 
temperature of one degree Celsius in one kilogram of solid [16]. Measurement of 
specific heat capacity in sensible heat conditions, the measurement technique, used

T1 

T2 T3 

T4 

Eksperimental setup: 

1 = Data logger 

2 = Computer 

T1 = Heat source 

T2 = Outisde surface 

T3 = Inside surface 

T4 = Chamber 

1 

2 

Fig. 2 Experimental setup of thermal box 

Fig. 3 a Bulk density test equipment,b apparent density, and c specific heat capacity test equipment 
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an insulator (wood) as a PCM container which was heat-treated using a cartridge 
heater with a voltage of 220 V and a power of 800 watts. An energy meter was used 
to determine the amount of energy needed to heat the PCM. The following equation 
calculates the specific heat capacity: 

dH  

dt  
= m.Cp. 

dT  

dt  
(1) 

Cp  = Heat flow(mW) 
(massa(mg)) × (Heat rate(◦C)) 

× 60 (2) 

where, dH/dt is heat flow (mW ), dT /dt is heat rate (˚C/min), m is sample mass (mg), 
and Cp is specific heat capacity (J/mg˚C). 

3 Results and Discussions 

3.1 Physical Properties 

Density analysis was carried out using the bulk density analysis method, where the 
solid sample was inserted and compacted to the brim of a bottle with a volume of 
4.915 ml. The density of PCM-1 sample is 1.613 gr/cm3, PCM-2 sample is 1.591 
gr/cm3, and PCM-3 sample is 1.581 gr/cm3. The density value obtained is higher 
than the density of local Aceh salt without treatment as reported by Gunawati et al., 
which is 1.047 gr/cm3 and after being treated to a temperature of 800 ˚C, which is 
1.133 gr/cm3 [17]. 

Measurement of specific heat capacity in sensible heat conditions, the measure-
ment technique, used an insulator (wood) as a PCM container which is heat-treated 
using a cartridge heater with a voltage of 220 V and a power of 800 watts. The 
results obtained are the PCM-1 sample of 6.93 J/gr ˚C, the PCM-2 sample of 6.67 J/ 
gr˚C, and the PCM-3 sample of 6.58 J/gr ˚C. The results obtained from each sample 
tend to be harder at the top (which is in direct contact with the heater), while the 
bottom was still in powder form (not hard). Table 3 shows the results of the physical 
characterization of the eutectic salt. 

Table 3 Physical characteristics of the eutectic salt 

Parameter Description 

PCM-1 PCM-2 PCM-3 

Specific heat capacity (sensible heat) (J/g˚C) 6.93 6.67 6.58 

Bulk density (g/cm3) 1.613 1.591 1.581 

Apparent density (g/cm3) 15.766 15.934 15.850
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Fig. 4 Temperature profile of charging–discharging process PCM-1 

3.2 Charging–Discharging Experiment Results 

In this section, the results obtained through experimental tests are the process of 
charging and discharging of PCM samples of the eutectic salt material. The test 
was carried out with a mixture of two types of chloride salts which had different 
concentrations as shown in Fig. 4. 

The performance test process using a thermal box was carried out for 2 h. The 
charging condition is carried out when the lamp as a heat source is turned on until it 
reaches its maximum point, which is at a temperature of 65˚C, and the PCM outside 
surface temperature reaches 43 °C. The charging process is the process of absorbing 
energy from the heat source by the PCM outside surface and lasts for 30 min. The 
charging process is said to be complete when the PCM inside surface temperature 
is the same as the room temperature, which is at a temperature of 29.6 °C. After the 
temperature inside the surface and the room is the same, the heat source (light) is 
turned off and continued with the discharging process. The discharging process is a 
process of releasing temperature to ambient temperature, and this process lasts for 1 
h 30 min (Fig. 4). 

The performance of the thermal box with PCM-2 samples was carried out for 1 
h. The charging condition is carried out when the lamp as a heat source is turned on 
until it reaches its maximum point at 80 ˚C, and the PCM outside surface temperature 
reaches 32˚C. The charging process is the process of absorbing energy from the 
heat source by the PCM outside surface and lasts for 5 min. The charging process 
is said to be complete when the PCM inside surface temperature is the same as 
the room temperature, which is at a temperature of 29.6 ˚C. After the temperature 
inside the surface and the room is the same, the heat source (light) is turned off 
and continued with the discharging process. The discharging process is a process of
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Fig. 5 Temperature profile of charging–discharging process PCM-2 

releasing temperature to ambient temperature, and this process lasts for 1 h 30 min 
(Fig. 5). 

The study on PCM-3 samples was carried out for 1 h, and the condition of the 
thermal box was closed. The temperature of the PMC outside surface increases until 
the heat collected by the PCM reaches a maximum point of 30˚C; this process is 
called the charging process, which is marked when the inside surface temperature 
and room temperature condition are same, and then, the heat source (light) is turned 
on. After the PCM reaches its maximum point, the discharging process is continued 
where the heat source (lamp) is turned off, so that the temperature of the lamp, outside 
surface, and inside surface is close to room temperature, which is at a temperature 
of 24.9˚C (Fig. 6).

The three samples measured using a thermal box, and it shows that the more 
concentration of KCl added, the higher the outer surface temperature of the PCM; 
this is in accordance with the results obtained from testing the specific heat capacity 
of latent heat conditions. This is in accordance with what has been described by 
Lutsenko and Fetsov [18] and Saranprabhu and Rajan [19] where the addition of a 
material increases the PCM side heat transfer coefficient and increases the specific 
heat capacity. 

The charging process is a heating process, which is marked by an increase in the 
PCM temperature during performance tests using a thermal box; the heat stored by 
the PCM to increase its temperature is called sensible heat. The estimation of the 
amount of sensible heat can be known by Eq. 3, and the calculation of the value of 
sensible heat using the equation is obtained from the following data:
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Fig. 6 Temperature profile of charging–discharging process of PCM-3

Q = 
T f{

Ti 

mCpdT  = mCp(T f − Ti ) (3) 

where, Q is the heat required or expended during the phase change (kJ), Ti is the 
initial temperature (˚C), Tf is the final temperature (˚C), m is the mass of the material 
used to store thermal energy (kg), and Cp is the heat type of material used to store 
heat energy (kJ/kg˚C) (Table 4). 

In the charging process, the eutectic salt in the heat exchanger on the solar collector 
receives heat from the sun’s heat with different intensity and time intervals. However, 
because the value of specific heat capacity, initial temperature, and melting temper-
ature are different, the amount of sensible heat that can be achieved is also different. 
The PCM-1 sample is able to store heat in the form of the sensible heat of 11.64 kJ, 
and after that, the remaining external heat is used to change the PCM phase, while in 
the PCM-2 and PCM-3 samples, the heat that can be stored in the form of sensible 
heat is 4.14 kJ and 4.28 kJ, respectively.

Table 4 Sensible heat that can be achieved from the measurement results of the thermal box 

Sample ID Ti(˚C) Tm(˚C) Cp solid (J/gr˚C) Q sensible (kJ) 

PCM-1 26.2 43 6.93 11.64 

PCM-2 25.8 32 6.67 4.14 

PCM-3 23.5 30 6.58 44.28 
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4 Conclusion 

In this work, a thermal box equipped with TES (thermal energy storage) based on a 
phase change material (PCM) was designed and fabricated to observe the charging– 
discharging characteristics of NaCl–KCl eutectic salts at various concentration ratios. 
Based on the characterization result of NaCl–KCl eutectic salt, it can be concluded 
that reducing KCl portion decreases slightly in specific heat capacity and melting 
temperature. Significant increase in sensible heat was observed when KCl content 
was added in eutectic salt. The highest rate of charging and discharging was exhibited 
by PCM-1 (eutectic salt with 30 wt% NaCl–70 wt% KCl) where its specific heat 
capacity is 6.93 J/g˚C. 
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The Failure Analysis of Crankshaft 
of Four Cylinder Diesel Engine Using 
Numerical Method 

Akbar Rizqullah, Husaini, and Iskandar Hasanuddin 

Abstract Crankshaft is one of the main components of a combustion engine, and it 
is designed to be used for continuous rotation. Therefore, this study aims to analyze 
the crankshaft failure of a jeep with a four-cylinder diesel engine which was used 
to transport 4 tons of logs on rough terrain and uneven roads for 12 months. The 
process involved modeling the crankshaft with the initial defect followed by the 
application of the finite element method to determine the value and distribution of 
stresses occurring on the crankshaft and around the location of the initial defect. The 
stress values obtained were later used to calculate the stress intensity factor (K I), 
and the value obtained was compared with the fracture toughness (KIC) value. The 
simulation results and stress intensity factor (KI ) calculated showed a concentration 
of stress in the area of the initial defect as indicated by the average value of the stress 
intensity factor recorded to be 293.13944 MPa 

√
m from the simulation, while the 

fracture toughness of the material is 91.73 ± 3.34 MPa 
√
m. This means KI > KIC 

at the crack tip, and this causes further propagation starting from the initial defect. 
The results simply showed that the crack propagation due to loading and the value of 
stress concentration at the crack tip area is the cause of the crankshaft failure. This 
is associated with the repeated loading characterized by beach mark patterns on the 
fractured surface. 

Keywords Failure analysis · Crankshaft · Stress intensity factor · Finite element 
method
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1 Introduction 

Crankshaft is a major component in the piston engine which consists of a series 
of cranks and crankpins. Its connecting rods are usually attached to the clutch to 
convert linear to rotational motion [1]. Most crankshafts are made of medium carbon 
steel or alloys with chrome and nickel metals through forging or casting techniques 
to ensure they have outstanding mechanical strength. This component is required 
to be strong enough to withstand the thrust from the piston during the combustion 
process without applying much pressure. It also needs to be carefully balanced to 
avoid vibration caused by the center of mass. However, the force exerted by the piston 
is not uniform and this can lead to a decrease or increase in the crankshaft speed [2]. 
The presence of residual stress usually affects the durability of components, and this 
has the likelihood to cause failure due to fatigue after sustenance for a long time [3]. 

According to Husaini et al. [4], crack initiation and propagation have initially 
occurred despite the strong influence of stress concentration. This led to the anal-
ysis of the von Mises stress near the crack tip using the finite element method 
(FEM). Moreover, a counterweight was used to reduce the impulse effect based 
on the moment of inertia by making the flywheel absorb energy during the motor 
impulse cycle to ensure it returns to the crankshaft whenever the engine is stopped. 
This component rotates at high speed to perform billions of repeated loading cycles 
and is therefore usually designed for a certain service life [5]. Therefore, most of the 
crankshaft disturbances in engines are related to fatigue failure caused by bending 
and torsional loads mainly from high gas pressure transmitted to the crankpin through 
the connecting rod during the combustion process. 

The other factors affecting the crankshaft life are high torque oscillations due 
to imbalance, insufficient oil between the main journal and crankpin bearings, high 
pressure, and the presence of cracks from combustion and manufacturing, especially 
in the cylinders. Meanwhile, surface cracks are associated with the formation of bends 
when there is insufficient oil between the main journal and the crankpin bearing [6, 7]. 

The errors created during disassembly and maintenance such as scratches which 
cause the initial defects leading to the initial disturbance need to be avoided. However, 
the failure usually starts from manufacturing defects at the critical points experiencing 
high-stress concentrations such as the fillet radius and crankpin installation errors 
[8]. Moreover, crack is mostly initiated on the surface of weak materials or highly 
stressed areas as indicated by scratches and pits due to repeated loading. Micro-
cracks are initially formed and later developed into larger cracks until the occurrence 
of failure [9]. 

Husaini et al. [10] reported an initial defect in the fillet area of crankpin number 1, 
and visual observation showed the presence of beach marks on the fractured surface 
which is a characteristic of fatigue. Moreover, Husaini et al. [11] conducted another 
study on the leaf spring of a failed diesel turbine and reported that the fractures 
indicated by a beach mark pattern on the affected surface were caused by fatigue 
loads.
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Engine components often experience failures such as fractures in areas with high-
stress concentrations such as small fillet radii, sharp corners, grooves, splines, and 
scratches [12]. It is however important to note that the stress usually increases with an 
increment in the rotation of the crankshaft. Furthermore, preliminary studies reported 
the frequent occurrence of failures in the crankpin-web fillet region with high-stress 
concentrations. 

The other factors affecting fatigue include high vibration due to crankshaft imbal-
ance or lack of a counterweight, absence of lubrication between the bearing and main 
journal, high pressure caused by cylinder combustion, and the appearance of cracks 
during the manufacturing process, especially between the crankpin-web fillet areas 
[13]. 

The counterweights are useful in balancing the off-center weight of the crankpins 
and web. This is based on the application of moment of inertia to reduce the effects 
of impulses in the same manner a flywheel is used to store rotational energy in order 
to absorb the motorcycle impact which is subsequently felt at the crankshaft [14]. 

This research examines the failure of the crankshaft of a jeep which was used to 
carry logs for approximately 12 months. The vehicle operates on steep terrain and 
uneven roads, carrying a load of relatively 4 tons at a time, which led to the breakdown 
of the crankshaft. It was discovered that the failure occurred in the weight balancer 
portion. 

2 Research Object 

This study used a crankshaft that failed on the balancer weight section of a jeep-type 
vehicle with a four-cylinder diesel engine as shown in Fig. 1, while the CAD modeled 
drawing is presented in Fig. 2. 

Research methods. The research was initiated by measuring the dimensions of the 
crankshaft followed by inputting data into the design made using CAD in Fig. 2 with 
the dimensions presented in Fig. 3.

Fracture 

Location 

Fig. 1 Crankshaft failure
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Fig. 2 Crankshaft CAD

Fig. 3 Dimensions of the crankshaft (mm) 

Meshing. The meshing process is a method of dividing elements into smaller parts 
to obtain detailed simulation values. The mesh used in this study is tetrahedral with 
a size of 0.2 as shown in Fig. 4.

Mechanical properties. The mechanical properties obtained from a previous study 
[15] showed that the shaft material is AISI 4340 as presented in Table 1.

Load and constrain. Loads and supports greatly affect the simulation results with 
the loading on the crankpin recorded to be Pz = 16.7242 MPa and Pc = 5.855 MPa as 
indicated in Fig. 5, while the support provided by each main journal of the crankshaft 
is presented in Fig. 6.

Von Mises Theory Analysis. This process was used to determine the von Mises 
stress to be used as input in the stress intensity factor formula.
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Fig. 4 Meshing on the crankshaft

Table 1 Mechanical 
properties of AISI 4340 [15, 
16] 

No. Sifat Mekanik Satuan 

1 Tensile strength, (σB ) 745 MPa 

2 Poisons ratio, (υ) 0.27–0.30 

3 Yield strength, (σys ) 470 MPa 

4 Young’s modulus, E 190–210 GPa 

5 Hardness Rockwell B 95 HRB 

6 Shear modulus, (μ) 80 GPa 

7 Bulk modulus 140 GPa 

8 Fracture toughness, KIC 91.73 ± 3.34 MPa 
√
m

Fig. 5 Load on the crankpin

Stress Intensity Factor. FEMAP software was used to determine the value of the 
von Mises stress in the crankshaft, and the highest was found to have five nodes. 
Therefore, the stress intensity factor (KI) was calculated using the following Eq. 1 
[12]: 

KI = σxx  

√
2πr 

cos
(

θ 
2

)(
1 − sin

(
θ 
2

)
sin

(
3θ 
2

)) . (1)
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Fig. 6 Focus on each main journal

3 Results and Discussion 

Von Mises Theory Analysis. The crankshaft was simulated using FEMAP and the 
highest von Mises value at crack initiation was recorded to be 351.1 MPA as indicated 
in Fig. 7. This value was used as a reference in calculating the stress intensity factor 
(KI) value. 

Stress intensity factor. The stress intensity factor value was obtained from five nodal 
points as shown in Fig. 8.

The stress intensity factor value of the initial crack to the nodal was calculated 
using Eq. (1), and the results are presented in Table 2.

The average stress intensity factor value was found to be 293.13944 MPa 
√
m, 

and this exceeds the fracture toughness (KIC) value of 91.73 ± 3.34 MPa 
√
m in the  

crankshaft [16].

Fig. 7 Simulation results of von Mises tegangan voltage 



The Failure Analysis of Crankshaft of Four Cylinder Diesel Engine … 463

Nodal 

Initial crack 

Fig. 8 Location of the nodes of the selected crack

Table 2 Stress intensity factor (KI) value of the highest stress section 

No. Nodal ID σxx  

(MPa 
√
m) 

r 
(m) 

θ 
(◦) 

KI 
(MPa 

√
m) 

1 102,679 177,1373 0.0252 84 201,7513 

2 123,410 189,0826 0.0238 84 200,8252 

3 34,719 424,578 0.0196 80 409,2266 

4 117,193 462,8632 0.0227 84 480,1134 

5 117,208 181,7146 0.0151 76 173,7807 

Average 293,13,944

4 Conclusion 

The numerical method applied showed that the failure of the four-cylinder diesel 
engine crankshaft was because the value of KI > KIC. The highest stress intensity 
factor (KI) was found at node 117,193 with 480,1134 MPa 

√
m, while the fracture 

toughness (KIC) of AISI 4340 material is 91.73 MPa 
√
m, and this means the crack 

propagation in the crankshaft was due to excessive load. 
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Failure Analysis of Crankshaft in Diesel 
Engine Vehicle Using Numerical Method 

Osama, Husaini, and Teuku Edisah Putra 

Abstract In this study, there has been a failure of the crankshaft on a pick up vehicle 
using a diesel engine. After 3 months of use, the crankshaft broke on the crank arm. 
The purpose of this study was to determine the cause of crankshaft failure in a diesel 
engine pick up numerically. The crankshaft is modeled by using CAD to locate the 
initial defects in the crank web, then applying the finite element method to obtain the 
value and distribution of stresses that occur in the crankshaft and around the location 
of the initial defects. The results of the stress values obtained are then applied to 
calculate the stress intensity factor (KI ) which will be compared with the fracture 
toughness value (KIC). From the simulation results and the calculation of the stress 
intensity factor (KI ), it can be observed that there is a concentration of stress in the 
area of the initial defect. The amount of stress that occurs at the input in the value 
of the stress intensity factor is 91.827 MPa 

√
m, while the fracture toughness of 

the material is 32.8934 MPa 
√
m. The ratio of KI > KIC at the crack tip causes 

crack propagation starting at the initial defect. Based on the results obtained, crack 
propagation due to loading and the concentration value at the crack tip area is the 
cause of failure of the crankshaft. 

Keywords Failure analysis · Cast iron · Crankshaft · Stress intensity factor ·
Finite element method
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1 Introduction 

One of the main components in internal combustion engine is a crankshaft, which 
is used to convert the up-and-down motion of the piston that becomes a circular 
motion when transmitted. By the design, crankshaft is designed in such a way with 
a material that is able to withstand a strong load, as a result of receiving a fairly high 
engine speed. Burden received by the crankshaft includes torsional loads, bending 
and centrifugal loads. The role of the crankshaft is quite important in optimizing 
transmission power, and if a failure occurs, it will result in an accident serious. 

The crankshaft is a working engine component which changes the reciprocating 
motion of the piston by means of piston rod into rotary motion. To change it, a 
crankshaft requires a crank pin, an additional cushion placed at the end drive rods 
on each cylinder [1]. In real condition, crankshaft must be strong enough to with-
stand the bottom safe power stroke without excessive bending. Thus, the life of the 
combustion engine internally depends on the strength [2], the failure of a material or 
structure to represent multidisciplinary characteristics. There is no definition univer-
sally applicable to failure. In broad meaning, error represents a behavior where the 
material or structure is no longer capable of fulfilling the function [3]. 

In a simpler sense, failure is a condition that causes direct loss, usually caused 
by design errors, material defects and errors in maintenance [4]. Cracks generally 
start from the initial repetition usually occurs on the surface of weak or in areas of 
stress concentration, such as scratches, pits and others due to repeated loading. This 
early crack develops into micro-cracks or rapid propagation forming macro-cracks, 
culminating in failure [5]. The research by Kakade and Pasarkar can be used as a 
reference to state that the cause of fatigue failure of the crankshaft can be in the form 
of cracks, defects and vibrations triggered by variations in the load on the machine 
[6]. Another study was also conducted by Husaini et al., regarding broken screw 
spring front car suspension, and that research found the results of the analysis of the 
surface broken, indicating a failure that occurred on a spring screw which is fatigue 
failure in the mark early by the presence of cracks initiation and benchmark [7]. Steel 
crankshaft is usually produced by forging or die forging or by casting if the material 
is cast iron [8]. 

Failure usually occurs according to function, because this component will receive 
power or load which is very large, besides that the crankshaft rotates at a very high 
speed, due to voltage mechanics that appear as in small filets, sharp angles, grooves, 
splines and scratches. Shafts often break at the edges where there is a high level of 
stress concentration. In failure, there are supporting factors for the cause of failure, 
namely the selection design materials, heat treatment, fabrication, machining and 
assembling [9]. 

The crankshaft on a 2500 cc diesel engine pick up vehicle has been operating for 
3 months and has failed. This usage period is still categorized as a short service life. 
Part of the crankshaft is broken on the crank arm. Therefore, from the observations 
obtained on failures that occur in a short period of time, further research is carried 
out. The purpose of this study was to determine the cause of crankshaft damage.
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2 Research Object 

This study used a 2500 cc diesel engine crankshaft pick up which failed at the crank 
web. The failed crankshaft section is shown in Fig. 1. The results of the drawing 
modeling with CAD are shown in Fig. 2. 

Fig. 1 Crankshaft failure 

Fracture Location 

Fig. 2 CAD crankshaft
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3 Research Method 

Crankshaft Design. Starting with measuring the dimensions of the crankshaft then 
inputting data into the crankshaft design using CAD is shown in Fig. 2, and the 
dimensions of the crankshaft are shown in Fig. 3. 

Meshing. This method is used for dividing elements into small parts in order to get 
a specific value for the division. In this study, the use of a mesh with a size of 0.02 
tetrahedral is shown in Fig. 4. 

Mechanical properties. Mechanical properties have been determined in previous 
studies [10], namely ASTM A536 Grade 80-55-06 material as shown in Table 1.

Fig. 3 Crankshaft dimension (mm) 

Fig. 4 Meshing of crankshaft 
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Table 1 Mechanical 
properties of ASTM A536 
Grade 80-55-06 

No. Mechanical properties Dimension 

1 Tensile strength, (σB ) 551 MPa 

2 Poisson’s ratio, (υ) 0.2925–0.2975 

3 Yield strength, (σys ) 470 MPa 

4 Young’s modulus, E 172,4 GPa 

5 Hardness rockwell B 89,5 HRB 

6 Fracture toughness, KIC 32,8934 MPa 
√
m [11] 

Load and Constraint. The load on the crankpin is carried out to find out how much 
load is given by the piston Pz = 16.7242 MPa and Pc = 5.855 MPa and can be seen in 
Fig. 5. Then, Fig. 6 shows the support given to each main journal on the crankshaft. 

Fig. 5 Loading on the crankshaft 

Fig. 6 Constraint on the crankshaft
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Von Mises Theory Analysis. This process aims to analyze the von Mises stress, and 
the value obtained will be inputted into the stress intensity factor formula. 

Stress Intensity Factor. Simulation using FEMAP software shows the value of the 
von Mises stress that occurs in the crankshaft so that the stress intensity factor value 
can be obtained through Eq. 1 [9]. The stress intensity factor is selected from the 
node with the highest von Mises value, namely 5 nodal points. 

KI = σxx  

√
2πr 

cos
(

θ 
2

)(
1 − sin

(
θ 
2

)
sin

(
3θ 
2

)) (1) 

4 Results and Discussion 

Von Mises Theory Analysis. The results of the simulation using the FEMAP soft-
ware obtained the highest von Mises value at crack initiation of 481.99 MPa as 
shown in Fig. 7. The results of the von Mises stress will be inputted as the basis for 
calculating the value stress intensity factor (KI). 

Stress intensity factor. The value of the stress intensity factor is taken from 5 nodal 
points as shown in Fig. 8.

The stress intensity factor value of the initial crack to the nodal has been calculated 
using Eq. (1). The results can be seen in Table 2.

The results of the stress intensity factor in Table 2 show that the average value of 
the stress intensity factor is 91.827 MPa 

√
m. The stress intensity factor that occurs 

in the crankshaft exceeds the value of fracture toughness (KIC) 32.8934 MPa 
√
m 

[11].

Fig. 7 Simulation results showing the value of the von Mises stress 
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Fig. 8 Nodal point of initial 
crack

Initial crack 

Nodal 

Table 2 Nodal selected around the crack tip along with the value of the stress intensity factor (KI ) 

No. Nodal ID σxx  
(MPa m1/2) 

r 
(m) 

θ 
(◦) 

KI 
(MPa 

√
m) 

1 121,405 225,2713 0.007 80 129,7576 

2 42,920 87,98,241 0.017 65 77,67 

3 44,024 81,60,666 0.015 84 145,7576 

4 126,079 82,96,323 0.02 45 49,52 

5 120,775 118,705 0.022 28 56,43 

Average 91,827

5 Conclusion 

The results of the research from the case of crankshaft failure and the average stress 
intensity factor (KI ) was 91.827 MPa

√
m, and the fracture toughness (KIC) of ASTM  

A536 grade 80-66-05 material only had a value of 32.8934 MPa 
√
m. Therefore, the 

KI value > KIC value which causes crack propagation and then ends with failure of 
the crankshaft. 
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Study of Blades Number Influence 
on the Rotation of the Turbine Shaft 
on a Horizontal Axis Wind Turbine 

Syuhada Ahmad, Sary Ratna, Afandi Dedi, and Fahriza Ikhsan 

Abstract Wind energy is one of the energy sources that began to be developed to 
convert mechanical energy into an electrical need for the community. Indonesia is 
considered very worth developing wind turbines as power plants. The potential of 
wind energy in Indonesia reaches 9286 MW at an average wind speed of 5 m/s, 
based on data from the Indonesia Energy Outlook and Statistics 2004. In this study, 
what was discussed was related to the influence of the number of horizontal axis 
wind turbine blades on the rotation of the shaft. The model of the turbine used is a 
propeller-type wind turbine with variations in the number of blades 3, 4, 5, 6, and 
7 made of meranti wood material (Shorea multiflora). Data collection on a wind 
turbine is carried out without using the load from the generator, then the data taken 
on measurements is only in the form of data on wind speed (m/s) and rotational speed 
(rpm). Data collection for 10 days, in the test of the wind turbine, was measured at 
an average wind speed of 1–6 m/s. The more blades on the wind turbine, the more 
rotation of the shaft will increase due to a large amount of wind that crosses the cross-
sectional area of the blade. Horizontal axis wind turbine the number of 3–7 blades, 
getting the optimal number of blades, namely at the number of 5 blades produces 
a maximum shaft rotation of 1751 rpm when the wind speed is 6 m/s. In the wind 
turbine, the number of 5 blades obtained the optimal characteristic value of the wind 
turbine with a tip speed ratio of 6, and the power of the wind turbine (P λ out) is  
166.78 watts. 
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1 Introduction 

The wind is the air that moves due to the rotation of the earth and the difference in air 
pressure with the direction of wind flow from a place with a high level to a place with 
a low temperature or from an area that has a low temperature to a high-temperature 
area. The wind has a close relationship with sunlight because areas exposed to a lot 
of sunlight radiation will have higher temperatures as well as lower air pressure. This 
is proven when during the day, the wind will move faster than at night. Wind can 
also be caused by the movement of objects so that it can push the surrounding air to 
move to other places [1]. 

In Indonesia, wind speeds range from 2 m/s to 6 m/s at 6 h in 24 h/day. With such 
speed characteristics, Indonesia is considered very suitable for using small-scale 
(10kw) and medium-sized (10–100 kw) wind power plants, for energy use such as, 
lamps, pumps, electronic devices, and others. The center of wind power is still mostly 
in East Nusa Tenggara which has an average wind speed of up to more than 5 m/s. 
It is shown that the potential of wind energy in Indonesia reaches 9286 MW, where 
usage until 2004 was still less than 0.5 MW based on data from Indonesia’s Energy 
Outlook and Statistic 2004 [2]. 

Research on the potential of wind energy in Indonesia has been widely carried 
out, including the study of the effect of the height of the wind turbine installation site 
on the speed of wind energy, to optimize the energy produced by wind turbines [3]. 
Based on research conducted by Adhi Prasetya et al. [4], it shows that Indonesia has 
great potential in utilizing wind energy. Vertical axis wind turbines can be used in 
areas where the wind speed is less than 5 m/s so that the utilization of wind energy 
will be more evenly distributed. Research on energy potential in other regions of 
Indonesia has also been widely carried out, such as in Palu City [5], Gorontalo 
City [6], and Tasikmalaya Regency [7]. This also encourages researchers to conduct 
studies on the use of wind energy in the western region of Indonesia, namely Banda 
Aceh. 

Research on the influence of other blades was conducted by Firman et al. with 
variations in the number of blades 3, 4, 5, and 6 [8]. Nobertus et al. conducted a study 
of the effect of the number of blades with variations of 2, 3, and 4 on vertical axis 
wind turbines [9]. The design characteristics of the blade also affect the energy output 
produced by the wind turbine [10, 11]. From the results of research conducted by 
Sayoga, et al. (2014). The effect of variations in the number of blades on performance 
in wind turbines. With a number of blades of 3, 4, and 5 at a wind speed of 3–5 m/s. 
Of the three variations, the number of blades 5 gives a higher average value of rpm 
compared to 3 and 4 blades. The highest rpm is obtained at a total of 5 blades, and a 
wind speed of 5 m/s which is an average of 576 rpm [12]. 

Based on the results of previous research by Rijal Mawi [12], comparison of the 
number of blades 3 and 4 made of wood material (meranti wood type) model of 
propeller wind turbine type airfoil Naca 4418 has shown a difference in rotational 
speed between wind turbines of 3 and 4 blades. Where in wind turbine of 3 blades,
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the rotation speed reaches 613.7 rpm, while in wind turbine of 4 blades, the speed of 
rotation only reaches 1143.8 rpm with an average wind speed of 5 m /s [13]. 

In this study, testing was carried out by adding the number of blades 5, 6, and 7 
with a wind speed of 1–6 m/s in order to get the maximum power coefficient. The 
blade material remains the same as before, namely the type of meranti wood. The 
shape of the turbine blade is taken from the provisions of the Naca 4418-type airfoil 
on the horizontal shaft of the propeller type. So that it has a difference in rotational 
speed to the influence of many blades on the rotation (rpm) produced by the wind 
turbine. 

The purpose of this study is to determine the most optimal number of blades to be 
used on propeller wind turbines in producing maximum wind turbine shaft rotation. 
This test only took data on wind speed and shaft rotation speed on a wind turbine. 
So this study limits the wind turbine to be tested for the shape of the blade of the 
turbine taken from the provisions of the Naca 4418-type airfoil, the blade material is 
made of wood material (meranti wood type), the test is carried out without using the 
generator load, and the test is carried out on a variation in the amount of 3–7 blades 
and measuring wind speed at 1–6 m / s. 

2 Data Reduction 

To calculate the value of the characteristic value on a wind turbine can use the 
equation below [14]. 

1. The energy contained in wind is kinetic energy, so it can be formulated as follows: 

Ek = 0, 5 m v2 (1) 

where 

Ek kinetic energy (joule) 
M mass (kg) 
v wind speed (m/s) 

2. Wind power (Pin) is the power generated by the wind at each blade area, which 
can be formulated. 

Pin  = 0, 5ρ Av3 (2) 

where 

Pin power generated by the wind (Watt) 
ρ density of air (1255 kg/m3). 
A cross-sectional area of the blade (m2)
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3. The power generated by the turbine (Pout) is the power due to the wind crossing 
the blade of the turbine. The power of the turbine generated by the circular motion 
of the turbine can be formulated. 

Pout = T ω (3) 

where 

Pout wind turbine power (watt) 
T dynamic torque (Nm) 
ω angular velocity (rad/s) 

4. Torque (T ) is a rotary moment acting on the shaft generated by the thrust force 
on the axis of the turbine, where this thrust force has a distance to the axis of the 
rotating shaft, so it can be formulated as follows: 

Q = RFr (4) 

where 

Q torque (Nm) 
Fr resultant of lift and drag force (N) 
R torque arm length (m) 

5. The angular velocity of the turbine (ω) is the rotational speed of the turbine in 
units of rad/s. Angular velocity can be calculated using the formula. 

ω = 
2.π 
60 

.n (5) 

6. Tip speed ratio (λ) is the ratio between the linear velocity of the blade end of the 
wind turbine to the wind speed. The speed ratio tip can be formulated as follows: 

λ = 
2.π.r.n 

60.v 
(6) 

where 

r radius of the circle/cross-section of the blade of the turbine (m) 
n rotation of the turbine (rpm) 

3 Experimental Setup 

The specifications of the turbines used in this study are shown in Table 1.
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Table 1 Wind turbine 
specifications Parameter Description 

Turbine type Horizontal axis 

Turbine diameter 200 cm 

Number of blades 3, 4, 5, 6, and 7 

Blade material Meranti wood 

Blade weight 1,2 kg 

Blade length 100 cm 

Blade width 20 cm 

Blade thickness 3.5 cm 

Airfoil type Naca 4418 

Pitch angle 10 ◦ 

Turbine height 300 cm 

Hub diameter 27, 34.5, and 41 cm 

Figure 1 shows the design of the wind turbine used in this study, where this study 
uses a horizontal axis-type turbine. The variations of turbines used in this study are 
turbines with a total of 3, 4, 5, 6, and 7 blades. The blade material is made using 
meranti wood with the type of airfoil NACA 4418. The length of the turbine blade 
is uniform, which is 1 m. In this study, it was carried out without using the generator 
load on the turbine. 

Fig. 1 Horizontal wind 
turbine
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4 Data Retrieval Procedure 

This study measured the wind speed of 1–6 m/s and shaft rotation speed. The test was 
carried out for 10 days for testing wind turbines of 3, 4, 5, 6, and 7 blades. To measure 
wind speed (m/s), a digital anemometer is used, by directing the anemometer in the 
direction of coming wind with a height equivalent to the wind turbine shaft, which is 
3 m from the ground level. To measure the rotating speed of the turbine shaft (rpm), 
a Tachometer (TASI-8740) is used. Directing the laser beam on the turbine shaft that 
has been affixed with sticker paper to be read by the sensor. 

5 Result and Discussion 

5.1 The Relationship of Wind Speed to the Rotation 
of the Turbine Shaft 

Figure 2 indicates the speed of rotation of the shaft produced by the turbine by the 
number of blades 3, 4, 5, 6, and 7 at a wind speed of 1–6 m/s. From the chart, it can be 
seen that the more the wind speed of rotation of the shaft will also increase. However, 
in a 7-blade wind turbine when starting the initial rotation at a wind speed of 1 m/ 
s, the turbine has not been able to rotate, the new turbine can rotate at a wind speed 
of 1.5 m/s, and at a wind speed of 1.5–4 m/s, the low rotation of the turbine shaft is 
produced compared to the number of blades 3, 4, 5, and 6. Whereas in turbines with 
5 blades, the turbine can rotate at a wind speed of 1 m/s and experience a constant 
increase along with the increase in wind speed. This shows that turbines with 5 blades 
are more optimal because they are able to rotate at low wind speeds and experience 
a constant increase in speed to wind speeds.

5.2 The Relationship of Tip Speed Ratio to Wind Speed 

Figure 3 shows the tip speed ratio produced by a wind turbine with a total of 3, 4, 
5, 6, and 7 blades. The value of the tip speed ratio is influenced by the number of 
blades and the speed of the wind. At wind speeds of more than 5 m/s, turbines with 7 
blades have a higher tip speed ratio value than turbines with blades of 3, 4, 5, and 6. 
However, at wind speeds below 5 m/s, the turbine with 7 blades has a low tip speed 
ratio value. Turbines with 5 blades have an almost constant tip speed ratio value at 
wind speeds of 1.5–6 m/s compared to turbines with a total of 3, 4, 6, and 7 blades. 
This shows that turbines with 5 blades are more optimally used at wind speeds of 
1.5–6 m/s.
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5.3 The Power Relationship of Shaft to Wind Speed 

Figure 4 shows the power relationship of the turbine shaft to the wind speed in the 
turbine by the number of blades 3, 4, 5, 6, and 7. On the graph, it can be seen that 
the higher the wind speed, the higher the shaft power generated. At wind speeds 
below 4 m/s, wind turbines with 7 blades produce the lowest shaft power compared
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to turbines with a total of blades of 3, 4, 5, and 6. At wind speeds above 4.5 m/s, 
turbines with 7 blades produce the highest shaft power compared to turbines with 
blades of 3, 4, 5, and 6. Meanwhile, turbines with 5 blades produce the highest shaft 
power at wind speeds below 4.5 m/s and produce shaft power that is stable against 
increased wind speed. This shows a turbine with 5 blades is most optimal because it 
produces high power at wind speeds below 4.5 m/s and produces shaft power that is 
stable against increased wind speed. 

6 Conclusion 

From the analysis of research data, it can be concluded that a wind turbine with 5 
blades produces the most optimal average shaft rotation, which is 1751 rpm. The 
most optimal average tip speed ratio is obtained in a wind turbine of 5 blades with 
a maximum torque of 7 λ. The most optimal average shaft power is generated in a 
wind turbine of 5 blades, which is 166.78 watts at a wind speed of 6 m/s. In this 
study, it showed that the most optimal wind turbine is a wind turbine with 5 blades.
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Analysis of the Stress Concentration 
on the Sport Utility Vehicle Camshaft 
at Different Conditions by Using 
the Finite Element Method 

Azmi Ulul, Husaini, Edisah Putra Teuku, and Munandar Deski 

Abstract This study was conducted to determine the stress in sports car camshaft 
using the finite element method. The simulation was based on three conditions which 
include flawless, wear defects, and wear with initial defects such as early cracks. The 
results showed that the maximum normal stress in the model without defects was 
7.8 MPa at the fillet area, while the stress in the worn model was 22 MPa. These 
values were below the material permit limit of 29.8 MPa. Meanwhile, the worn model 
with initial defects such as cracks had 252 MPa, and this exceeds the limit. It was also 
observed that the stress intensity factor at the crack tip was 17.9 MPa m1/2, and this 
indicates a propagation crack. Therefore, it was concluded that camshafts without 
defects or with wear and tear are safe to use, while those worn with defects such as 
cracks are not. 

Keywords Camshaft · Finite element method · Stress intensity factor · Stress 
distribution 

1 Introduction 

A camshaft is an engine component that regulates the time interval for the opening 
and closing of the intake and exhaust valves on the internal combustion engine 
[1–5]. It is generally produced through casting or forging [6] and requires unavoid-
able friction between the cam and the follower component to perform its functions,
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thereby causing abnormal wear on the cam profile. Meanwhile, the bending cycle 
and torsional loads on the camshaft allow failure, starting from the initial defect [7]. 

The dimensions of camshafts often change during operation, and this can cause 
mechanical failure when the change in size and structure exceeds the permissible 
limits, thereby leading to ineffective functioning of the component [8]. The load or 
force exerted by the camshaft is known as working stress. Moreover, the maximum 
stress caused by the maximum load on the structure usually determines the ability 
of the shaft to withstand damage. 

The failure of components usually starts with the stress concentrations originating 
from the geometry of the object such as holes, corners, and joints when subjected to 
repeated loading [9, 10]. This is the reason the estimation of the stress in geometries 
with certain defects is useful in designing a component or structure. Therefore, this 
study aims to analyze the stresses on these components with different defects using 
the finite element method. 

2 Methodology 

Material. The material used is the camshaft of a sport utility vehicle (SUV) which 
failed in the sliding bearing area as shown in Fig. 1. Previous studies showed that 
the camshaft is made of cast iron. Previous research stated that the crack toughness 
value for cast iron materials ranged from14 MPa

√
m [11]. 

The 3D camshaft was modeled in this study using Autodesk Inventor as shown 
in Fig. 2 and simulated using FEMAP software. Previous studies showed that the 
type of material used is ASTM A48 standard gray cast iron [14], and the mechanical 
properties are presented in Table 1.

Fractured location 

Fig. 1 Camshaft used as a case study 
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Fig. 2 Camshaft design 

Table 1 Mechanical 
properties of gray cast iron 
[12, 13] 

Mechanical properties Value 

Tensile strength, ultimate 179 MPa 

Compression stress 669 MPa 

Modulus of elasticity 114 GPa 

Poisson ratio 0.29 

3 Camshaft Design with Autodesk Inventor Software 

Geometry modeling was conducted using Autodesk Inventor based on three condi-
tions applied as the independent variables which include flawless, wear defects, and 
wear with initial defects as shown in the following Fig. 3. 

Preprocessing consists of two stages with the first focused on ensuring the input 
material properties are in line with the ASTM A48 and the second was used to 
determine the boundary conditions such as the application of a normal force of 1085 
N accompanied by a torque of 11.1 Nm as shown in Fig. 4.

The constraint to the area in direct contact with the sliding bearing was also 
provided as shown in Fig. 5.

(a) 

(b) (c) 

Fig. 3 a Flawless condition, b wear condition, and c wear condition and initial defects 
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Fig. 4 a Normal force application; b torsion

Fig. 5 Constraint area 

Meshing and Analysis setup. Meshing was used to divide the camshaft model 
into smaller elements. This process involves subdividing a 3D model into discrete 
domains, and this is necessary due to the adoption of the finite element method (FEM) 
which requires solving the equation in each discrete domain. The meshing greatly 
affects the accuracy of the simulation results due to the fact that a smaller meshing 
setting in the 3D model usually ensures the final simulation result is closer to the real 
value. 

The elements applied in the simulation are in the form of a triangle (Tet mesh) 
with a size of 2 mm in all parts of the model, and the results produced are presented 
in Fig. 6. 

The setup analysis process was the final process in using the FEMAP application 
to determine the numerical solution of the model (camshaft) previously set [15, 16]. 
The running process takes a long time depending on the mesh size used after the 
results were displayed in the form of color contours according to the stress value 
recorded in the camshaft.

Fig. 6 Model in meshing 
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Fig. 7 Stress intensity factor 
analysis model [17] 

Crack 

Stress Intensity Factor Analysis (KI). A material can be damaged due to different 
activities such as the manufacturing process, defective structural design, or during 
operation. This can further lead to cracks which subsequently produce high stress 
concentrations at the crack tip. The factor influencing the cracking phenomenon is 
the stress intensity factor which is symbolized by (KI ) and required to be analyzed 
only in the area around the crack tip because its value determines the rate of crack 
propagation and the length of time the material or component fails such that when 
the value of KI ≥ KIC , crack propagation, and failure are expected to occur but when 
KI ≤ KIC , there is no crack propagation [17]. 

The stress intensity factor in the failed camshaft was, therefore, calculated in this 
study using the following Eq. 1 (Fig. 7). 

KI = σxx  ·
√
2πr

(
cos θ 

2

)[
1 − sin

(
θ 
2

)
sin

(
3θ 
2

)] (1) 

where 

σxx  Stress 
r Distance from the tip of the crack to the node 
θ The angle formed from the tip of the crack to the node 
KI Stress intensity factor 

4 Results and Discussion 

Stress Analysis on Flawless Camshaft. The simulation of the camshaft without 
defects produced a maximum normal stress value of 11 MPa at the fillet area as 
shown in Fig. 8. This value is within the material permit limit of 29.8 MPa [13], and 
this means the initial design of the component is adequate.

Flawless Stress Intensity Factor. The simulation conducted without defects in the 
model was used to calculate the stress intensity factor (KI ) on the camshaft in order
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Fig. 8 Areas of stress concentration without defects

Fig. 9 Points reviewed on a flawless model 

to determine the possible propagation of cracks [14] at 3 node points as shown in 
Fig. 9. 

The values of the camshaft stress intensity without defects calculated using Eq. 1 
are listed in Table 2, and it was discovered that the stress intensity value was smaller 
than the fracture toughness value at the load applied, and this means there was no 
crack propagation. The findings showed that the stress intensity factor around the 
fillet area ranged from 1.3 to 1.5 MPa m1/2. This means the stress concentration does 
not exceed the fracture toughness for cast iron material which ranges from 14 MPa √
m [11], and this indicates there is no crack potential.

Stress Analysis on Worn Camshaft. The model with wear defects was observed to 
have a maximum normal stress of 22 MPa concentrated in the worn area as indicated 
in Fig. 10. This value is within the safe limits of the material [13] but higher than the 
15.6 MPa recorded in previous studies. This is associated with the stress concentration 
in a certain part which makes the local stress to be greater than the applied stress 
[15], while the analytical calculations ignore the effect of geometry on stress.
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Table 2 Stress intensity factor around the fillet area 

Point σxx  
(MPa) 

r 
(m) 

θ 
(◦) 

KI 

(MPa m1/2 

1 7.6 0.0018 50 1.5 

2 7.8 0.0028 29 1.3 

3 7.8 0.0039 21 1.4 

Average 1.4

Fig. 10 Areas of stress concentration in wear conditions 

Stress Intensity Factor with Wear Defect. The simulation of the model with defects 
was used to calculate the stress intensity factor (KI ) on the camshaft in order to 
determine the possible propagation of cracks [14] at 3 node points as shown in 
Fig. 11. 

The stress intensity factor of the camshaft with wear defects was calculated using 
Eq. 1, and the value is listed in Table 3. It was discovered that the value does not

Fig. 11 Points examined in the wear model 
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exceed the fracture toughness value under the same load, and this means the shaft 
does not fail but can no longer be used because there has been a reduction in the 
camshaft diameter. 

The analysis of the stress intensity factor around the wear area showed that the 
value ranges from 1.64 to 2.31 MPa m1/2. This means the stress concentration in the 
fillet area does not exceed the fracture toughness value of cast iron material which 
ranges from 14 MPa

√
m [11], and this indicates there is no crack potential. 

Stress Analysis on Worn Camshafts with Initial Defects. The provision of a 
parallelogram-shaped defect in the wear area has a very large impact on the stresses 
concentration which was observed to have led to greater local stresses compared to 
the applied stresses [15]. The simulation results showed that the maximum normal 
stress was 252 MPa as shown in Fig. 12, and this exceeds the allowable and tensile 
limit for the material. This certainly means the components will fail during operation. 

Stress Intensity Factor of the Model with Initial Defect. The stress intensity 
factor (KI ) on the worn camshaft with initial defects was calculated to determine 
the possibility of the crack propagating [14] at three node points as shown in Fig. 13.

The stress intensity value was calculated using Eq. 1, and the results presented in 
Table 4 showed that the value is greater than the fracture toughness value under the 
same load, and this means the cracks are propagated and continued until the camshaft 
failed.

Table 3 Stress intensity factor on wear defects 

Point σxx  
(MPa) 

r 
(m) 

θ 
(◦) 

KI(
MPa m1/2

)

1 17.4 0.00075 35 1.64 

2 17.2 0.00187 13.2 1.95 

3 16.6 0.003 8 2.31 

Average 1.97 

Fig. 12 Area of stress concentration during wear condition with initial defect 
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Fig. 13 Points under consideration

Table 4 Calculation of the value of the stress intensity factor (KI) 

Point σxx  
(MPa) 

r 
(m) 

θ 
(◦) 

KI(
MPa m1/2

)

1 220 0.0007 8 14.8 

2 252 0.00075 11 17.9 

3 230 0.0008 13 17.1 

Average 16.6 

The table shows that the stress intensity factor value of 17.9 MPa m1/2 at the 
crack tip is greater than the fracture toughness value which was recorded in previous 
studies to be in the range of 14 MPa

√
m for cast iron material [11]. This means 

the crack propagates from the initial defect, and this can lead to the failure of the 
camshaft. 

5 Conclusions 

The maximum stress in the fillet area for the model without defects was found 
to be 11 MPa, and this is within the allowable limits of the material. The stress 
intensity factor also ranges from 1.3 to 1.5 MPa m1/2 which does not exceed the 
fracture toughness, and this means there is no crack propagation because the stress 
concentration is within safe limits. 

The maximum stress when the camshaft experienced a reduction in diameter due 
to wear was recorded to be 22 MPa, and the stress intensity ranges from 1.64 to 2.31 
MPa m1/2 which does not exceed the fracture toughness value. This means it does
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not have the potential to cause cracks, but the material cannot be used anymore due 
to the reduction in the camshaft diameter. 

The addition of defects to the wear area has a very large impact on the stress as 
indicated by the maximum stress of 321 MPa recorded which exceeds the allowable 
limit of the material. Moreover, the stress intensity factor at the crack tip was 17.9 MPa 
m1/2 which exceeds the fracture toughness value which is in the range of 14 MPa m1/2 

(KI ≥ KIC) for cast iron material, thereby causing cracks to propagate and ensuring 
the camshaft is no longer safe to use. 
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Failure Analysis on Leaf Spring of Dump 
Truck Using Experimental and Finite 
Element Methods 

Husaini, Noor Zaki Alif, Ali Nurdin, and Murtadhi Faris 

Abstract A failure in leaf spring usually causes a critical accident because of its 
importance in transport vehicles such as Dump Trucks. Therefore, this research aims 
to determine the cause of failure in the leaf spring of the Dump Truck suspen-
sion system using experimental and finite element methods. The experimental tests 
included visual observation of the fracture surface to determine the possibility of frac-
ture or material failure based on the condition of the spring and an SEM test to observe 
the fracture surface condition of fractography. A hardness test was also carried out 
to adjust the properties of the spring material according to its standards, chemical 
composition test to determine the properties of steel, as well as microstructure test, 
which shows the structure contained in leaf springs. The stress and strain analyses 
were carried out by modeling components using Autodesk Inventor software. The 
finite element method analysis used FEMAP 2021.2 software on the maximum stress 
and strain received by the leaf spring. This was followed by calculating the stress 
intensity factor (KI ) at several points at each end of the fracture. The average KI 

value obtained from the finite element method analysis was 101.3220059 MPa.m1/2, 
while the KIC value was 22 MPam1/2. This value met the requirements for fracture 
mechanics, namely KI ≥ KIC . 

Keywords Finite element method · Fatigue · Failure analysis · Leaf spring ·
Stress intensity factor
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1 Introduction 

The automotive industry consists of many parts, each of which has several important 
characteristics such as leaf springs in suspension systems. This component is mainly 
used for the introduction of a suspension system to prevent the transmission of 
vibrations and support the vehicle frame [1, 2]. Goods transport vehicles, namely 
trucks, have a point of load that tends from the center to the rear of the body, which 
makes the rear suspension experience a greater deflection. This occurs under repeated 
compressive loads, causing failure because it has exceeded the fatigue limit of the 
material [3]. 

The failure in leaf spring material occurs as a result of fatigue failure due to the 
weakening of the material caused by the load being applied repeatedly [4]. Material 
failure is a brittle fracture mechanism, consisting of three stages, namely the occur-
rence of cracks, propagation, and fracture [5]. Fatigue failure is the most common 
type in automotive components such as crankshafts and truck springs. Furthermore, 
leaf springs often experience excessive loads and vibrations due to uneven road 
surfaces. Since the load occurs suddenly, the wheel rises and falls with irregular 
frequency. Several reports have shown that the failure of the leaf spring is affected 
by the loading that varies with time (dynamic load) [6]. 

Previous research conducted by Clarke and Borowski (2005) indicated that the 
fracture occurs in the spring eye area. It was carried out using the micrographic 
method with SEM and stress analysis by the finite element method through ALGOR 
software. The results showed that leaf springs break due to various factors such as 
sulfur separation in the midplane, which can weaken the springs, accidents, damaged 
roads, and the aging process [7]. 

According to I.B. Eryurek M. Ereke and A. Goksenli (2007), the failure is affected 
by the lack of safety factors of leaf spring fatigue. Therefore, it causes a sudden brittle 
fracture when passing through a potholed road surface [8]. Nataraj and Thillikkani 
also discovered fractographic images of the fracture surface showing a fatigue pattern. 
This indicated that repeated loads were the cause of the failure of the leaf spring [9]. 

The survey from the workshop where the specimen was obtained showed that 
the leaf spring broke around the end of May 2019. Although this component was 
not built-in, it had been replaced several times and the reason was not known. The 
incident was discovered by the owner when driving and the truck was immediately 
taken to the workshop for replacement. The components of the broken leaf spring 
are presented in Fig. 1.

This research examined the cause of the rear leaf spring fracture number 3 of the 
Dump Truck vehicle to predict and reduce the occurrence of failures in similar cases.
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Fig. 1 Leaf springs on 
trucks

The position of the broken leaf spring 

2 Research Procedure 

This research used an experimental test and finite element method. It started with 
preparing specimens at the fracture section to observe the topography macroscopi-
cally and determine the beginning of the crack, followed by the testing of hardness, 
chemical composition, and microstructure. After experimental testing, leaf spring 
modeling was carried out with Autodesk Inventor and continued simulation by using 
FEMAP software [10] to determine the cause of leaf spring failure. 

Research Material. The research material was a failed leaf spring of the colt diesel 
125 PS number 3 truck on the back. Steel with a carbon content of 0.3–0.55% is 
known as medium carbon steel, which was included as a material for making shafts, 
axles, gears, springs, etc. To ensure the type of steel used in the leaf spring specimens, 
chemical composition tests were carried out. The shape of the leaf spring is shown 
in Fig. 2. 

The fracture shape of leaf spring number 3 is presented in Fig. 3.

Visual Observation. This was conducted on the surface of the damaged material 
to observe the possibility of failure fracture or the material based on the condition 
of the spring. It shows the pattern and special signs such as the mechanism due to

Fig. 2 Shape of the leaf 
spring based on the serial 
number 
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Fig. 3 Surface of the 
fractured spring

fatigue fracture, which consists of three stages, namely the crack initiation occur-
rence, propagation, and fracture [11], caused by a certain load received by the leaf 
spring which leads to a failure. From this observation, the type of failure experienced 
by the leaf spring specimen to be tested can be estimated, which leads to its initial 
prediction [12]. 

This observation was carried out by macroscopic and fractographic methods. The 
macroscopic approach is used to observe the topography of the surface to identify 
the characteristics of the fracture surface, while in fractography, observations were 
made with SEM [13]. 

Microstructure Analysis. This process was carried out by etching the ground mate-
rial with HCL + alcohol and visualizing with an optical microscope to determine
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Fig. 4 SEM observation on 
a sample section  

the material microstructure. This test observed the characteristics of the grains and 
phases formed from the leaf spring. 

Hardness Test. This test was carried out using the Rockwell Type Zwick/Roell ZHR 
method, with a Rockwell hardness testing machine. It was conducted by pressing the 
penetrator to the surface of the specimen with a certain load and depth and giving the 
value of the difference in depth hardness obtained from major and minor loads [14]. 
The configuration of direction used was vertical and horizontal in the leaf spring 
section. 

Chemical Composition Test. This test was carried out to determine the chemical 
composition and mechanical properties of the leaf spring material. The specimen 
was cut into small parts and tested using a spectrometer. 

Scanning Electron Microscope (SEM). SEM test determined the topography of the 
specimen surface, including the morphology, shape, and size of the particles making 
up the object, and the chemical composition. The sample was cut along 10 mm as 
shown in Fig. 4. 

Load Distribution Analysis. Mechanical analysis is a method to determine the 
cause of damage to leaf springs due to excess load, both static and dynamic. To 
determine the maximum and minimum loads received by the springs on each wheel, 
a calculation was performed using Eq. (1) as stated below [16]. 

F = 
m × g 

4 
, (1) 

where F is the force on the spring, m is the mass (Kg) of the vehicle, g is gravity 
9.8 m/s2), and is divided by the four springs in the vehicle. 

Maximum allowable stress. The maximum force on the spring needs to be below 
the structural or yield strength to avoid structural failure due to maximum stress. 
Considering the safety factor, namely 1.65, the maximum allowable force can be 
obtained using Eq. (2) as expressed below [17]. 

σmax = 
Sy 
S f 

, (2)
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where Sy is the structural strength and Sf is the safety factor. 

Modeling and Analysis Using the Finite Element Method. The finite element 
method (FEM) is a numerical approach that is suitable to solve engineering problems. 
Stress analysis is based on the mechanical properties of a material and its ability to 
withstand applied loads. 

In this research, CAD modeling was performed using Autodesk Inventor 2017 
software, while Siemens™ FEMAP 2021.2 was used to analyze stress and strain. 
Before the finite element method analysis, the leaf spring modeling was carried 
out using the Autodesk Inventor, which was designed according to its original size. 
Subsequently, it was simulated with FEMAP which describes the behavior of the 
operating environment with a given load and boundary conditions [10, 16]. Figure 6 
shows a detailed research flowchart. 

3 Results and Discussion 

Visual Observation. This showed that the leaf spring was fractured at the center 
hole. The fracture shape was ductile, where the surface looked stringy, rough, and 
gray, as shown in Fig. 5. 

Fractographic Fracture Surface Analysis. The SEM observations showed that 
this fracture was close to the ductile characteristics because the surface was rough, 
stringy, and gray. Fractography with 5000× magnification using a Scanning Electron 
Microscope (SEM) test instrument, initiation originating from the edge of the leaf 
spring specimen, and crack propagation from the initial area, lead to the spring 
failure. Furthermore, the cyclic load applied to the spring was perpendicular to the 
benchmark, which made the direction of crack propagation up and down. Figure 6 
shows the results of SEM observations.

(a) 

(b)                                                                     (c) 

Fig. 5 a Leaf spring fracture surface, b beach mark, c crack initiation
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Fig. 6 SEM test results, 
arrow A indicates the 
beginning of the crack

Crack propagation 

A 

Microstructure Test. The microstructure test was carried out using an optical micro-
scope with 100 × magnification, showing the phases contained in the leaf spring 
specimen in form of dark pearlite and white ferrite phases. The ferrite is weak, 
soft, and ductile, while pearlite has relatively strong properties, good hardness, and 
ductility, but low tensile strength and plasticity; hence, its brittleness is high. In the 
microstructure image, the composition of ferrite is more than pearlite, which makes 
the material more ductile [18]. The microstructure observation is presented in Fig. 7. 

Hardness Value. The hardness value of the leaf spring material was obtained after 
using a hardness testing machine (Rockwell). The test was carried out in horizontal 
and vertical directions on a surface that has been finely ground as shown in Fig. 8. 

Fig. 7 Microstructure test 

Fig. 8 Hardness test point 
on leaf spring
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Fig. 9 Graph of spring 
hardness value in vertical 
and horizontal directions 
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The hardness value of the leaf spring can be considered uniform and homogeneous 
at all points. This shows that the spring material is good in terms of production and 
follows the standard specifications of spring steel. The graph of hardness values is 
presented in Fig. 9. 

Chemical Composition Test. This test shows that the chemical composition value 
of the material is in line with the AISI 5160 standard steel. However, the detected 
Mn value is slightly greater than the standard value. In the process of making alloy 
steel, these elements are added to slow down the critical cooling rate during the 
hardening process and increase the hardenability. The properties of Mn in alloys have 
similarities with carbon, which increases the hardness. Table 1 shows the material 
chemical composition test on the leaf spring. 

Based on the chemical composition, the mechanical properties can also be known 
as shown in Table 2.

Load Distribution on the Spring. Based on the specifications of the dump truck, 
the Total Vehicle Weight and Payload (Gross Vehicle Weight) is 8250 kg with nine 
active springs. Before the fracture occurred, the truck was carrying 10,500 kg of 
sand.

Table 1 Leaf spring material 
chemical composition Element Test results AISI 5160 

Cr 0.793 0.7–0.9 

Mn 1.06 0.75–1 

C 0.593 0.56–0.64 

Si 0.230 0.15–0.3 

S 0.0088 0.04 max 

P < 0.0050 0.035 max 
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Table 2 Mechanical 
properties of AISI 5160 steel 
[19] 

Mechanical properties Value 

Tensile strength 724 MPa 

Modulus of elasticity 190–210 GPa 

Bulk modulus 140 GPa 

Shear modulus 80 GPa 

Poisson’s ratio 0.27–0.30 

Hardness, Rockwell B 92 HRB

By using Eq. (1), when all the loads were evenly distributed on the four wheels 
of the truck, the standard maximum load that can be carried by the springs and the 
load before the leaf springs fail was obtained. 

The maximum load received by one leaf spring of a truck vehicle is 2062.5 kg 
(20,212.5 N), while the total load received before fracture was 2625 kg (25,725 N). 
This calculation indicated that the load on the truck exceeded the standard maximum 
load limit. 

Maximum Allowable Stress. AISI 5160 Alloy Steel had a yield strength of 275 MPa 
and a correction factor of 1.65; therefore, the maximum allowable stress calculated 
by Eq. (2) was 166.6 MPa. For AISI 5160 material, the maximum allowable stress 
is 166.6 MPa, which was recalculated with the finite element method software, and 
both results were compared. 

Stress Analysis Using the Finite Element Method. The stress analysis from the 
finite element method was visualizations in form of color contours that indicate the 
load value received by the specimen. The analysis was carried out in a static state by 
providing a load of 25,725 N (2,625 kg). During the analysis, the condition after the 
load was applied and the results were obtained in form of stress–strain distribution. 

The stress simulation shows the distribution of Von Mises Stress on the leaf 
spring as indicated by color according to the value. The maximum Von Mises Stress 
result was shown in red at 485.66 MPa and the minimum was shown in purple at 
123.88 MPa, as presented in Fig. 10.

The finite element method modeling has been accompanied by a crack initiation 
of 0.2 mm as marked with a red arrow. The size of the crack was obtained based on 
the visual observation of the broken leaf spring surface. 

Stress Intensity Factor Analysis. According to Danilo et al. [20], the fracture 
toughness value of AISI 5160 leaf spring steel was 22 MPa.m1/2. The stress intensity 
factor is shown at the crack tip. Failure/crack propagation in the material will occur 
when the stress intensity factor value due to the applied load is equal to or more than 
the fracture toughness value (KI ≥ KIC). Meanwhile, the stress intensity factor was 
estimated around the crack tip to determine the maximum stress. The four nodes 
selected as a reference for calculations are shown in Fig. 11.

KI at the crack tip for Mode I can be calculated using Eq. (3) [21].
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Fig. 10 Maximum stress simulation results around the initial crack

Fig. 11 Four points/nodes 
observed in the area around 
the crack
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Table 3 KI calculation results 

No. Nodal point σ (MPa) r (m) θ KI (MPa.m1/2) 

1 44,856 244.41 0.008 30 69.43 

2 14,809 171.50 0.012 20 52.36 

3 21,171 161.66 0.035 45 126.93 

4 44,523 153.59 0.031 60 156.54 

Average 101.32 

KI 
σxx  ·

√
2πr

(
cos θ 

2

)[
1 − sin

(
θ 
2

)
sin

(
3θ 
2

)] , (3) 

where 

σ = Stress 

R = Distance from the crack tip to the nodes observed. 

θ = Angle formed. 

The calculation of the KI stress intensity factor at each node observed around the 
crack is shown in Table 3. 

The results in Table 4 show that the average KI value obtained from the finite 
element method analysis is 101.32 MPa.m1/2, while the KIC value is 98.8 MPa.m1/2. 
Based on the theory of fracture mechanics, when the stress intensity factor (KI ) 
exceeds the fracture toughness value (KIC), crack propagation and failure occur 
simultaneously. 

Figure 12 shows the relationship between KI (stress intensity factor) and r 
(distance from crack tip to node) in the area around the crack. Point 1 is the closest 
point to the crack tip.

Therefore, crack propagation occurs due to the stress intensity factor that exceeds 
the fracture toughness of the AISI 5160 material. The large value received by the leaf 
spring leads to crack propagation that occurs from the initiation to the final fracture.
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Fig. 12 Relationship between KI and r

4 Conclusion 

From this research on leaf spring failure, several conclusions are obtained, namely: 

1. The load received by the leaf spring before failure is greater than the acceptance 
ability. 

2. Fatigue failure is caused by a cyclic load, which involves three stages as shown by 
the results of visual observations on the fracture surface, namely, crack initiation, 
propagation, and final fracture. 

3. The maximum stress analysis using the finite element method is 485.66 MPa. 
The calculation of the stress intensity factor (KI ) around the crack tip is 
101.3220059 MPa.m1/2, while the fracture toughness (KIC) of AISI 5160 is 
22 MPa.m1/2. Therefore, these results have met the equation (KI ≥ KIC). 
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Experimental Study of Helical Gear 
Failure in Off-Road 4 × 4 Gearboxes 

Husaini, Darmawan Haris, and Ali Nurdin 

Abstract The helical gear in a off-road 4 × 4 gearbox was found to have failed on 
the surface. Therefore, this study aims to determine the factors causing this failure 
through the application of visual observation, hardness test, chemical composition 
test, microstructure observation, Scanning Electron Microscope (SEM) observation, 
and stress analysis. The chemical composition test showed that the gear material is 
classified as high carbon steel with AISI 1080 standard, the average hardness value 
was recorded to be 95.49 HRB which is slightly lower than AISI 1080, and the 
microstructure is pearlite and cementite. Moreover, the observation of the fracture 
surface showed some initial defects propagated to a brittle fracture, while the shear 
stress value was found to be 286.13 MPa which exceeds the allowable shear stress 
limit of 253.47 MPa. It was concluded that the helical gear failed due to the initial 
defects in the form of fine cracks and the fact that the shear stress value exceeds the 
allowable limit. 

Keywords Failure analysis · Helical gears · Brittle fracture · Fatigue 

1 Introduction 

Off-road 4 × 4 is a vehicle used to travel long distances and operates on a manual 
transmission system. It is usually driven above the average speed and often passes 
through potholes, thereby, triggering the failure of components, especially the gear 
in the gearbox which is also known as the transmission system.
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The gearbox is one of the important components in a vehicle which houses the 
gear normally used to change the shaft speed and torque [1]. It is also widely used for 
power transmission in factory machines, machine tools, cars, windmills, and other 
mechanical systems [2] with the main purpose of changing rotational speed and 
torque. Moreover, transmission systems are commonly classified into manual and 
automatic [3], and their performance can be influenced by several factors such as the 
speed, level of fuel consumption, and the resulting traction force. It is also important 
to note that fuel consumption and rpm are affected by engine rotation speed [4]. 

Gears are engine elements in the gearbox that transmit power to each other. More-
over, helical gears are mostly used for power transmission due to their smoother 
performance which is associated with the larger helic angle [5]. This component 
often fails and this subsequently has a significant effect on the transmission system 
because its rotation normally produces a contact force between the teeth which trig-
gers small fine holes or pitting to cause severe damage to the system [6]. The helical 
gears of a off-road 4 × 4 were observed to have failed severely due to heavy loads 
and lack of lubrication. Therefore, this study was conducted to examine the main 
causes of this failure. 

A previous study by Husaini et al. [7] showed that the failure of gears can be 
associated with initial defects which were exacerbated by the impact of dynamic 
loads when operating on the hard and solid ground [7]. Boonmag et al. [8] also  
reported that it can be related to the cracks on the outer surface which led to a 
combination of brittle and ductile fractures as well as the mixture of ferrite and 
pearlite in the microstructure [8]. 

Several studies have analyzed causes of failure in machine components with 
different results which include substandard hardness of the material, fatigue, and 
the stress intensity factor (K) exceeding the fracture toughness value (Kc) [9–11]. 
Some also mentioned improper installation procedures [12], high shock loads, and 
fatigued components [13]. 

2 Research Methods 

The material used in this study is the helical gear observed to have failed on the 
surface in a off-road gearbox as shown in Fig. 1.

Hardness Test. The hardness value of the gears was determined using a Rockwell 
hardness tester with type Zwick/Roell ZHR scale B which is normally applied to 
metal materials that are not too hard. The indenter used was a steel ball with a 
diameter of 1/16 in. The process involved applying two types of loads which include 
a minor load of 10 kg and a major load of 100 kgf after which the hardness values 
were expressed in HRB to be read directly. The test has required only a few seconds 
and was regulated according to ISO 6568 and ASTM 18 standards. The test points 
are indicated in the following Fig. 2.
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Failed helical 
gear surface 

Fig. 1 Failed helical gear

Fig. 2 Hardness test points a the middle and b the outside 

Chemical Composition Test. This test was conducted using a spectrometer to deter-
mine the chemical elements contained in the material and their total values. The 
results were subsequently used as a reference to determine the appropriate standard 
group of materials which include AISI, ASME, ASTM, JIS, or SAE. The values were 
also compared with the standards to ensure that the materials used are appropriate. 

Microstructure Observation. This was conducted using metallographic techniques 
to determine the microstructure of the material, and the findings were used to 
determine the shape of the phase and the amount contained in the material. 

Broken Surface Observation. Scanning Electron Microscope (SEM) is an electron 
microscope that produces an image of a sample by scanning its surface using a focused 
electron beam with magnification up to a certain scale. The electrons interact with 
the atoms in the sample to generate different signals containing information about the 
surface topography and sample composition. The SEM is widely used for study and 
industrial purposes due to its ability to combine high magnification, large depth of 
field, good resolution, and capacity to determine the composition and crystallographic 
information.
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Shear Stress Analysis. The stress analysis was conducted to determine the magni-
tude of the shear stress in the gears. The values were subsequently compared with 
the allowable limit to ascertain their appropriateness. Shear stress allowable can 
calculated with Eq. 1 [14]. 

τa = So ×
[

5.6 

5.6 + √
V

]
(1) 

Shear stress work on helical gear can calculated with Eq. 2. 

τg = 
Ft 

bh 
(2) 

3 Results and Discussion 

Gear Material Hardness. The results showed that the hardness value near the outer 
surface is different from the value recorded at the center as indicated in Fig. 3.

The average value was 95.49 HRB, and this is slightly lower than the 99 HRB 
recommended for AISI 1080 material. 

Gear Material Chemical Composition. The material of the helical gears was 
found to be medium carbon steel with 0.3–0.8% carbon content, ferrite, and pearlite 
microstructure, stronger and harder but brittle as presented in the following Table 1.

The results also showed that the inclined gear has a high carbon content and this 
is different from most helical gears which are classified as low-carbon steel. This 
inappropriate chemical composition is believed to be one of the factors causing the 
failure. Moreover, the knowledge of the material’s standard as AISI 1080 made it 
possible to determine its mechanical properties as indicated in the following Table 2.

Gear Material Microstructure. The microstructure test was conducted using an 
Olympus BX41M optical microscope while etching in the form of HCL and alcohol at 
a ratio of 2:1 which was applied to determine the grain boundaries. The microstructure 
was observed at 200 × and 500 × magnification scales, and the results are shown in 
Fig. 4.

Observation of Gear Fault Surface. Visual observation showed that the damage 
occurred in more than half of the total tooth profile as presented in Fig. 5. Moreover, 
the SEM observation showed that the broken surface is a brittle fracture which is 
characterized by a granular surface, ability to reflect light, and occurrence in materials 
with a high carbon composition as indicated in Fig. 6.

Shear Stress Analysis. Shear stress allowable can be calculated using Eq. 3.
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Fig. 3 Graphic of hardness test results a the outside and b the side

Table 1 Chemical 
composition test results [15] Element name Test result AISI 1080 standard 

Iron, Fe 85.8 98.13–98.65 

Carbon, C 0.860 0.75–0.88 

Manganese, Mn 0.696 0.60–0.90 

Sulfur, S 0.0289 ≤ 0.050 
Phosphorous, P 0.0312 ≤ 0.040

Table 2 Mechanical 
properties of AISI 1080 
materials [15] 

Property Value Unit 

Density (ρ) 7.85 g/cm3 

Ultimate strength (σB ) 965 MPa 

Yield strength (σys ) 585 MPa 

Bulk modulus (B) 160 GPa 

Shear modulus (G) 80 GPa 

Elastic modulus (E) 205 GPa 

Poisson ratio (v) 0.29 – 

Hardness, Rockwell B 
Shear stress allowable 

99 
253.47 

HRB 
MPa
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Fig. 4 Microstructure observation results a 200 × magnification and b 500 × magnification

Fig. 5 Failed surface 

Fig. 6 Observation results using SEM

τa = 321, 67 ×
[

5.6 

5.6 + √
2, 24

]
= 253, 47 MPa (3) 

Shear stress work on helical gear can calculated with Eq. 4.
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τg = 4292 

0.3 × 0.05 
= 

429, 2 
0.0015 

= 286, 13 MPa (4) 

This means that the shear stress was 286.13 MPa and this exceeds the allowable 
limit of 253.47 MPa, thereby serving as one of the factors causing failure in helical 
gears. 

4 Conclusion 

This study shows conducted on the causes of the helical gear failure showed that: 

1. It was observed that the hardness on the edge of the gear is lower than on the 
inside and the average hardness value was recorded to be 95.49 HRB. 

2. The carbon content of the gear material was recorded to be 0.860 C, and this is 
classified as high carbon steel based on AISI 1080 standards. 

3. The identified microstructures were pearlite and cementite, while the fracture 
observed using SEM was brittle. 

4. The shear stress (τg) calculated was also discovered to be higher than the 
allowable shear stress (τa) with 286.13 MPa > 253.47 MPa, respectively. 

Acknowledgements The authors are grateful to the Universitas Syiah Kuala for their financial 
support through Professor Research Grant No. 001/UN11.2.1/PT.01.03/PNBP/2022. The authors 
are also grateful to the Department of Mechanical Engineering, Universitas Syiah Kuala, Banda 
Aceh, for making the facilities accessible. 

References 

1. Siva K, Balamurali D, Katiresh PVM, Damodaran S, Aravindan PS (2018) Design and 
optimization of spur gear box parameters. Int Res J Automot Technol 1:34–40 

2. Pandey DK, Lim HC (2020) Pinion failure analysis of a helical reduction gearbox in a kraft 
process. Appl Sci 10:2935 

3. Nurdin, Himawanto DA (2019) Studi numerik kekuatan material transmisi roda gigi pico hydro. 
Jurnal Teknik Mesin Indonesia 14:24–29 

4. Nazaruddin, Syafri, Anuar K, Awaluddin A (2018) Analisis Kinerja Transmisi Pada Mobil 
Hemat Energi Tipe Hybrid, Seminar Nasional Itenas 

5. Susanto N, Purwaningsih R (2017) Analisis Pengaruh Transmisi Mobil Manual dan Otomatis 
terhadap Tingkat Kesulitan yang Dihadapi Pengemudi Pemula. JTI Undip: Jurnal Teknik 
Industri 12(3):197–204 

6. Widodo RA, Satrijo D (2014) Deteksi Kerusakan Roda Gigi dengan Analisis Sinyal Getaran 
Berbasis Domain Waktu. Jurnal Teknik Mesin Universitas Diponegoro 2(3):182–189 

7. Husaini DM, Dawud TE, Putra NA (2020) Failure analysis of spur gear used in transmission 
system applied on a hand tractor. Key Eng Mater 841:144–149 

8. Boonmag V, Wisesook O, Phukaoluan A, Pluphrach G (2018) Microcrack analysis of chromium 
steel JIS-SCr 420 for helical gear transmission. Key Eng Mater 777:294–299



514 Husaini et al.

9. Husaini, Riantoni R, Ali N, Putra TE (2019) Failure analysis of the leaf spring of truck colt 
diesel using finite element method. IOP Conf Ser Mater Sci Eng 547:012017 

10. Husaini, Ali N, Bakhtiar (2016) Analysis on the surface of broken screw spring front car 
suspension. In: Proceedings of Seminar Nasional teknologi Rekayasa (SNTR) 3:111–117 

11. Vukelic G, Breie M (2016) Failure analysis of a motor vehicle coil spring. Procedia Structural 
Integrity 2:2944–2950 

12. Febriyanti E, Suhadi A (2016) Analisis Kegagalan Fire Ring Penyebab Kerusakan Piston Mesin 
Unit Kendaraan Bermotor, MPI 10(2):99–106 

13. Samlawi K, Zaini M (2020) Analisis Kegagalan Roda Gigi Matahari Swing Drive pada 
Excavator Caterpillar 349 D. Info Teknik 20(2):203 

14. Myo Zaw KL (2019) Design of Syncromesh mechanism and stress analysis of gear for Hijet. 
Iconic Res Eng J 2(8):140–146 

15. MatWeb. AISI 1080 Steel, as rolled. http://www.matweb.com/search/datasheet.aspx?matguid= 
37ca3458dfbe482fbe1efdf59d52e424&n=1&ckck=1. Accessed 27 July 2022

http://www.matweb.com/search/datasheet.aspx?matguid=37ca3458dfbe482fbe1efdf59d52e424&n=1&ckck=1
http://www.matweb.com/search/datasheet.aspx?matguid=37ca3458dfbe482fbe1efdf59d52e424&n=1&ckck=1


Experimental Investigation of the Impact 
of Eco-Riding Driving on Urban 
Motorcycle Fuel Consumption 

Muhammad Tadjuddin, Syahriza, Said Amir Azan, Udink Aulia, 
Fitrika Mita Suryani, and Ragam Iqbal Tawakal 

Abstract The efficiency of using fossil fuels for transportation is continuously 
improving. Increasing vehicle efficiency can be done by better internal combustion 
engine technology or a method of driving the vehicle itself. Eco-riding is a method 
of operating a vehicle with better fuel efficiency. This paper discusses how to go with 
eco-riding and compares it to regular driving. The vehicle being tested is a motor-
cycle with an eco-riding indicator onboard, and the test is carried out with a travel 
route within the city of Banda Aceh, Indonesia. The trial took ten days of testing 
with two different traffic options. The first trip is during rush hour, and the second 
trip is under regular traffic conditions. From the driving test on rush hour trips, the 
driving system following eco-riding got a 10.62% fuel reduction, while fuel use was 
10.93% more efficient for trips in regular traffic. The driving pattern in this study has 
been demonstrated to reduce fuel consumption significantly. 

Keywords Fuel efficiency · Eco-driving · Urban · Driving method
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1 Introduction 

The energy sector is essential in supporting sustainable development because all 
human activities require energy supplies, either directly or indirectly. Until now, the 
national energy supply relies on fossil energy sources, namely oil, gas, and coal. In 
future developments, the sustainability of the energy sector in supporting national 
development will experience various obstacles related to the imbalance between the 
energy supply rate and the energy demand rate. Dependence on fossil energy sources 
is still high, while reserves of alternative energy sources (including renewable energy) 
have not been widely developed and utilized. 

Fuel consumption harms health and the environment, so it should be reduced. One 
factor that affects the level of energy consumption (fuel oil) of motorized vehicles 
is driving behavior. Driving behavior is associated with driver behavior that causes 
acceleration, braking or deceleration, idling, gearing in certain positions, speeding, 
and turning on and off the vehicle engine. Certain behaviors allow vehicle fuel 
consumption to be more efficient than other behaviors. 

The increasing number of motorized vehicles certainly has an impact on envi-
ronmental conservation and the use of fossil fuels. The use of public transport is an 
alternative to reducing emissions. However, the use of public transport is not very 
attractive both in Indonesia and in several other countries [1]. Traffic signs will also 
affect the driver’s driving, affecting the driver’s attitude on the highway [2]. 

According to government statistics, there are many motorcycles in Indonesia, and 
the number reaches 115 million units, that is the importance of applying driving 
techniques oriented toward fuel efficiency, known as eco-riding. In this paper, two 
conditions are taken, namely normal road conditions and road conditions during 
peak hours. Previous studies have investigated the relationship between rush hour 
roads and traffic jams on driving habits [3]. According to dynamic operating limits, 
driving behavior is classified as aggressive, moderate, and passive. The parameters 
representing traffic conditions are the percentage of stop time and the average speed 
of vehicles in urban areas [4]. 

2 Energy Sector 

The energy sector is one of the essential needs for all people in Indonesia. It runs 
the economy of all people in Indonesia, such as household activities, industry, trans-
portation. When viewed from the aspect of supply, Indonesia is considered as a 
rich country in energy resources, both unrenewable energy and renewable resources. 
However, the exploration of energy resources is more focused on fossil energy, which 
is an unrenewable resource, while renewable energy has not been widely utilized. 

Currently, one of the primary human needs besides food, shelter, and clothing is the 
need for energy. Energy can help to run the economy of all people in Indonesia, such 
as household activities, industry, transportation. The energy that plays a significant
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role in Indonesia is oil. In 2015, the largest share of final oil energy consumption was 
the household sector (35%), followed by the transportation sector (31%), industrial 
(29%), commercial (4.0%), and others (2.0%). During 2010–2015, the transportation 
sector experienced the most significant growth reaching 5.2% per year, followed by 
the household sector (3.8%) and the commercial sector (2.9%). Meanwhile, the 
growth of the industrial and other sectors decreased by 4.6% and 10%, respectively. 

3 Eco-riding 

Eco-riding is a way of operating a vehicle that aims to optimize fuel consumption 
efficiently. Besides being efficient, eco-riding techniques also contribute to environ-
mental conservation programs by reducing CO2 gas, which has been the number one 
source of carbon emissions. Eco-driving can be seen as a relatively inexpensive and 
direct emission reduction effort because it involves modifying driver behavior that 
supports developing and adopting newer and more efficient technologies [5]. 

Eco-riding combines three aspects: driving skills that must have the ability to 
drive smart. The other two are Defensive Riding, which aims to save lives and time, 
and Safety Riding which prioritizes safe-driving techniques and always thinks of 
all possibilities. Interestingly, eco-riding combines Safety-Riding techniques with 
Defensive-Riding psychology. The other two are Defensive Riding, which aims to 
save lives, time, and Safety Riding, which prioritizes safe-driving techniques and 
always thinks ahead of all possibilities. Interestingly, eco-riding combines Safety-
Riding driving techniques with Defensive-Riding psychology. That is where riding 
techniques are created that save time and money and are safe and environmentally 
friendly [6]. Driving speed, acceleration, and pedal use are related to fuel consump-
tion and emissions, so it is necessary to educate the driver. Drivers should also 
avoid strong acceleration and deceleration when dealing with traffic lights [7]. Not 
only vehicles with fuel, but electric vehicles also prioritize eco-driving and driving 
behavior to save the use of electrical energy [4]. The electric vehicle’s efficiency 
depends on its powertrain technology, which has a characteristic of high power 
density [8]. 

Eco-riding is a fuel-efficient driving technique. The goal is not only to save fuel 
consumption ratio but also to maintain optimal engine component life. Eco-riding 
on motorcyclists can save fuel consumption and routine maintenance of engine 
components for a long lifespan. 

There are several ways to save vehicle fuel that can be done [5], including: 

1. Pull the gas slowly while accelerating. 
2. Do not operate the engine at high speed if there is no load. 
3. Stop the engine if it stops for too long at traffic jams, traffic lights, and other 

stops.
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Fig. 1 Motorcycle 

Many variables affect driving efficiency, corresponding to driver behavior. The 
influence of the driver itself is an aggressive or standard way of driving, while there 
is also an influence from the nature of other drivers around him [9]. 

4 Motorcycle 

The motorcycle selected in this study, the 2018 HONDA Beat Esp (Fig. 1), was 
selected because it has an eco-riding indicator on the front panel. The following 
photos and specifications of the vehicle are used in this study: 

This motorcycle was manufactured in 2018. The motorcycle is only used for a 
short distance within Banda Aceh. The traveling distance from the odometer was 
13,000 km. This vehicle service maintenance is carried out regularly so that it can 
be ascertained that there are no problems with the engine. The specification of the 
motor cycle can be seen at Table 1 below.

5 Android Application 

This research uses an Android-based commercial application. This application is a 
Trip Recorder, which can record travel tracks connected to Google Map®. It can also 
record speed, distance, time, and travel routes (Fig. 2).
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Table 1 Specifications of motorcycle 

Vehicle dimensions 

Long 1856 mm 

Wide 666 mm 

Tall 1068 mm 

Wheelbase 1256 mm 

Vehicle weight 92 kg 

Latest vehicle condition 

Year of purchase 2018 

Vehicle mileage before research 13,000 km 

Machine condition and maintenance Routine service, use in the city 

Machine 

Machine type 4 Step, SOHC with air cooling, 

Maximum power 6.38 KW (8.68 PS)/7,500 rpm 

Maximum torque 9.01 Nm (0.92 kgf m)/6,500 rpm 

Step volume 108.2 cc 

Fuel supply system Injection (PGM-FI) 

Transmission system Automatic, V-Matic 

Capacity 

Front suspension fuel tank capacity 4.0 L 

Lubricating oil capacity 0.7 L at periodic replacement 

Fuel RON92

Fig. 2 GPS based on Android Geo Tracker GPS
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Fig. 3 Mapping Trip 1 

6 Research Methodology 

The route was planned and data was recorded along the journey. The data includes 
speed, distance, and fuel consumption. Data collection is ten working days, during 
which the driver drives his vehicle with normal behavior for the first five days. Then 
in the next five days, the driver is educated to keep the eco-riding indicator lit up. 
Data is taken during peak hours from the starting point to the endpoint on the first 
trip and back to the start point on the second trip during normal traffic hours. The 
driver in this study was 21 years old and weighed 55 kg. 

Fuel consumption was measured by using measuring cup. Measurements are 
taken after each trip is completed. The difference between them is the amount of fuel 
consumed. While the two types of trips in this paper are selected during peak and 
regular traffic hours, this is intended to represent urban driving conditions. 

The first trip starts at 7:00 am, which is the rush hour for Banda Aceh city. The 
route is from Syiah Kuala University to the city center and so on to Ulele Port (Fig. 3). 

The second trip starts at 8 am, which is normal traffic hours for the city of Banda 
Aceh. The route back to Syiah Kuala University is also through the city center (Fig. 4).

7 Results and Discussion 

The test of the Eco-Riding Method took ten working days, five days for normal driving 
behavior, and five days for driving with the Eco-Riding Method. This study runs two 
trips in one day; Trip 1 covered a distance of 13.4 km at 07:00 am (considering rush 
hour) and Trip 2 was 14.4 km at 08:00 am. Fuel consumption data (ml) for every
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Fig. 4 Mapping Trip 2

trip was then calculated to get an average fuel consumption (km/l). The results show 
below: 

Figure 5 shows the results during rush hour. The Eco-Riding Method can save 
fuel up to 10.62%. The average value of consumption per liter of normal riding is 
54.24 (km/l) and 60 (km/l) for eco-riding. It was found that the wasted km was 52.14 
(km/l) on normal riding, and the most economical value for eco-riding was 61.19 
(km/l). 

Trip 2 data collection was taken from Sunday to Friday weekdays at 08:00 WIB. 
Figure 6 shows that the Eco-Riding Method can save fuel up to 10.93%, where 

the average value of consumption per liter of normal riding is 52.51 (km/l) with
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Fig. 5 Average fuel consumption at rush hour 
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Fig. 6 Average fuel consumption in normal traffic on weekdays 

eco-riding at 58.25 (km/l). l). From 10 days of data collection, the wasted km on 
normal riding was 49.48 (km/l), and the most economical value was on eco-riding, 
60.25 (km/l). 

The correlation between average speeds and fuel consumption can be written in 
mathematical equations. 

Figure 7 shows that the average speed with fuel consumption is directly propor-
tional, where the higher the average speed, the higher the fuel consumption. The 
equations obtained in the Normal Riding Method are y = −  1.85x2 + 172.68x − 
3772.9 with R2 = 0.93 and the Eco-Riding Method is y = 1.5x2 − 118.16x + 2552.7 
with R2 = 0.98. In this equation, it can be found how much fuel consumption is 
needed at a specified speed.

Figure 8 shows that the average speed with fuel consumption is directly propor-
tional, where the higher the average speed, the higher the fuel consumption. The 
equation obtained in the Normal Riding Method is y = 4.18x2 − 369.49x + 8431.4 
with R2 = 0.98 and the Eco-Riding Method is y = −  6.13x2 + 528.91x – 11.158 
with R2 = 0.99. From this equation, it also can be found how much fuel consumption 
is needed at a specified speed.
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y = -1,85x2 + 172,68x - 3772,9 
R² = 0,93 
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Fig. 7 Relationship between average speed and fuel consumption in Trip 1
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Fig. 8 Relationship between average speed and fuel consumption in Trip 2 

8 Conclusion 

The results of this study show that driving behavior greatly affects fuel efficiency 
in the urban environment. The Eco-Riding Method can significantly reduce fuel 
consumption compared to normal driving. On Trip 1, which is in the rush hour, the 
Eco-Riding Method can save 10.62% of fuel consumption compared to the Normal 
Riding Method. In Trip 2, the Eco-Riding Method can save 10.93% of fuel used in 
normal traffic compared to the Normal Riding Method. The relation between fuel
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consumption and average speed can be written with a mathematical equation. On Trip 
1: Normal Riding Method is y = −  1.85x2 + 172.68x – 3772.9 with coefficient 
relation R2 = 0.93, while the Eco-Riding Method is y = 1.5x2 − 118.16x + 2552.7 
with R2 = 0.98. The equation obtained on Trip 2: Normal Riding Method is y = 
4.18x2 − 369.49x + 8431 with R2 = 0.98, while the Eco-Riding Method is y = −  
6.13x2 + 528.91x – 11.158 with R2 = 0.99. 
Acknowledgements The authors would like to express the deepest gratitude to the members of the 
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Experimental Analysis of Acoustics 
Characteristics of Honeycomb-Backed 
MPP Panel with Different Material 
Elasticities 

Meifal Rusli, Afdhilla, Dendi Adi Saputra, Gusriwandi, and Mulyadi Bur 

Abstract This paper discusses the experimental analysis of the sound absorption 
coefficient and transmission loss of hybrid panels made of a multi-perforated panel 
(MPP) backed by a honeycomb structure with different material elasticities. The 
panels are created using 3D printing and made of thermoplastic polyurethane (TPU) 
filament, which is more flexible than the second material, polylactic acid (PLA) 
filament. This study aims to compare the effect of material flexibility on the panel’s 
acoustic properties. The acoustics are measured using a four-channel impedance tube 
following ASTM E2611-19. The panels have various panel thicknesses, honeycomb 
wall and MPP thicknesses, and MPP hole densities. The study indicates that as 
panel thickness increases, the peak of the sound absorption coefficient is shifted to 
a lower frequency, resulting in enhanced sound insulation. When MPP hole density 
decreases, the number of MPP holes decreases, and the absorption coefficient and 
sound insulation increase. Furthermore, TPU panels have a lower sound absorption 
frequency than PLA and slightly higher insulation than PLA. As a result, material 
flexibility does not significantly affect the maximum sound absorption coefficient 
and sound transmission loss; more flexible panel material shifts the sound absorption 
coefficient peak to a lower frequency. 
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1 Introduction 

In the modern world, the noise attenuation is becoming ever more crucial. In terms of 
annoyance, as well as the quality of life and health, it is recognized as one of the pollu-
tants. By taking into account all potential noise generations during the product design 
process, noise can initially be reduced at its source. Unfortunately, this design proce-
dure has not thoroughly addressed the noise source. In this situation, reducing noise 
on the transmission path and the receiver side is one choice. Therefore, it is crucial for 
noise mitigation to develop efficient acoustic or sound absorption materials. There-
fore, it is necessary for noise mitigation to develop efficient acoustic or sound absorp-
tion materials. Although sound insulation and sound absorption are frequently used 
interchangeably in common speech, they are fundamentally different. By decreasing 
reflections and converting absorbed energy into heat, sound-absorbing materials are 
intended to enhance sound quality, avoid echoes, and minimize unpleasant reverber-
ation inside a space. On the other hand, sound insulation or soundproofing materials 
serve as an acoustic barrier to the sound source by preventing sound waves from 
entering or leaving a place [1, 2]. 

There are now many different sound-absorbing materials that have been devel-
oped. Porous material and micro-perforated panel (MPP) are recent technologies 
frequently used and developed as sound absorber panels [3, 4]. Porous materials have 
interconnected pores that allow sound waves to move through. Frictional heating 
between vibrating air molecules and the pore surface primarily dissipates sound 
energy. The three main types of microscopic structures seen in porous absorptive 
material are fibrous, cellular, and granular. Fibrous materials that are frequently 
used in this application include rock wool, glass wool, polyester, and polyurethane. 
However, their manufacturing and application processes negatively affect human and 
environmental health [5]. Therefore, some researchers focused on developing the use 
of natural fibrous materials as sound absorbents, which are biodegradable, naturally 
renewable, and environmentally friendly [6, 7]. 

Foams and other porous materials are very simple to process, inexpensive, and 
capable of absorbing a wide range of sounds [8]. However, they often have poor sound 
absorption characteristics due to a significant impedance mismatch, particularly at 
low frequencies (100 to 800 Hz) [9, 10]. In order to improve absorption capabilities at 
low frequency, acoustics metamaterials such as resonator-type materials like micro-
perforated panels (MPPs) can be used as standalone materials or as facings for porous 
materials [11]. 

Additionally, a great deal of research is being done on MPPs, which are made up 
of many small Helmholtz resonators and are effective at absorbing sound energy. The 
sound energy is converted into heat as it enters an MPP because of friction between the 
perforated surfaces and the moving air molecules. MPP was first suggested as an alter-
native to porous sound absorbers, which continue to present dangers to human health 
and the environment [12]. Despite the resonant frequency range, MPPs continue to 
function, albeit with minor absorption [13].
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Table 1 Mechanical properties of thermoplastic polyurethane and polylactic acid [28] 

Mechanical properties Thermoplastic polyurethane (TPU) Polylactic acid (PLA) 

Hardness 60 (Shore D) 83 (Shore D) 

Tensile modulus 53.7 MPa 2346 MPa 

Elongation at break 318% 5.2% 

To increase the frequency band and sound absorption coefficient of MPP, many 
researchers have developed various techniques, including inserting a mechanical 
impedance plate behind the panel [14], dividing different depth cavities [15], 
combining a membrane cell and mass blocks composite structure [16], and multi-
layering elastic MPP plates [17] and a wideband triple-layer micro-perforated panel 
[18]. Additionally, other researchers suggested that the MPP may be improved by 
using composite materials, such as wooden panels [19], kenaf and polylactic acid 
[20], and sandwich panel MPP and natural fiber [21]. 

Moreover, honeycomb backing and wall partition in the backing air cavity are 
two commonly used methods to improve the acoustic properties of MPP absorbers 
[22, 23]. Each air cavity subdivision can achieve the most efficient Helmholtz-type 
resonance absorption in both scenarios, providing a local one-dimensional sound 
field and normal incidence into the apertures [24, 25], for example, subdividing 
the air-back cavity to improve the sound absorption and transmission loss [26] and 
designing a honeycomb-backed MPP with tailored sound absorption frequencies by 
adding adjustable perforation baffles [27]. 

Now, the sound absorption characteristic and sound transmission loss of 
honeycomb-baked MPP made from two different flexibility materials are investigated 
experimentally in this paper. The panels are made of thermoplastic polyurethane 
(TPU), a much more flexible material than polylactic acid (PLA) as the second 
material (see Table 1). Three-dimensional printing is used to create the panels. This 
research aims to compare the effect of material flexibility on the acoustic properties 
of a panel. The acoustics are measured using an ASTM E2611-19-compliant four-
channel impedance tube. Panel thicknesses, honeycomb wall thicknesses, and MPP 
hole densities have varied across the panels. 

2 Methodology 

2.1 Material and Specimens 

In this study, the panels are measured and analyzed in circular form with a diameter 
of 51.2 mm based on the inner diameter of the impedance tube. The specimens’ 
panel thicknesses, honeycomb wall thicknesses, and MPP hole densities are varied. 
The panels are produced by 3D printing and made of two kinds of material filament: 
thermoplastic polyurethane (TPU) and polylactic acid (PLA). Table 1 shows the
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Fig. 1 Specimens’ model 

Fig. 2 Sample specimen 

mechanical properties of both materials. The TPU has much more flexibility than 
the PLA, showing a very low tensile modulus and higher elongation at break. The 
hole diameters of the MPPs are 0.8 mm, and the distance between the holes ranges 
from 5 to 10 mm. The honeycomb-backed panels’ thickness are varied by 10 mm, 
15 mm, and 20 mm. Moreover, the honeycomb walls vary by 0.3 mm, 0.7 mm, and 
1.0 mm. Figure 1 depicts the panel design. 

The Anet A8 3D printing machine, purchased from Shenzen Anet Technology 
in China, is used for printing. The temperature and printing speed are kept constant 
at 200 °C and 1440 m/min, respectively, with a 0.1 mm resolution. The printer bed 
and room temperatures are kept at 60 and 30 degrees Celsius, respectively. Figure 2 
depicts the specimens. 

2.2 Experimental Setup 

A four-channel impedance tube, made of aluminum pipe with a 51.2 mm diameter, is 
used to measure the acoustics characteristics of the panels within the frequency range 
from 400 to 3800 Hz. The impedance tube is built in accordance with ASTM E2611-
19 for normal incidence of material acoustics characteristics. A random noise with
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Fig. 3 Four channels’ impedance tube for acoustics characteristics’ measurement 

a frequency range of 0–10 kHz is generated as the sound source in the experiment. 
Four BSWA MPA 215 microphones are used to measure the sound pressure in four 
channels. The measured signal from microphones is then connected to a multifunc-
tion National Instrument data acquisition card NI-9234. Labview then processes the 
signals to obtain the transfer function from four microphones. The transfer function 
generated by four microphones is used to calculate the sound absorption coefficient. 
Figure 3 illustrates the experimental design. Normal incidence transmission loss and 
sound absorption coefficient are calculated based on the standard. 

3 Result and Discussion 

Firstly, the effect of honeycomb panel thickness and different materials is observed. 
The distance between hole rows of the MPP for the specimens is uniform at 10 mm 
and the honeycomb wall thickness at 0.7 mm. The honeycomb-backed panels are 
varied in 10 mm, 15 mm, and 20 mm. The sound absorption coefficient and sound 
transmission loss (STL) of the specimens are depicted in Fig. 4. As observed in 
Fig. 4, specimens act as good absorbers with peak absorption coefficient values of 
almost 1 in a specific frequency, implying that the MPP holes and honeycomb cell act 
very well as dissipators of sound energy at a different frequency. More honeycomb-
backed panel thickness means that deeper cavity cells tend to have lower frequency 
peaks. The cavity depth has the most significant change rate in affecting the sound 
absorption capability of the honeycomb-backed panel than other parameters like the 
plate thickness, aperture, and perforation rate [29].

Moreover, specimens made of TPU filament have lower frequency absorption 
peaks than stiff PLA panels. TPU has lower modulus elasticity than PLA, which 
affects the panel stiffness. Panels with lower modulus elasticity have lower stiffness 
and lower frequency resonance. Material flexibility also significantly affects sound 
transmission loss (STL). TPU panels tend to have better STL at a frequency lower 
than 1500 Hz or within 2000 Hz to 3800 Hz. The lower stiffness of TPU panels 
increases the STL at a lower frequency, and the higher structural damping affects the 
sound transmission loss at a lower frequency.
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Fig. 4 Sound absorption 
coefficient (above) and sound 
transmission loss (below) 
with various honeycomb 
panel thicknesses

Next, the effect of honeycomb wall thickness and different materials on the acous-
tics characteristics of the panel is observed in Fig. 5. The distance between hole rows 
of the MPP for the specimens is uniform at 10 mm and the wall honeycomb-backed 
panel thickness of 15 mm. The honeycomb wall thickness is varied from 0.3 mm, 
0.7 mm, and 1.0 mm. The sound absorption coefficient and sound transmission loss 
(STL) of the specimens are depicted in Fig. 5. As observed in Fig. 5, specimens act 
as good absorbers with peak absorption coefficient values of almost 1 in a specific 
frequency, implying that the MPP holes and honeycomb cell act very well as dissi-
pators of sound energy at a different frequency. More honeycomb wall thickness 
means that more flexible cells tend to have no significant change in frequency peaks. 
The wall thickness has no significant change rate in affecting the sound absorption 
capability of the honeycomb-backed panel.
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Fig. 5 Sound absorption 
coefficient (above) and 
sound transmission loss 
(below) with various 
honeycomb wall thicknesses 

Furthermore, TPU filament specimens exhibit lower frequency absorption peaks 
than rigid PLA panels. TPU’s lower modulus elasticity than PLA’s influences the 
stiffness of the panel. Lower frequency resonance and stiffness are characteristics of 
panels with lower modulus elasticity. Sound transmission loss is also greatly influ-
enced by material flexibility (STL). TPU panels often have better STL at frequencies 
between 1700 and 3800 Hz or less than 1000 Hz. The higher structural damping influ-
ences the sound transmission loss at a lower frequency, while the reduced stiffness 
of TPU panels enhances the STL at a lower frequency. 

Next, the influence of MPP hole density and different materials on the acoustics 
characteristics of the panel is shown in Fig. 6. The distance between hole rows of the 
MPP for the specimens is varied at 5 mm and 10 mm. The honeycomb-backed panel 
thickness is 15 mm, and the honeycomb wall and MPP thickness is 0.7 mm. The



532 M. Rusli et al.

sound absorption coefficient and sound transmission loss (STL) of the specimens are 
depicted in Fig. 6. 

As observed in Fig. 6, specimens act as good absorbers with peak absorption 
coefficient values of almost 1 in a specific frequency in hole spacing of 10 mm, 
implying that the MPP holes and honeycomb cell act very well as dissipators of 
sound energy at a different frequency. However, MPP with a hole spacing of 5 mm 
shows a lower sound absorption peak but at a wider frequency band. More honeycomb 
wall thickness means that more flexible cells tend to have no significant change in 
frequency peaks. The wall thickness has no significant change rate in affecting the 
sound absorption capability of the honeycomb-backed panel. 

Furthermore, TPU filament specimens exhibit lower frequency absorption peaks 
than rigid PLA panels. TPU’s lower modulus elasticity than PLA’s influences the

Fig. 6 Sound absorption 
coefficient (above) and 
sound transmission loss 
(below) with various MPP 
holes’ density 
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stiffness of the panel. Lower frequency resonance and stiffness are characteristics of 
panels with lower modulus elasticity. Sound transmission loss (STL) is also greatly 
influenced by material flexibility. TPU panels often have better STL at frequencies 
between 1500 and 3800 Hz or less than 1200 Hz. The higher structural damping influ-
ences the sound transmission loss at a lower frequency, while the reduced stiffness 
of TPU panels enhances the STL at a lower frequency. 

4 Conclusion 

The study about the effect of different material flexibilities on acoustics characteris-
tics of honeycomb-backed MPP indicates that as honeycomb-backed panel thickness 
increases, the peak of the sound absorption coefficient shifts to a lower frequency, 
resulting in enhanced sound insulation. When MPP hole density decreases, which 
means that the number of MPP holes decreases, the absorption coefficient and sound 
insulation increase. Furthermore, TPU panels have a lower frequency of sound 
absorption than PLA and slightly higher insulation than PLA. Moreover, the TPU 
panels often have better STL at frequencies between about 1500 Hz and 3800 Hz or 
less than 1200 Hz. The higher structural damping influences the sound transmission 
loss at a lower frequency, while the reduced stiffness of TPU panels enhances the 
STL at a lower frequency. As a result, the more flexible material appears to reduce 
sound absorption and increase sound insulation than rigid materials. 
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Production of Cellulose Nanocrystal 
(CNC) Combine with Silane Treatment 
from Pennisetum Purpureum via Acid 
Hydrolysis 

Ritzky Fachri, Samsul Rizal, Syifaul Huzni, Ikramullah Ikramullah, 
and Sri Aprilia 

Abstract Cellulose nanocrystals, a class of fascinating bio-based nanoscale mate-
rials, have received a tremendous amount of interest both in industry and academia 
owing to their unique structural features and impressive physicochemical. This nano-
material is a promising candidate for applications in fields such as biomedical, phar-
maceuticals, electronics, barrier films, nanocomposites, membranes, supercapaci-
tors. Nanocellulose has the disadvantage of being hydrophilic. The purpose of this 
study was to characterize nanocellulose from Pennisetum Purpureum fiber that had 
been given silane treatment. The isolation and characterization of nanocellulose from 
Pennisetum Purpureum were carried out. Chemical pretreatment has included alkali 
treatment which used 10% NaOH for 35 min and 60 °C temperature. Bleaching 
process with 12% NaOCL for 24 h and acid hydrolysis with H2SO4, 45 °C,  60  min  
will disperse amorphous part of cellulose. The silane treatment was carried out by 
soaking and heating the fibers at a temperature of 50 °C for 2 h using APTES (3-
aminopropyl-triethoxy) and methanol with a ratio of 9:1. The mixture was centrifuged 
until neutral pH was obtained. The obtained suspension was sonicated (Branson 
Sonifier 450) for 5 min with an 800 W and freeze-dried to solid NCC. Based on 
the fiber characterization, alkali and bleaching pretreatment conditions showed that 
the surface impurities on the fiber were removed, and peak at 1058 cm−1 for C– 
O–C pyranose ring vibrations indicates the extensive cellulose exposure. The most 
significant finding from moisture content on dried samples after dialysis showed that 
nanocellulose only contains ± 1% moisture. These results indicate that Pennisetum 
Purpureum could become a viable source of commercially valuable nanocellulose.

R. Fachri · S. Rizal (B) · S. Huzni · I. Ikramullah 
Department of Mechanical and Industrial Engineering, Universitas Syiah Kuala, Banda 
Aceh 23111, Indonesia 
e-mail: samsul.rizal@unsyiah.ac.id 

S. Aprilia 
Department of Chemical Engineering, Universitas Syiah Kuala, Banda Aceh 23111, Indonesia 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
Irwansyah et al. (eds.), Proceedings of the 4th International Conference on 
Experimental and Computational Mechanics in Engineering, Lecture Notes in 
Mechanical Engineering, https://doi.org/10.1007/978-981-99-7495-5_51 

535

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-7495-5_51&domain=pdf
mailto:samsul.rizal@unsyiah.ac.id
https://doi.org/10.1007/978-981-99-7495-5_51


536 R. Fachri et al.
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1 Introduction 

The current growth in environmental awareness has generated increasing interest in 
the use of natural fibers as alternative reinforcement materials for polymer compos-
ites. This is largely owing to their low environmental impact, low cost, and rela-
tively good specific properties. Scientists have been striving to develop biodegradable 
composites using renewable agro-based materials [1]. Natural fibers derived from 
plants demonstrate great potentials for use in plastic, automotive, and packaging 
industries because of their excellent characteristics such as low density, high specific 
stiffness, good mechanical properties, biodegradability, eco-friendliness, toxicolog-
ically harmless, good thermal and acoustic insulation [2, 3]. In addition, these cellu-
losic fibers can reduce the overall material costs than the starting polymer [4]. 
Comprehensive reviews conducted by numbers of publications [5–10] have outlined 
the differences of natural fibers with regard to their mechanical properties and its 
applications. Several authors documented the use of natural fibers such as bamboo 
[10], flax [11], coir [12], arundo donax (giant reed) [13], okra [14], jute [15–17], 
wheat straw [18, 19], and alfa [20] as reinforcement in composite materials. 

However, there are concerns regarding the attributes of natural fibers such as their 
hydrophilic nature, high moisture absorption, poor reactivity, and poor compatibility 
with polymeric matrices, all of which influence their mechanical properties [21–23]. 
The hydrophilic nature of natural fiber is known to produce weak interfacial adhesion 
in polymer–matrix composites [24]. The type of natural fiber can also affect the 
biological performance of the composites, for example, a composite manufactured 
from abaca fiber has a much greater moisture content compared to flax-reinforced 
composites [25]. These problems can be rectified through modification such as alkali 
treatment to enhance the interfacial adhesion between natural fibers and composite 
matrices, in addition to enhancing the mechanical, physical, and thermal properties 
of the fibers [26]. Other modifications during acetylation can modify the surface of 
the fibers and enhance their hydrophobicity [25]. 

Pennisetum Purpureum fiber, also locally known as Napier grass, is composed of 
46% cellulose, 34% hemicellulose, and 20% lignin. These values will depend on the 
variety and environmental factors where the plant is grown [27]. The purpose of the 
alkali treatment is to remove the hemicelluloses, split the fibers in the fibrils, and 
produce a closely packed cellulose chain owing to the release of the internal strain, 
which consequently improves the mechanical properties of the fiber [28]. Following 
the alkali treatment, the fibrillation of the fibers also increases the effective surface 
area available for wetting by the resin and enhances the bonding between the fiber– 
matrix interfaces within the polymer composites. The alkali treatment also breaks 
the hydrogen bonds and increases the number of free hydroxyl groups of the fiber, 
thus increasing the fiber reactivity [29]. Girisha et al. also studied experimentally
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sisal fiber which was treated with alkali, silane treatment, and combination of alkali 
+ silane treatment. The results showed that the composite with sisal fiber that was 
given a combination of alkali + silane treatment had the highest tensile value and 
better water resistance than only given alkaline treatment or silane treatment alone 
[24]. To improve the mechanical properties of Pennisetum Purpureum nanocellulose 
fiber, it is necessary to conduct research to determine the impact of silane treatment 
on Pennisetum Purpureum cellulose nanocrystal. The aim of this study is to examine 
experimentally the effect silane treatment to cellulose nanocrystal water content. nano 
nano cellulose on Pennisetum Purpureum fiber. Liu et al., Rao et al., and Thakur 
et al. all demonstrated that the natural fibers exhibit great potential for use as an 
alternative to artificial glass and carbon fibers during the production of thermosetting 
or thermoplastic composites [30–34]. 

2 Materials and Methods 

The Pennisetum Purpureum grass used was supplied by a farm located in Pango, 
Banda Aceh, Indonesia. Three to six months’ old with a length of 40–60 cm 
Pennisetum Purpureum fiber was used for this research. Pennisetum Purpureum was 
used in this study because in Aceh only the leaves of Pennisetum Purpureum are used 
as animal feed for cows and goats, but the stems are discarded and burned because 
they are considered waste. Figure 1 shows the Pennisetum Purpureum plant. 

Fig. 1 Pennisetum 
Purpureum
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3 Preparation of Cellulose Fibers from Pennisetum 
Purpureum 

Fiber stems of Pennisetum Purpureum with a length of 40–60 cm are separated from 
the leaves with knife, the fiber chopped into horizontal and dried under the sunray 
for 40 h until the fiber dried reach a constant weight. 

The cellulose was isolated based on previously published techniques with certain 
modifications [34]. They were treated with 10% aqueous NaOH solution for 45 
min at 60 °C in boiling three neck to remove the hemicellulose, lignin, and surface 
impurities and other greasy materials [35]. The suspension of alkali fiber was washed 
until pH 7 and dried in furnace with temperature of 60 °C for 24 h. 

Bleaching Process. The fiber was broken up in a chopping machine for 10 min 
soaked into NaOCl 12% for 24 h. The suspension of bleached fiber was washed until 
it reached pH 7 and dried in furnace with temperature of 60 °C for 24 h. 

Acid Hydrolysis. The suspension was hydrolyzed with 64% H2SO4 for 60 min 
at 45 °C, and then, the suspension is given dialysis treatment to transfer dissolved 
molecules from a solution mixture that occurs due to diffusion on a semi-permeable 
membrane. 

The silane treatment was carried out by soaking and heating the fibers at a temper-
ature of 50 °C for 2 h using 3-aminopropyl-triethoxy (APTES) and methanol with a 
ratio of 9:1. The mixture was centrifuged until neutral pH was obtained. The obtained 
suspension was sonicated (Branson Sonifier 450) for 5 min with an 800 W and freeze-
dried to solid NCC. Figure 2 shows schematic representation of cellulose nanocrystal 
production.

4 Characterization of Pennisetum Purpureum Fiber Fibers 

4.1 Fourier Transform Infrared 

FTIR characterization was performed by using a PerkinElmer FTIR spectrometer 
Frontier instrument (PerkinElmer, Inc., Waltham, MA, USA) with wave numbers of 
0–4000 cm−1. Before characterization, all samples were dried in an oven, drying at 
60 zC until a constant weight was achieved. 

4.2 Water Content 

Measurement of water content of cellulose nanocrystal using A.O.A.C method. The 
first step, dry the empty dish and lid in the oven at 105°C for 3 h and transfer to 
desiccator to cool. Weigh the empty the dish and lid. Weigh about 3 g of sample to
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Fig. 2 Schematic representation of cellulose nanocrystal production

the dish. Spread the sample with spatula. Then, place the dish with sample in the 
oven. Dry for 3 h at 105°C. After drying, transfer the dish with partially covered lid 
to the desiccator to cool. Reweigh the dish and its dried sample. 

5 Results 

5.1 Fourier Transform Infrared 

The FTIR spectrum of a Cellulose Nanocrystal (CNC) sample is illustrated in Fig. 3. 
The peak of 3334 cm−1 showed that crystalline cellulose was not disturbed with 
H2SO4 concentration of 64%. The peak of 2900 cm−1 indicates C-H stretching 
vibrations in the cellulose component associated with lignin particles. The band at
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Fig. 3 Fourier Transform 
Infrared spectra cellulose 
nanocrystal (CNC) 

1640 cm−1 is ascribed to O–H bending, because of the absorbed water found in 
Napier fibers, the strong interaction of cellulose and water makes water removal 
difficult. 

The range of peaks at 1500–1600 cm−1 is defined as protein. The absorbance 
band at 1428 cm−1 is associated with CH2 bending, which is a characteristic of 
polysaccharides [25, 36, 37]. Moreover, the peak at 1428 cm−1 represents the C– 
C stretch [40]. The band located at the peak of 1370 cm−1 represents the angular 
symmetrical deformation of the C–H bond, which can be found in all three samples 
and is due to the rearrangement of the crystal lattice. A prominent peak at 1110 cm−1 

was identified as for C–OH stretching and one at 1058 cm−1 for C–O–C pyranose ring 
vibrations which became narrower and sharper due to extensive cellulose exposure. 
The band at 1030 cm−1 correlates with C–O stretching. Finally, for the peak at 
896 cm−1, the spectrum has correlated with the B-glycosidic relationship between 
cellulose glucose units. The characteristic peak of lignin’s aromatic ring vibration 
presents at wavenumber 1200–1300 cm−1. This peak disappeared after chemical and 
mechanical treatments. This is due to the removal of lignin during the pulping and 
bleaching [7, 12, 28]. The OH group water absorption peak at around wavenumber 
1640 cm−1 appears in all samples as expected from other studies [7, 28]. 

5.2 Water Content 

The water content of cellulose in dry samples after centrifugation is± 7%, Crystalline 
Nanocellulose (CNC) has a water content percentage of ± 13 to 14%. The silane 
treatment given to nanocellulose was able to reduce the water content of the cellulose 
to ± 1%. The silane treatment given was able to reduce the water content of the
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Table 1 Water content on chemical modification 

Sample Water content after 
centrifugation (%) 

Water content on dried sample (%) 

Raw fiber – 10 

Cellulose 97.9 7.3 

Nano cellulose 98.7 13.8 

Nano cellulose with silane 
treatment 

97.4 1.1 

cellulose nanocrystals. Water content after chemical modification can be seen on 
Table 1. 

6 Conclusions 

Pennisetum Purpureum nanocellulose has been successfully fabricated combined 
with silane treatment. Chemical modification is able to remove lignin and hemicel-
lulose in the fiber. This is evidenced by the reduction of the absorbance of the wave-
length in the amorphous portion of the fiber. Chemical modification of nanocrystalline 
cellulose using silane treatment can reduce the water content. The water content of 
nanocrystal cellulose after silane treatment is ± 1%. This reduction is very signif-
icant compared to untreated fiber, which is ± 10%. These properties indicate that 
nanocrystalline cellulose from Pennisetum Purpureum is an effective reinforcing 
material for biocomposites. 
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Experimental Study of the Effect 
of Straight-Section Length on Serpentine 
Tube Heat Exchanger with Sharp Turns 

Dedi Afandi, Ahmad Syuhada, Ratna Sary, and Muhammad Hafiz 

Abstract Compact-type heat exchangers are widely used in industry because of their 
small dimensions and lightweight with high heat transfer rates. This study aims to 
examine the effect of straight-section length on a serpentine tube heat exchanger with 
sharp turns. The heat exchanger used is made of galvanized pipe with an inner diam-
eter of 20 mm and an outer diameter of 22 mm. The total length of the heat exchanger 
is 6 m with variations in the length of the straight section, namely 60, 45, 30, and 
15 cm. Water with a temperature of 80 °C is flowed into the heat exchanger using a 
pump that is integrated with the heater. The flow of water entering the heat exchanger 
is 0.4 L/s. Water at room temperature is used as a cooling medium for the heat 
exchanger. The inlet and outlet temperatures of the heat exchanger were measured 
using a thermocouple, and the cooling water temperature was also measured using a 
thermocouple. The results showed that a heat exchanger with a straight-section length 
of 30 cm had the highest heat transfer rate and heat transfer coefficient compared to 
other heat exchangers. The rate of heat transfer in a heat exchanger with a straight-
section length of 30 cm is 15.9% higher than that of a heat exchanger with a straight-
section length of 15 cm, 56% higher than the heat exchanger with a straight-section 
length of 45 cm, and 78.5% higher than the heat exchanger with a straight-section 
length of 60 cm. The highest convection heat transfer coefficient is obtained in a 
heat exchanger with a straight-section length of 30 cm, and the average heat transfer 
coefficient is 1168.5 kW/m2·K. 

Keywords Straight-section length · Serpentine tube · Sharp turns · Heat transfer 
rate
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1 Introduction 

A heat exchanger is a device used to transfer heat from one fluid to another at a 
different temperature. Heat exchangers are widely used in industries that produce 
heat in the process, where the heat needs to be removed because it can damage the 
equipment used [1]. One type of heat exchanger that is widely used in industry is a 
compact heat exchanger because it has smaller dimensions with a large heat transfer 
area, so it does not require a large space [2]. The compact heat exchanger has a 
characteristic ratio of heat transfer surface area to the volume of the heat exchanger 
greater than 700 m2/m3 [3]. 

Many studies have been carried out to optimize the performance of heat 
exchangers, including by increasing the heat transfer area [4, 5]. The performance 
of the heat exchanger can also be improved by increasing the turbulence of the fluid 
flow [6, 7]. The addition of fins on the outside of the heat exchanger is also able to 
improve the performance of the heat exchanger [8–12]. Vortex generators can opti-
mize the performance of compact heat exchangers by making the fluid flow more 
turbulent [13, 14]. 

M. Awais et al. conducted a study on the effect of straight-section length on a 
serpentine tube-type heat exchanger on the performance of the heat exchanger. In this 
study, a heat exchanger with four variations of straight-section length serpentine tube 
was used, namely uniform serpentine tube, low–high serpentine tube, low–high–low 
serpentine tube, and high–low–high serpentine tube. The results show that the low– 
high serpentine tube heat exchanger has the most optimal performance compared to 
other variations [15]. 

Based on previous research, this research was conducted to examine the effect of 
straight-section length on a serpentine tube heat exchanger with sharp turns. Sharp 
turns are used to optimize the flow turbulence that occurs along the heat exchanger, 
although it also causes a pressure drop. In this study, four variations of the length of the 
straight-section were used, namely 60, 45, 30, and 15 cm with a total length of the heat 
exchanger is 6 m. The aims of this study are to obtain the most optimal straight-section 
length of the serpentine tube heat exchanger, which has high flow turbulence with 
low-pressure drop, so that the heat exchanger has optimal performance in removing 
unnecessary heat energy. 

2 Experimental Setup 

This research uses a compact serpentine tube heat exchanger with sharp turns made 
of galvanized pipe. The inside diameter of the heat exchanger tube is 0.02 m, and 
the outside diameter is 0.022 m. The total length of the heat exchanger is 6 m with 
four variations of straight-section length, namely 0.6, 0.45, 0.30, and 0.15 m. The 
configuration of the heat exchanger is shown in Fig. 1. The temperature of the water
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entering the heat exchanger tube is maintained at 80°C. The specifications of the heat 
exchanger and other parameters used in this study are shown in Table 1. 

The water is heated using a heater to a temperature of 80 °C, then flowed into 
the heat exchanger tube with a flow rate of 0.4 L/s using a pump integrated with 
the heater. The heat exchanger is cooled using water in a cooling water tub, and the 
initial water temperature is measured. The water coming out of the heat exchanger 
is accommodated in a hot water tub and reheated before flowing back into the heat 
exchanger. Thermocouples are placed at the inlet and outlet of the heat exchanger to 
measure the inlet and outlet water temperatures. The thermocouple is also placed in 
the cooling bath to measure the temperature of the cooling water. The test schematic 
is shown in Fig. 2.

Fig. 1 Heat exchangers’ configuration 

Table 1 Research parameters 

Parameter Information 

Straight-section length configurations 60, 45, 30, and 15 cm 

Inner diameter of heat exchanger 20 mm 

Outer diameter of heat exchanger 22 mm 

Heat exchanger total length 6 m  

Cold fluid Water 

Hot fluid Water 

Hot fluid temperature 800C 

Cold fluid temperature Ambient temperature (270C) 

Water flow rate 0.4 L/s 



548 D. Afandi et al.

Fig. 2 Test schematic. Description 1. Hot water tub. 2. Heater. 3. Thermocouple for cold water. 4. 
Cold water supply line. 5. Cold water tub. 6. Thermocouple for cold water. 7. Thermocouple for 
hot water outlet. 8. Thermocouple for hot water inlet. 9. Heat exchanger inlet. 10. Heat exchanger 
outlet. 

3 Data Reduction 

The heat transfer in the heat exchanger can be calculated using the following equation: 

Q̇ = ṁCp(Ti − To), (1) 

where Q̇ is the heat transfer rate (W), ṁ is the mass flow rate (kg/s) of water flowing 
in the heat exchanger. Cp is the specific heat of water (J/kg · K) at film temperature 
(T f = Ti+To 

2 ). TiandTo are the inlet and outlet water temperatures, respectively. 
The convection heat transfer coefficient can be calculated by the following 

equation: 

h = Q̇ 

A · �Tm 
, (2) 

where h is the convection heat transfer coefficient (W/m2·K), A is heat transfer area 
(m2). �Tm is the temperature difference between the surfaces of the heat exchanger 
(Ts) and the ambient temperature (T∞), which can be calculated using the following 
equation:
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Ts = 
Tin, hot + Tout, hot 

2 
and T∞ = 

Tin, cold + Tout, cold 
2 

(3) 

The mass flow rate of the fluid can be calculated by the following equation: 

ṁ = ρ · A · v, (4) 

where ṁ is the mass flow rate (kg/s), ρ is the fluid density (kg/m3), and v is the 
velocity of the fluid flowing through the heat exchanger (m/s) 

4 Result and Discussion 

4.1 Heat Transfer Rate 

Figure 3 shows the heat transfer rate and temperature distribution in a serpentine 
tube heat exchanger with straight-section lengths of 60 cm. In a heat exchanger with 
a straight-section length of 60 cm, the average heat transfer rate is 12.32 kW. The 
average difference in inlet temperature and outlet temperature in a heat exchanger 
with a 60 cm straight-section length is 7.52 °C. The graph trend shows the rate of heat 
transfer at the beginning of the test showing a significant increase and then slowly 
decreasing as the duration of the test increases. The longer the test, the heat transfer 
rate will be more constant until it reaches an equilibrium where the temperature 
difference no longer increases. 

Figure 4 shows the rate of heat transfer in a serpentine tube heat exchanger with a 
straight-section length of 45 cm. The average heat transfer rate is 14.07 kW, with an
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Fig. 3 Heat transfer rate and temperature distribution in a heat exchanger with a straight-section 
length of 60 cm 
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average temperature difference of 8.6 °C. The heat transfer rate in a heat exchanger 
with a straight-section length of 45 cm is 14% higher than that of a heat exchanger 
with a straight-section length of 60 cm. 

Figure 5 shows the rate of heat transfer in a serpentine tube heat exchanger with a 
straight-section length of 30 cm. The average heat transfer rate is 21.96 kW, with an 
average temperature difference of 13.4°C. The heat transfer rate of a heat exchanger 
with a straight-section length of 30 cm is 56% higher than that of a heat exchanger 
with a straight-section length of 45 cm. This is because in a heat exchanger with a 
straight-section length of 30 cm, the turbulence of fluid flow in the tube is greater 
than in a heat exchanger with a straight-section length of 45 cm. 
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Fig. 4 Heat transfer rate and temperature distribution in a heat exchanger with a straight-section 
length of 45 cm 
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Fig. 5 Heat transfer rate and temperature distribution in a heat exchanger with a straight-section 
length of 30 cm
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Fig. 6 Heat transfer rate and temperature distribution in a heat exchanger with a straight-section 
length of 15 cm 

Figure 6 shows the heat transfer rate of a serpentine tube heat exchanger with a 
straight-section length of 15 cm. The average heat transfer rate is 18.95 kW, with the 
average temperature difference in a heat exchanger with a straight-section length of 
15 cm which is 11.6°C. The heat transfer rate in a heat exchanger with a straight-
section length of 15 cm is 34.7% higher than that of a heat exchanger with a straight-
section length of 45 cm. A heat exchanger with a straight-section length of 15 cm 
has a heat transfer rate of 15.9% lower than a heat exchanger with a straight-section 
length of 30 cm. This is because the heat exchanger with a straight-section length of 
15 cm has large turbulence of fluid flow and a large pressure drop. 

4.2 Heat Transfer Coefficient 

Figure 7 shows the convection heat transfer coefficient in a serpentine tube heat 
exchanger with straight-section lengths of 60, 45, 30, and 15 cm. The heat exchanger 
with a straight-section length of 30 cm has the highest average convective heat transfer 
coefficient of 1168.5 kW/m2·K. The average convection heat transfer coefficient in 
a heat exchanger with a straight-section length of 30 cm is 19.3% higher than in 
a heat exchanger with a straight-section length of 15 cm. This shows that a heat 
exchanger with a straight-section length of 30 cm is the most optimal compared to a 
heat exchanger with a straight-section length of 60, 45, and 15 cm.
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Fig. 7 Heat transfer coefficients in heat exchangers with straight-section length of 60, 45, 30, and 
15 cm 

5 Conclusion 

The results of the research that has been carried out show that heat exchangers with 
a straight-section length of 30 cm are the most optimal compared to heat exchangers 
with a straight-section length of 60, 45, and 15 cm. The heat transfer rate in a heat 
exchanger with a straight-section length of 30 cm is 15.9% higher than that of a heat 
exchanger with a straight-section length of 15 cm. Compared to a heat exchanger 
with a straight-section length of 45 cm, a heat exchanger with a straight-section 
length of 30 cm has a heat transfer rate of 56% higher and 78.5% higher than a 
heat exchanger with a straight-section length of 60 cm. The highest convection heat 
transfer coefficient is obtained in a heat exchanger with a straight-section length of 
30 cm, and the average heat transfer coefficient is 1168.5 kW/m2·K. 
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Experimental Study of Magnetic Force 
Direction Variation on the Efficiency 
Effects of the Piezoelectric-Based Energy 
Harvesting Mechanism 

Amir Zaki Mubarak, Muhammad Rizal, and Diyoga Alfarisy 

Abstract The development of wireless and microelectronics technology has led 
to wearable devices where power can be supplied by batteries as well as energy 
harvesting devices. Despite the advancements made by low-power microdevice tech-
nology, the power requirements to apply them are still difficult to find. For this reason, 
developing new energy harvesting techniques is necessary to maintain self-powered 
systems. Energy harvesters are also needed as an economically practical alternative 
to battery charging and reducing greenhouse gas emissions and preserving the envi-
ronment. One of them is by using piezoelectric-based energy harvester techniques by 
utilizing rotation. The purpose of this study is to examine the influence of magnetic 
force direction on the voltage and efficiency produced by piezoelectric-based energy 
harvester mechanisms using magnetic lighters. In this study, there are two variations 
of magnetic circuits, the first is that the magnetic circuit is regulated to repel each 
other (Type A), and the second is the magnetic circuit is regulated by mutual attrac-
tion and repulsion (Type B). Data collection is carried out on an energy harvesting 
mechanism whose piezoelectricity amounts to 4 pieces with a variation of 1000 rpm. 
The efficiency produced by the Type A magnetic circuit is 0.278% with a resistance 
of 9780 ohms. The resulting efficiency of the Type B magnetic circuit is 0.460% with 
a resistance of 9760 rpm. The application of piezoelectric-based energy harvesting 
mechanisms is more effective when using Type B magnetic circuits. 
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1 Introduction 

The development of wireless and microelectronics technology has led to wearable 
devices, where power can be supplied by batteries as well as energy harvesting 
devices [1]. Despite the advancements made by low-power microdevice technology, 
the energy density of chemical batteries needs to be increased since the power require-
ments to apply them are difficult to find [2, 3]. For this reason, developing new energy 
harvesting techniques is necessary to maintain these self-powered systems. Energy 
harvesters are also needed as an economically practical alternative to battery charging 
to reduce greenhouse gas emissions and preserve the environment [4]. One of the 
devices that can be used to harvest energy is a piezoelectric. 

Energy can also be harvested using energy harvester techniques to power 
small autonomous sensors such as those developed using Micro-electromechanical 
Systems (MEMO) technology. These systems are often very small and require little 
power, but the reaction is limited by dependence on battery power. Energy harvesters 
can be obtained from ambient vibrations, wind, and heat energy. Piezoelectric is a 
material that can generate electricity when given compressive force [5]. 

Various kinds of piezoelectric-based energy harvester research that have been 
carried out include Beeby et al. [6] in their research, namely harvesting vibrational 
energy using a small electromagnetic generator. Xie et al. [7] examined a marine 
wave energy harvester from the transverse motion of water particles developed by 
piezoelectric effects. Mowaviq et al. [8] in their research, piezoelectrics were used 
as floor-mounted energy harvesters, where energy from human footsteps could be 
harnessed. Rizal et al. [9] have researched piezoelectric energy harvesters embedded 
in rotating spindles that are excited by magnetic forces and can charge capacitors. 

Adha [10] examined a magnetically pressed piezoelectric-based energy harvester 
mechanism in which the direction of the magnetic force is regulated only to repel each 
other. A meticulous energy harvester can produce voltages of up to 8.12 V with motor 
rotation at 1123 rpm using six piezoelectrics. In his research, magnets are regulated 
to repel each other, and a drag force makes the energy harvesting mechanism less 
efficient. Therefore, this study will investigate the effect resulting from variations in 
the direction of the magnetic force on efficiency in the energy harvester mechanism 
by utilizing rotation. 

2 Method and Experimental Setup 

In this study, there are two variations in the direction of magnetic force applied 
to produce power and efficiency. The first is that the configuration of magnets is 
arranged to have the same magnetic poles that cause the repulsive force to repel 
between the magnets. On the magnetic stand, there is only one rotating magnet. This 
type of magnetic configuration is called Type A and can be seen in Fig. 2a. In the 
second variation in the direction of the magnetic force, the magnetic configuration
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is set to have different magnetic poles or intermittent intervals that make the magnet 
experience a repulsive force and attraction between magnets. On the magnetic stand, 
there are two rotating magnets. This type of magnetic configuration is called Type B 
configuration and can be seen in Fig. 1b. 

In this study, the energy harvester mechanism was magnetically driven or pressed. 
A DC motor with a power supply that has a rotary speed controller is used to rotate 
the magnetic stand, and there are two fixed magnets on the stand. The magnet used 
is a coin-round neodymium magnet that has a diameter of 10 mm and a thickness 
of 3 mm. This study used four piezoelectrics attached to the piezoelectric stand, 
and there were also four magnets arranged with different polar variations along with 
four suppressors contained in the sleeve. The piezoelectric material used is a type of 
ceramic that has a diameter of 35 mm. 

When the motor rotates, the two fixed magnets on the magnetic stand also rotate 
and drive the four magnets that remain on the sleeve, so that the repulsive force from 
the magnet will be passed on to the suppressant, which will press the piezoelectric

(a) (b) 

PIEZOELCKTRIC 

NORTH POLE 
MAGNETIC 

MAGNETIC STAND 

SUPPRESSANT 

PIEZOELCKTRIC 

SOUTH POLE 
MAGNETIC 

MAGNETIC STAND 

SOUTH POLE 
MAGNETIC 

SUPPRESSANT 

Fig. 1 Magnetic circuit on the energy harvester mechanism 

Fig. 2 Experimental setup 
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so that the piezoelectric produces voltage. The output voltage is connected with data 
acquisition NI 9221, which serves to detect objects that are measured and converted 
into voltage form values and are displayed in the NI Signal Express application. The 
setup of energy harvester mechanism research can be seen in Fig. 2. 

To check the electrical power input used, use a DC power supply (Wanptek-
DPS605U) and measure with a handheld tachometer (UNI-T UT373). To measure 
the output voltage generated by the energy harvester mechanism, it is necessary to 
use NI 9221 acquisition data to detect objects that are measured and converted into 
voltage form values and displayed in NI Signal Express applications. The electrical 
system used in piezoelectric-based energy harvesting mechanisms is in the form of 
a rectifier circuit. This rectifier circuit is useful for converting alternating electric 
current (AC) sources into direct current (DC) sources. 

3 Results and Discussion 

3.1 DC Motor Input Power 

Measurements are made by adjusting the input power on the DC power supply so 
that 1000 rpm is obtained using a tachometer. The results of the DC motor input 
power measurement show that the input power used in the Type A circuit is greater 
than the input power used in the Type B circuit and can be seen in Fig. 3. 

The difference in the value of the input power in these two magnetic circuits is 
because in the Type A circuit, there is a drag force that occurs when magnets with 
the same poles converge, so the DC motor requires more input power to rotate the 
magnet.

Fig. 3 Result of measuring 
the input power 
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Fig. 4 Output voltage 
measurement results 
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3.2 Output Voltage 

The measurement of the output voltage of the energy harvester mechanism is carried 
out at a speed of 1000 rpm and can be seen in Fig. 4. Voltage measurements are 
carried out by adding resistor variations of 9780 Ω, 47,900 Ω, and 96,300 Ω, and the 
measurement results are displayed on the NI Signal Express software. 

The measurement results show that the output voltage produced by the energy 
harvester mechanism in the Type B circuit produces a voltage value that is greater 
than the Type A circuit. The highest output voltage value of the two magnetic circuits 
is at a resistance of 96,300 Ω. 

3.3 Output Power 

The power measurement of the output of the energy harvester mechanism is carried 
out at a speed of 1000 rpm and can be seen in Fig. 5. Voltage measurements are 
carried out by adding resistor variations of 9780, 47,900, and 96,300 Ω. To calculate 
the output power, use the formula P = V 2 R . This formula is used because the value 
of the electric current is unknown [11].

The measurement results show that the power output produced by the energy 
harvester mechanism in the Type B circuit produces a greater power output value 
than in the Type A circuit. The highest output voltage value of the two magnetic 
circuits is at a resistance of 9780 Ω.
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Fig. 5 Output power 
measurement results
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3.4 Efficiency 

The measurement of the efficiency of the energy harvester mechanism is carried out 
at a speed of 1000 rpm and can be seen in Fig. 6. Efficiency measurements were 
carried out by adding resistor variations of 9780, 47,900, and 96,300 Ω. To calculate 
efficiency, using the formula 

η = Poutput 
Pinput 

× 100%. 

Based on the figure, the efficiency produced by the energy harvester mechanism 
in the Type B circuit produces a greater power output value than the Type A circuit. 
The highest output voltage value of the two magnetic circuits is at a resistance of 
9780 Ω.

Fig. 6 Efficiency 
measurement results 

0 
0.05 

0.1 
0.15 

0.2 
0.25 

0.3 
0.35 

0.4 
0.45 

0.5 

9780 Ohm 47900 Ohm 96300 Ohm 

Effi
ci

en
cy

 (%
) 

Type A circuit Type B circuit 



Experimental Study of Magnetic Force Direction Variation … 561

Table 1 The measurement result of the energy harvester mechanism 

Resistance 
(ohm) 

Type A circuit Type B circuit 

Voltage 
output (V) 

Power 
output 
(µW) 

Efficiency 
(%) 

Voltage 
output (V) 

Power 
output 
(µW) 

Efficiency 
(%) 

9780 2.5 639.06 0.278 3 920.25 0.460 

47,900 3.6 270.56 0.117 4.31 387.81 0.194 

96,300 4.13 177.12 0.077 4.93 252.39 0.126 

The results of measurements and analysis on the energy harvester mechanism can 
be seen in Table 1. 

The data shows that the voltage output, power output, and efficiency values 
produced in Type B circuits are greater than those of Type A circuits. The use of 
resistors greatly affects both types of magnetic circuits. The greater value of voltage 
output, power output, and efficiency is obtained at a resistance of 9780 Ω, and the 
lowest value is found at a resistance of 96,300 Ω. 

4 Conclusion 

Magnetic circuits that are regulated against each other and attraction (Type B) are 
more efficiently used in energy harvesting mechanisms than Type A magnetic circuits 
where there is only a repulsive force. This result was then validated with test data 
showing that the Type A magnetic circuit has an efficiency value of 0.278% and a 
Type B magnetic circuit with an efficiency value of 0.460%. This is because in the 
Type A circuit, there is a drag force between magnets when rotating, so the output 
produced is not optimal. In the Type B circuit, the variation of the magnet is arranged 
variably or alternately to reduce the drag force so that the output produced is more 
efficient. 
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Analysis of Temiki (Melastoma 
Candidum) Extract Compounds 
as Corrosion Inhibitors Using GC–MS 

Joli Supardi, Samsul Rizal, Nurdin Ali, Syarizal Fonna, 
Ikramullah Ikramullah, and A. K. Arifin 

Abstract Temiki (Melastoma Candidum) is one of the unutilized wild plants 
observed to be turning pests on plantations. It has only been used for medicine 
and not for engineering purposes. Therefore, this study aims to identify and analyze 
Temiki’s chemical compounds, which are useful as corrosion inhibitors. The plant 
was washed, dried, then blended until it became a fine powder, and was further 
extracted by employing the maceration method with ethanol as solvent. The extracted 
compounds were also analyzed using Gas Chromatography-Mass Spectrophotom-
etry (GC–MS) and the results obtained include, 2-Furancarboxaldehyde (CAS) 
Furfural, 1,2,3-Propanetriol (CAS) Glycerol, Acetic acid,1-(2-methyltetrazole-5-yl) 
etheny, 4H-Pyran-4one,2,3-dihydro-3,5-dihydroxy, 5-Hydroxymethylfurfural, cis-
dimethylmorpholine, 3-penten-1-ol,2,2,4-trimethyl-(CAS)2,2,4, 2-AMINO-9-(3,4-
DIHYDROXY-5-HYDORO, D-Allose, beta-D-Glucopyranoside, methyl, Hexade-
canoic acid, methyl ester, 9,12,15-Octadecatrienoic acid, methyl ester. In conclusion, 
these chemical compounds were useful as corrosion inhibitors. 
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1 Introduction 

Temiki (Melastoma candidum) is among the 22 species found in Southeast Asia and 
is considered native to the tropics, subtropics, and the Pacific Islands of Asia. Further-
more, the plant is generally found in bushes, rice fields, as well as mountain slopes 
and is considered as a herbal medicine by the Chinese, Indian, and Indonesian. It has 
been scientifically proven that Melastoma candidum parts, such as leaves, shoots, 
bark, seeds, and roots, are useful as a medicine for wounds, diarrhea, hemorrhoids, 
dysentery, and abdominal pain. Other findings also showed that Temiki was phar-
macologically useful as an antiseptic, anti-inflammatory, antitoxic, and antioxidant 
[1, 2]. 

Temiki belongs to Melastomataceae family, which is in the form of bushes, shrubs, 
or trees. The leaves are opposite or ragged, single, usually with 3–9 curved bones, and 
rarely pinnate without support. Melastomataceae, also known as M. malabathricum 
L, is a herbaceous plant with a height of 0.5–4 m and young branches with scales. 
The leaves are stemmed, opposite, elongated oval with a pointed tip, 3–20 by 1–8 cm 
bony, and hairy on both sides. According to [3], the Temiki plant reproduces by seed 
and has clustered flowers at the ends of the branches, light purple, and bloom all 
year-round, while the fruit is buni with a light brown rind and a round shape like a 
flower vase. The flesh is purple and tastes sweet, while the ripe ones have cracked 
rinds with many seeds. 

Temiki extraction is the process of separating a substance from its mixture using 
a solvent that is able to extract the desired substance without dissolving the other 
material. The extraction process generally consists of three basic steps as follows 
[4]: 

1. Addition of solvent mass that comes in contact with the sample, usually through 
a diffusion process. 

2. The separation of solute from the sample and dissolved by the solvent to form 
an extract phase. 

3. Separation of the sample at the extract phase. 

It is important to note that a substance’s separation process is based on the differ-
ences in certain properties, especially its solubility in two different insoluble liquids. 
Generally, extraction is performed with a solvent based on a component’s solubility 
in other mixture, such as water and the other organic solvents. The material to be 
extracted is usually dried and crushed into powder or simplicia [5]. 

The purpose is to extract the chemical components found in natural materials, 
which is used for corrosion inhibitors. Active materials such as antimicrobial and 
antioxidant compounds in plants are generally extracted with a solvent. In the extrac-
tion process, the compound’s number and types entering the liquid are largely deter-
mined by the utilized solvent types, and it includes rinsing and extraction phases. 
In the rinsing phase, the cell content’s components were rinsed with the solvent that 
have been broken in the previous crushing process. Meanwhile, there are swelling of 
the cell wall and loosening of the cellulose skeleton in the extraction phase; hence,
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its pores become widened, allowing solvents to easily penetrate. The cell contents 
are then dissolved in the solvent according to its solubility and diffuse out due to the 
force caused by the difference in the solutes’ concentration inside and outside the 
cell [6]. 

Based on the description above, the anti-corrosion technology is further developed 
to minimize the large losses from corrosion and the lack of organic matter using 
natural inhibitors, such as plants with no harmful and toxic chemicals [7]. 

The International Measures of Prevention Application and Economics of Corro-
sion Technology (IMPACT) estimated global corrosion losses at $2.5 trillion (USD), 
which is about 3.4% of total Gross Domestic Product (GDP). Based on a two-year 
global study published at the 2016 CORROSION conference in Vancouver, BC, 
economic losses were calculated and handled with respect to the management role in 
the industry. By applying corrosion prevention measures, about 15–35% of damage 
costs or $375–875 billion were saved [8]. 

It has been discovered that the corrosion losses have reached 3–4% of GDP in 
industrialized countries [9]. Furthermore, the US Federal Highway Administration 
(FHWA) estimated the total annual cost of corrosion in the USA to be $276 billion, 
which is approximately 3.1% of the country’s GDP [10]. In Indonesia, about 20 
trillion rupiah was estimated to be lost to the corrosion process yearly [11]. 

Corrosion is preventable using inhibitors derived from inorganic or organic 
compounds. This remains the best solution to protect against internal corrosion of 
metals and is used as the main defense for the oil process and extraction industries. 
It is important to note that Indonesia is very rich in plant species useful as corrosion 
inhibitors, but only few other studies explored the benefits of those native plants. For 
example, efforts have been applied by [12] and [13] to obtain anti-corrosion with 
inhibitors, such as the use of natural materials from plants. 

The method of preventing corrosion includes the addition of inhibitors using inor-
ganic materials that contain hazardous and environmentally-unfriendly compounds. 
Therefore, further studies are needed on organic inhibitors using Temiki (Melastoma 
Candidum), which is non-toxic and safe for the environment, and also widely useful 
for medical purposes as well as food coloring [14–16]. 

In this study, researchers tried to identify the characteristics of the chemical 
compounds contained in the Temiki extract by using chromatography-mass spec-
troscopy (GC/MS). GC/MS is a strong analytical technique that is used to measure 
small molecules in samples, so that we can find out the elements of chemical 
compounds contained in the Temiki extract in order to be used as a corrosion inhibitor 
made from natural ingredients that are free of harmful chemicals and friendly to the 
environment [17].
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Fig. 1 Temiki (Melastoma Candidum) plant  a flowers, b fruits 

2 Materials and Methods 

2.1 Temiki Extract Preparation 

Temiki is a wild plant that grows in bushes and it is considered as part of a plant pest 
that grows on oil palm plantations in Aceh. In the extraction process, dirt and dust 
were removed from Temiki by washing and drying in the sun for 2 days. Furthermore, 
it was mashed with a grinder in order to reduce its size for sample extraction purpose 
[18]. 

About 30 g of fine powder from the dried sample was weighed, wrapped using 
filter paper, and inserted into the Soxhlet column. In addition, technical ethanol 
was added to a 500 ml single-neck flask using a feed-to-solvent ratio of 1:10. The 
flask containing the sample was assembled with a Soxhlet extraction device at a 
temperature of 70 °C under reflux for 5 times, while the filtrate obtained was then 
separated using an evaporator at the same temperature with a pressure of 1 atm to 
evaporate the ethanol solvent [19, 20] (Fig. 1). 

2.2 Temiki Extract Test Using GC–MS 

The GC–MS instrument utilized was the Agilent 6980N Network GC system with 
auto-sampler and Agilent 5973 inert MSD detector. Furthermore, the column used 
was J&W Scientific, HP-5MS with a size of 0.25 mm × 30 m × 0.25 µm, while the 
carrier gas was Helium at a flow rate of 1 ml/min. A total of 2 µl was injected into 
the instrument and the inlet temperature was maintained at 250 °C. It was observed 
that the initial oven temperature obtained was 50 °C for 5 min, but with an increase 
of 10 °C/min, it rises to 280 °C. Therefore, the MS quad temperature was 150 °C 
and the source temperature was 230 °C [5]
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2.3 Identification of Temiki Extract Compounds 

The GC–MS mass spectrum data have been interpreted by comparing its components 
with the Wiley 7.0 database. Furthermore, chemical compounds were identified and 
confirmed based on the peak area as well as retention time. The chemical compounds 
were measured using peak area normalization [21, 22]. 

3 Results and Discussions 

The analyze and identify the chemical compounds present in Temiki extract used as 
a corrosion inhibitor, the researcher used Gas Chromatography-Mass Spectrometry 
(GC/MS) Series QP 2010 Plus—Shimadzu, equipped with a DB-5 ms column (for 
polar compounds) series 998,847 to identify its components. In GC/MS, the sample 
is first separated into individual components using Gas Chromatography, and then, 
these components are ionized and broken down into finer fragments using a mass 
spectrometer. The fragments are then analyzed to determine the molecular weight 
and structure of each component. Density and viscosity were analyzed according to 
ASTM D 4052 and ASTM D 445 [23, 24]. The results of the analysis with GC–MS 
can be seen in Table 1.

The biological and pharmacological functions of each compound were further 
analyzed in order to determine its effect on the corrosion reaction [12] (Figs. 2 and 
3).

The examination results showed the largest chemical compounds found in Temiki 
(Melastoma candidum) extract, which include 40.73% 5-Hydroxymethylfurfural, 
beta-D-Glucopyranoside, 13.00% methyl, and 12.05% 2-AMINO-9-(3,4-
DIHYDROXY-5-HYDORO. These compounds belong to the glucose and fat 
derivatives. Table 2 shows the molecular structure and biological activity of the 
chemical compounds[1, 29].

According to [1], Temiki is a plant rich in secondary metabolism; therefore, it 
is widely used as medicine for wounds. The GC–MS analytical results showed that 
most chemical compounds contained in the plant include 5-Hydroxymethylfurfural, 
beta-D-Glucopyranoside, methyl, and 2-Amino-9-(3,4-Dihydroxy-5-Hydoro as the 
glucose and fat derivatives. Since several plants contain glucose and fat, they are 
utilized as medicine to protect body organs and play a role in cell metabolism [1]. 

As a biodiversity country rich in various plant species, it is very important to 
identify chemical compounds of plants to be studied and used as corrosion inhibitors. 
For example, they need to be very environmentally-friendly without any harmful 
chemical substances [18, 30].
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Fig. 2 Temiki extract chromatography 

Fig. 3 Temiki (Melastoma Candidum) a fine powder and b extract

4 Conclusion 

In this study, 12 chemical elements were discovered in the Temiki (Melastoma 
candidum) extract using GC–MS analysis. Most of the compounds found in the 
extract were employed as environmentally-friendly corrosion inhibitors.
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Table 2 Molecular structure and biological activity of chemical compounds in Temiki extract 

No. Compound name Molecular structure 

1 2-Furancarboxaldehyde (CAS) Furfural [25] 

2 1,2,3-Propanetriol (CAS) Glycerol [26] 

3 Acetic acid,1-(2-methyltetrazol-5-yl)etheny 

4 4H-Pyran-4one,2,3-dihydro-3,5-dihydroxy [27] 

5 5-Hydroxymethylfurfural [28] 

6 Cis-dimethyl morpholine 

7 3-penten-1-ol,2,2,4-trimethyl-(CAS)2,2,4 

8 2-amino-9-(3,4-dihydroxy-5-hydoro 

9 D-Allose 

10 Beta-D-Glucopyranoside, methyl

(continued)
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Table 2 (continued)

No. Compound name Molecular structure

11 Hexadecanoic acid, methyl ester 

12 9,12,15-Octadecatrienoic acid, methyl ester
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The Effects of Welding Speed 
on Mechanical Properties 
and Microstructure of Tungsten Inert 
Gas-Welded Aluminum Alloy 5083 H116 

Rela Adi Himarosa, Sudarisman, Mudjijana, Muh. Budi Nur Rahman, 
and Rahmad Kuncoro Adi 

Abstract Welding is one of the oldest joining processes to combine two materials. 
One of the commonly used welding processes is the tungsten inert gas (TIG) welding. 
In this study, Aluminum Alloy 5083 H116 is joined using TIG welding. Aluminum 
Alloy 5083 H116 is chosen because it is a popular material widely used in the 
industry, thanks to its properties such as good corrosion resistance, resistance in 
extreme environments, and high impact strength. The welding process of Aluminum 
Alloy 5083 H116 was performed under several speed variations, which are 1.8, 
2 mm/s, and 2.2 m/s. We studied the effect of the welding speed on the mechanical 
strength and microstructure of the welded joint. The results are that the maximum 
tensile and bending strength were observed at a speed variation of 1.8 mm/s with 
a value of 286.75 and 485.19 MPa, respectively, and that the smallest tensile and 
bending strength values were obtained at a speed variation of 2.2 mm/s with a value 
of 204.65 MPa and 366.70 MPa, respectively. A good microstructure was attained 
in the weld joint for a speed variation of 1.8 mm/s. 

Keywords Welding · TIG · Tensile · Bending ·Microstructure
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1 Introduction 

Humans have been using welding since ancient times to join two materials, making 
it one of the oldest joining processes [1]. Welding can be used to join two materials 
of the same type or different one [2]. The joining of two different materials tends to 
be more challenging in the welding process than with similar materials because there 
are changes in the material’s chemical composition and heat coefficient during the 
welding process [3, 4]. Another problem encountered when joining two dissimilar 
materials is the presence of large residual stresses and the formation of intermetallic 
compounds in the joint [5]. However, joining two different materials is very important 
in the industry, making many companies conduct research in combining different 
types of materials. One main reason is that a joining two different materials cuts 
production costs and produces lightweight components [6]. 

One of the welding processes that are widely used today is the tungsten inert gas 
(TIG) welding. TIG welding is also known as gas tungsten arc welding (GTAW). 
In TIG welding, the process uses tungsten electrodes to create an electric arc [6]. 
The advantages of this type of welding are good welding quality, little or no flux 
required so that there is no potential for flux trapping, and lastly, the finishing results 
on the welding joint are less than other welding methods [7]. TIG welding can be 
used effectively for thin welding sections and for thicker sections by adopting the 
multi-pass method [2]. 

The welding process always has challenges with welding parameters and the type 
of material. One material that is challenging for a welding process is that this material 
is known to have good performance and high strength, so this material is often used 
in various industries such as the railroad and shipping industries [8–10]. However, 
this material has several weaknesses after the welding process, such as low joint 
strength, high porosity in the welding area, and high deformation [11, 12]. 

In a previous study, Baskoro et al. investigated the effect of welding parameters 
such as welding current and welding speed on the mechanical and microstructure 
properties of AA1100 using TIG Welding [13]. In this work, we study the influence of 
welding speed on the strength of the material. The more heat received by the material 
during the welding process, the more decrease was observed in the strength of the 
connection. Therefore, this study aims to determine the appropriate parameters, such 
as the welding speed, during the TIG welding process of the aluminum AA 5083 
H116. In addition, we aim to investigate the characteristics of the AA 5083 H116 
material after the welding process by conducting several performance tests, such as 
tensile testing, hardness, and observations of microstructures.
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Table 1 Materials’ 
composition Chemical Filler 

Element Weight (%) Element Weight (%) 

Si 0.18 Si 0.25 

Fe 0.31 Fe 0.4 

Cr 0.086 Cr 0.05–0.2 

Mn 0.6 Mn 0.05–0.2 

Ni 0.0074 Zn 0.1 

Zn 0.15 Ti 0.06–0.2 

Ti 0.013 Cu 0.1 

Cu 0.042 Mg 4.5–5.5 

Mg 4.76 Al min Rem 

Table 2 Variations of the 
welding speed Specimen code Welding speed (mm/s) 

AA1 1.8 

AA2 2.0 

AA3 2.2 

2 Materials and Method 

The material used in this research is Aluminum Alloy 5083 H116, with the dimen-
sions of 300 mm × 150 mm × 3 mm. The chemical composition and filler metal 
composition are presented in the following Table 1, respectively. 

In this work, we perform the welding process at three different speeds. These 
variations are used to study the effect of welding speed on the mechanical properties 
and microstructure of the Aluminum Alloy 5083 H116. The variations in speed 
during the welding process are shown in Table 2. Figure 1 illustrates the schematic 
of the welding process. 

3 Result and Discussion 

3.1 Mechanical Properties 

The effect of the welding speed on the tensile and bending strength of AA 5083 H116 
material is shown in Figs. 2 and 3. Those two figures show that the welding speed 
influences the tensile and bending strength of the welded joint [14]. The maximum 
tensile strength value (286.75 MPa) is accomplished in welding with a speed of 
1.8 mm/s, which is about 82.73% of weld efficiency [15], while the minimum
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tensile strength value (204.65 MPa) is obtained in the 2.2 mm/s welding speed. 
The maximum bending strength value, as shown in Fig. 3, is attained in welding 
with a speed of 1.8 mm/s, with the value of 479.69 MPa, which is about 74.60% of 
weld efficiency, while the minimum bending strength value (450.55 MPa) is found 
in welding speed of 2.2 mm/s. We can observe that as the welding speed increases, 
the tensile and flexural strengths decrease. The decrease in the tensile and flexural 
strengths was caused by the two materials not being perfectly connected. This is due 
to the insufficient penetration of the welding bead into the root gap of the welding 
[16–18]. The ductility of the materials also increases when the welding speed is 
decreased. The higher heat generation takes place at lower weld speed, which leads 
to increase the grain size of the material and restoring the ductility by recrystallization 
mechanism [19]. 

Fig. 1 Schematic illustration of the welding process: a the geometry of the welded specimen and 
b one side of the welding
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Fig. 2 Effect of welding 
speed to the tensile strength 

Fig. 3 Effect of welding 
speed to the flexural strength 

3.2 Micro-hardness 

We performed the micro-hardness test of the welded joint using the Vickers test. The 
test was carried out by indenting several parts of the joint. The indentation process 
was carried out in the horizontal direction in the BM, HAZ, and WM sections. The 
test results are visualized in the form of a hardness profile, as shown in Fig. 4. 
Table 3 shows the average hardness value of each welding speed variation. The table 
shows that the welding speed affects the compaction speed of the area undergoing 
the welding process [20]. We observed that the lowest hardness value was obtained 
in the weld metal (WM) section in all variations of the welding speed.
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Fig. 4 Vickers hardness profile of TIG-welded joints of AA 5083 H116 

Table 3 Average hardness 
value (VHN) Welding speed 1.8 (mm/s) 2.0 (mm/s) 2.2 (mm/s) 

WM 75.21 73.87 71.28 

HAZ 78.31 81.81 83.63 

BM 86.64 89.91 90.75 

3.3 Microstructure 

Figure 5 shows the microstructure of AA 5083 H116 that underwent a welding 
process using TIG welding. The morphology of the welded specimen was divided 
into three different visible zones, which are base metal (BM), heat-affected zone 
(HAZ), and weld metal (WM). The weld metal (WM) is the metal in a welded joint 
which has been molten during the welding process and then then solidified [21]. The 
heat-affected zone (HAZ) is the area where the grains grow and coarse grains are 
formed [22]. Microstructural observation of the HAZ area is important because this 
section is the weakest part and it is usually the source for initial failure of the joint 
[23, 24]. According to the observation of the microstructure presented in Fig. 5, the  
width of the HAZ area at low welding speed variations is better than that of two other 
welding speed variations. The welding speed of 1.8 mm/s yields the highest value 
of the tensile and bending strength, compared to other variations. Welding at a low 
speed also causes heat to be well absorbed in the weld metal area, which causes the 
material melt completely and produces a good joint [20].
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(a) (b)

(c) 

 

Fig. 5 Microstructure region of the WM, HAZ, and BM in welding speed of a 1.8 mm/s, b 2.0 mm/ 
s, and c 2.2 mm/s 

4 Conclusion 

Variation in welding speed affects the mechanical strength, hardness, and microstruc-
ture of the welded AA 5083 H116. The highest tensile and bending strength values 
are attained at a speed of 1.8 mm/s, with a value of 286.75 MPa and 479.69 MPa, 
respectively. We obtain the lowest values of tensile and bending strengths at the 
welding speed of 2.2 mm/s, with the values of 204.65 MPa and 450.55 MPa, respec-
tively. The hardness values in the HAZ and BM areas increase as the welding speed 
increases. However, in the WM area, the hardness values decrease as the welding 
speed increases. According to the microstructure observation, the width of the HAZ 
area at the welding speed variation of 1.8 mm/s is better than the other speed varia-
tions. Based on those experiments, we learned that the welding speed of 1.8 mm/s is 
the most optimal choice, compared to the other two options, for the welding process 
of AA 5083 H116 material. 

Acknowledgements This research is funded by Universitas Muhammadiyah, Yogyakarta, under 
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Effect of Residual Stress on Corrosion 
Polarization Mechanism of the ASME 
SA-179 Material in Corrosive 
Environment 

Reza Putra, Teuku Hafli, Muhammad, and Nurul Islami 

Abstract The aim of this research is to investigate the polarization behavior of corro-
sion on the SA-179 material, which is commonly used in heat exchanger equipment. 
The existence of tube components as a conduit for cooling fluid such as water or 
other solutions is the most significant feature of the temperature control of the heat 
exchanger. The cooling media is frequently a corrosive solution, which may degrade 
the heat exchanger material’s performance. Furthermore, the corrosion process could 
be accelerated by residual stress generated by the shape of the heat exchanger tube 
formed by the cold working procedure. The SA-179 Carbon Steel Material, which has 
been manufactured to represent a heat exchanger tube, metallographic observations, 
polarization measurements, and macro-observations on the surface of the corroded 
area have been carried out in this work. To produce the strain and residual stress 
conditions seen in the elongation and compression segments, the SA-179 material 
was loaded using the U-Bend method. To generate a corrosion polarization curve 
that describes corrosion behavior under the conditions of plastic strain and residual 
stress, the potentiostatic measurement has been applied. Plastic deformation has an 
effect on grain boundary conditions in the SA-179 material, according to the average 
grain size discovered in this work. The polarization behavior is also influenced by 
this circumstance. The corrosion potential value is − 0.766 V at a current of 1.9 × 
10–7. A in the absence of strain and residual stress. Furthermore, the corrosion poten-
tial is demonstrated to be − 0.823 V at a current of 6.8 × 10–7. A under conditions 
with U-Bend deformation. According to this phenomenon, plastic deformation has a
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bigger Nobel effect on SA-179 material in a corrosive environment, but has a higher 
corrosion rate if the corrosion process has already occurred. 

Keywords SA-179 Carbon steel · Corrosion potential · Corrosion behavior ·
Plastic deformation · Residual stress · Corrosive environment · Image histogram 

1 Introduction 

SA-179 Carbon Steel, commonly known as ASTM A179, is an extensively used 
material in the construction industry. Many pipe bending procedures are used in the 
manufacturing business, for example, in the fabrication of heat exchangers, partic-
ularly tubular heat exchangers, condensers, and related heat transfer equipment [1]. 
The method of manufacturing this equipment, as well as the procedure of installing 
it, has an impact on the internal tension (stress) in the material. Internal stress can 
take the form of residual stress (residual stress) or strain (strain) on the material that 
is created and goes through plastic stress [2]. 

The potential value of the material is impacted by the construction of this equip-
ment, which leaves residual stresses and changes in the shape of the material. If this 
material is in a corrosive environment, changes in its potential value have an impact 
on how it behaves. Equipment made of SA-179 material can be used in corrosive 
environments, such as a plant on the shore or even deep in the ocean. 

As a result, it is crucial to investigate the effects of corrosion polarization on heat 
exchanger materials, particularly in corrosive environments, to understand how much 
this corrosion polarization behavior affects corrosion rate and equipment perfor-
mance. Furthermore, the results of this research can be used to make recommenda-
tions for the development of materials and the processes used to create them. This 
research is also expected to contribute to the development of innovative methods 
and treatments for reducing the impact of strain and residual stress on a material’s 
corrosion behavior. 

The experimental material, SA-179 Carbon Steel, will be subjected to mechanical 
loading according to the ASTM G30 standard using the U-Bend forming method in 
this study [3]. The corrosion polarization mechanism will then be seen using an elec-
trochemical approach, namely the measurement of anodic potentiostatic polarization 
in accordance with the ASTM G5 standard. The data were further evaluated using 
the Tafel extrapolation method to determine the value of the corrosion reaction that 
happened. 

The cathode and anode response curves are combined to form the entire polariza-
tion curve. It clearly presents an overview of the polarization behavior related with 
the occurrence of passivity in the study by providing two polarization curves. Many 
researchers were conducting studies to analyze polarization on metals with varying 
pH levels, which could only be noticed using a complete polarization curve [4]. 
However, because passivity always happens in the anode region, which means when
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the material undergoes a corrosion reaction, many studies still look at polarization 
behavior solely at the anode [5]. 

According to another researcher who focuses solely on the polarization reaction 
in the anode region, this is true. Pitting corrosion that happens in materials that have 
undergone a welding procedure can also be seen through the polarization curve in 
the anode region, according to other researchers [6]. The welding technique in this 
example has caused a stress that causes pitting corrosion on the austenitic stainless 
steel [7]. The polarization reaction in the anode region was also reported by Kwok 
[8], which demonstrates a noticeable variation due to different welding processes. 
The diagram depicts critical information about polarization in the anode region. 

Previous research has shown that when a structure is subjected to mechanical 
loads, corrosion can occur more quickly. The fissures became more significant due 
to corrosion occurring in the relevant structure, in addition to stress corrosion cracking 
[9, 10]. Stress corrosion cracking is also influenced by the corrosive environment. The 
phenomena of an open pipe receiving high stress from the surrounding environment 
(material workload), indicating the production of pitting corrosion on its surface, are 
one example given by A. El-Amoush [11]. According to previous research, if a pipe 
is exposed to mechanical loads from its environment for more than 10 years, the 
production of holes and cracks is more severe [11]. 

Polarization measurements can be performed using the electrochemical cell test 
method, according to ASTM G-5 and ASTM G-102 standards [12]. The standard 
required equipment as well as the concept of conducting a polarization test. In this 
scenario, the implanted resistance serves as a measuring test material. The test find-
ings are in the form of current and potential data, which are plotted to produce 
a polarization curve, which is a graph illustrating the connection between current 
density and corrosion potential [13]. 

The potential measurement begins with the cathode state so that the oxygen in 
the solution does not form oxides on the material’s surface during the measurement. 
The measurement is conducted in the positive direction to test the influence of the 
polarization that happens [3]. Sagues et. al. claim that the resistance potential must 
be regulated in order to produce the correct polarization reaction [14]. 

When using an electrochemical cell to detect potential, the test material used as 
a working electrode has its own resistance when no current is provided. Even if no 
current is provided, the reference electrode could detect the potential resistance of a 
material when a measurement equipment is attached. The restpot state is the name 
for this state. A value of 1000 mV is added to the negative direction of the restpot 
potential value to define the measurement’s starting point [15–17]. Furthermore, the 
value is increased by up to 1000 mV in the positive direction for the measurement’s 
end point. The goal of polarization reaction measurement is to obtain a graph of the 
polarization curve. The reactions that take place in the anode and cathode areas of the 
electrochemical cell are used as inputs to create a graph of the material’s polarization 
curve.
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Table 1 Composition of 
material Composition % (by weight) 

C 0.25 

Mn 0.63 

P 0.035 

S 0.035 

Cr 0.07 

Fe Balance 

2 Materials and Methods 

Specimen, Solution, and Experiment Preparation. The samples were prepared 
according to the ASTM G-38 Standard. ASTM SA-179 has been chosen due to its 
extensive usage in manufacturing industries. Table 1 shows the chemical composition 
and mechanical properties of ASTM SA-179. U-Shape specimens as the working 
electrode (WE) for the electrochemical test were machined accurately in order to 
avoid the effect of surface roughness during electrochemical measurements. The 
specimens were coated using silicone metal after the electric connector was installed. 

Electrochemical Measurement. The electrochemical experiments were 
performed on samples with a working area of 1.0 cm2 that had been exposed to 
3.5 wt% NaCl. A portable model of the potentiostat-type ZIVE PP1 (Korea) was 
linked to an electrochemical cell for the corrosion polarization measurements. A 
U-shaped specimen has served as the working electrode (WE). A silver chloride 
electrode (Ag/AgCl) and the Cu/CuSo4 electrode have served as the reference elec-
trode, and a graphite bar served as the counter electrode (CE). Potentiostatic polar-
ization measurement starts from − 1000 mV from the specimen’s natural potential 
(restpot), to 1000mV above restpot with a silver chloride electrode. The potentiody-
namic approach uses a 0.6 V/h (5%) potential sweep rate to continually record the 
current with a change in potential from − 1000 mV of the restpot. This indicates that 
the measurement began at the noble level and progressed to the active level [14, 18]. 

3 Results and Discussion 

Granular Condition Post-plastic Deformation. Plastic deformation influences 
grain boundary conditions in the SA-179 material, according to the average grain size 
discovered in this work. Metallographic measurements illustrate how strain affects 
the grain size of a material that has been subjected to plastic deformation. The change 
in grain size can influence the corrosion behavior of the SA-179 material. 

Figure 1a shows the grain boundary conditions in the specimen without receiving 
load and without deforming, as well as elastic and plastic deformation. Meanwhile, 
Fig. 1b, c demonstrate the grain boundary conditions of the specimen with plastic



Effect of Residual Stress on Corrosion Polarization Mechanism … 585

Fig. 1 Intercept point method and grain boundary conditions a normal SA-179 material, b elon-
gation segment of U-Bend, c compression segment of U-Bend 

deformation in the elongation and compression segments, respectively. An intercept 
counting guideline that meets the ASTM E112 standard is used to compute the grain 
boundary density. Plastic deformation has an effect on grain boundary conditions 
in the SA-179 material, as shown by the three descriptions of average grain size 
obtained in this work. 

Polarization Curve of SA-179 Material. The current stability (Open-Circuit 
Potential—OCP) must be measured first during the experimental measurement of 
the corrosion mechanism. The OCP method entails injecting a 0.0 A current into the 
surface of the SA-179 material and then analyzing the electrochemical reactions that 
occurred. When potential stability occurs between the anode and cathode, there is 
no electric current injected into the material. As a result, the potentiostat measuring 
apparatus reads the inherent potential of the SA-179 material. 

Figure 2 depicts the OCP value, or natural potential value, in the specimen without 
any material deformation. Using the Cu-CuSo4 reference electrode, OCP stability 
values ranged from -0.69214 V to 0.70313 V. When translated to the Ag–AgCl refer-
ence electrode, this value is 0.87714 V–0.88213 V. Without any plastic deformation 
on the surface of the material, the OCP stability of the SA-179 material was found 
to be in a very good OCP range of 11 mV in this investigation.

The natural potential of the material under U-Bend deformation is then measured, 
as  shown inFig.  3, with an OCP range of 16 mV for a 5-min experiment. Using the Cu-
CuSO4 reference electrode, this OCP range is the difference between the minimum 
potential value of − 0.5954 V and the maximum potential value of − 0.5789 V.

The natural potential results on this SA-179 material reveal a potential difference 
of 107 mV at the starting value of OCP and 113 mV at the final value of OCP, 
indicating that the material with U-Bend deformation has a higher potential value 
than the material without plastic deformation. This condition shows that materials
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Fig. 2 Natural potential (OCP) of SA-179 material at normal condition

Fig. 3 Natural potential (OCP) of SA-179 material with U-Bend deformation

with plastic deformation have a higher corrosion potential than materials without 
plastic deformation. Furthermore, the number of corrosion potential that happens in 
these two sets of test objects may be seen by measuring the polarization curve. 

The polarization curve was measured with the ZiveLab PP1 potentiostat using 
the potentiostatic method, with the measured starting potential 1000 mV lower than
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Fig. 4 Polarization curve of SA-179 material in normal condition (red) and under plastic 
deformation (blue) 

the OCP value. The potential readings were also taken using Cu−CuSO4l reference 
electrode. The current injected during the measurement process is automatically 
adjusted to the SA-179 material’s inherent potential. Figure 4 shows the results of 
the polarization test. 

In a corrosive environment, the polarization curve of the SA-179 material without 
any plastic deformation, the current density at 1.9 × 10–7 A, and the corrosion 
potential zone is at − 0.766 V. There were no electrical potential spikes, indicating 
that there was no major corrosion reaction on the surface of the studied material. 

Figure 4 also shows the polarization measurement on the SA-179 material in 
conjunction with the U-Bend deformation detected on the specimen’s outer surface. 
At the anode area of the polarization curve, the polarization mechanism causes a spike 
in corrosion potential. This phenomenon is caused by deformation occurring on the 
surface of the specimen, also the residual stress and grain boundary deformation due 
to surface plastic deformation. Polarization curve shows the current density was 6.8 
× 10–7 A, with the corrosion potential is − 0.823 V. 

The pattern of the current density curve for the plastically deformed material is 
more positive than the normal material, indicating a higher corrosion rate, as can 
be seen in this image. Normal materials, on the other hand, have a lower corro-
sion potential than materials with plastic deformation, implying that materials with 
plastic deformation are slightly nobler than materials without deformation. With 
these phenomena, it can be deduced that the SA-179 material’s plastic deformation 
has a more noble effect on the corrosive environment, but also has a larger corrosion 
rate if the corrosion process has begun. 

Image Histogram Analysis. To observe the changes in brightness levels in an 
image, histogram analysis is employed. Histogram analysis is beneficial for eval-
uating color intensity spreads and can be used to make decisions, such as raising 
brightness or stretching contrast and color distribution. For image identification, the 
histogram could offer the percentage of color composition and intensity of texture.
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Histogram analysis was employed in the study for corrosion surface observations to 
observe the distribution of the rust color spectrum caused by corrosion and the basic 
color of the observed material. It is feasible to get a more precise assessment of the 
distribution of corrosive rust on the material’s surface using this technique [19]. 

The histogram of the corroded area is extracted using an image processing tool in 
order to produce a graphic comparison of the image histogram between the corroded 
surface and the uncorroded surface. In comparison to other metal surface variables, a 
100px2 image of the corroded surface is used as a control histogram. Figure 5 shows 
the histogram graph of the control picture for the corroded area. 

The brightness levels at the four color frequencies, namely Red (R), Green (G), 
Blue (B), and Greyscale/Luma (L), are on the left side of the image histogram graph, 
as shown in Fig. 5. The corroded area has a low level of brightness as a result of 
these phenomena. According to the notion of an image histogram, which describes 
the brightness level on a scale of 1–256, with one being at the far-left end and 256 
being at the far right end of the histogram graph. 

Figure 6 shows the histogram graph of the picture on the surface of the specimen 
without plastic deformation. 

Figure 6 shows the RGBL color frequencies’ uniform distribution across the 
image’s brightness levels. A non-massive distribution of corrosion on the surface of

Fig. 5 Image histogram graph for the corroded area as a reference histogram 

Fig. 6 Image histogram graph for the corroded area without plastic deformation 
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Fig. 7 Image histogram graph for the corroded area with plastic deformation 

the SA-179 material that is not plastically distorted is indicated by the histogram 
graph of the image that is not identical to the histogram of the corroded surface 
image. 

On the other hand, as shown in Fig. 7, the histogram graph of the picture on the 
plastically deformed surface reveals different phenomena. 

Extrapolation Tafel Analysis. The corrosion analysis has used the Tafel extrapo-
lation method to electrochemically determine the corrosion rate on the surface of the 
SA-179 material [17]. The Tafel extrapolation graph was produced from the results 
of the polarization measurements using the IVMAN application to make it easier 
to build an intercept line between the anode and cathode areas from the resulting 
polarization curve. A Tafel extrapolation analysis on the SA-179 material, which is 
not plastically damaged, is shown in Fig. 8.

The Ecorr value is − 682,238 mV, and the Icorr value is 9.422 A, according to the 
Tafel extrapolation analysis in Fig. 8. The intercept line that connects the anode and 
cathode regions of the polarization curve has the Ecorr value of − 682,238 mV and 
the Icorr value of 9.422 A. According to the results of the analysis, the corrosion 
rate in the non-deformed section was 19.72 MPY (Mills per Year). Meanwhile, 
multiple situations can be visible on the surface of the plastically deformed material. 
The corrosion rate is 24.75 MPY in this area. Figure 9 shows a Tafel extrapolation 
analysis for a surface with plastic deformation.

The interception between the cathode region and the anode region on the polariza-
tion curve resulted in an Ecorr value at − 783,639 mV and an Icorr value at 11,828 µA, 
according to the Tafel extrapolation analysis. As a result, the increased corrosion rate 
in the plastically deformed material differs. 

4 Conclusions 

Plastic deformation has an effect on grain boundary conditions in SA-179 mate-
rial, according to the average grain size determined in this study. This disease has 
an impact on polarization behavior as well. Plastic deformation has a more noble
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Fig. 8 Tafel extrapolation analysis on SA-179 material without plastic deformation

effect on SA-179 material in a corrosive environment, but has a larger corrosion 
rate if the corrosion process has occurred, as shown by the corrosion polarization 
phenomena. The extent of damage caused by corrosion on the specimen’s surface 
can be determined using image histogram analysis.
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Fig. 9 Tafel extrapolation analysis on surface of SA-179 material with plastic deformation
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Analysis of Distinct Substrate 
Pre-treatment Effects on Flame-Sprayed 
Hydroxyapatite Coating 

Rilo Berdin Taqriban, Prima Syahri Ramadhan, Jamari, Rifky Ismail, 
and Athanasius Priharyoto Bayuseno 

Abstract This paper experiments with stainless-steel AISI 316L substrate pre-
treatment techniques in preparation for hydroxyapatite (HAp) flame spray coating. 
The mechanical, chemical, and combination pre-treatments were compared for the 
coating thickness and layer adhesion of the HAp to understand the influence of rough-
ness on the layer adhesion of the flame-sprayed HAp layer on the flat substrate. The 
heat treatment at 800 °C for 1 h with 160 °C/h heating and cooling rate was conducted 
after spraying. Phase identification by XRD analysis shows that the substrates were 
partially coated with amorphous HAp. All pre-treated specimens have coating thick-
ness that complies with medical requirements. Sandblasting creates the best hydrox-
yapatite layer coverage due to the highest surface roughness. On the other hand, 
the acidic immersion with sulfuric acid lowered the roughness value and caused the 
hydroxyapatite layer to have poor adhesion. 

Keywords Hydroxyapatite · Stainless-steel 316L · Flame spray coating ·
Pre-treatment · Roughness 

1 Introduction 

Stainless-steel AISI 316L is the most used metallic implant material with good 
mechanical strength, wear, and corrosion resistance [1–3]. Unfortunately, this mate-
rial has a low ability to form a mechanical and chemical bond with the natural 
bone [4]. Scientists have also found that this metal’s nickel and chromium content 
may become dangerous and carcinogenic after implantation due to ion release [5]. 
With these drawbacks, the scientist and implant industries are starting to avoid AISI
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316L materials and replace them with titanium-based and CoCr materials [1, 6–8]. 
Meanwhile, in developing countries like Indonesia, the AISI 316L is still the mainly 
chosen implant material because of its cheap and currently available implant material 
covered by national health insurance. This problem can be overcome by coating the 
AISI 316L implant material with hydroxyapatite (HAp). 

HAp is an inorganic mineral in the bones with a high biocompatibility property. 
Coating implants with this material can accelerate osseointegration, bone healing 
after surgery, reduce the risk of wear and corrosion, and prolong implant life [9, 
10]. The flame spray coating method is one of the effective thermal coating methods 
widely developed for biomedical applications [11–14]. However, this method still 
has various drawbacks; one of them is the low adhesion of the coating due to low 
temperature, microcracks, and inadequate surface treatments [13, 15–17]. The spec-
imen’s roughness is one factor in successful flame spray coating [18]. To obtain 
adequate surface roughness, substrate pre-treatment is needed before the coating is 
done [19]. 

In this study, two treatments were used to get essential parameters to produce a 
suitable surface roughness for coating. These treatments were sandblasting and acidic 
immersion inH2SO4 (sulfuric acid) [20, 21]. The experiments were conducted by pre-
treating AISI 316L substrate with these two distinct methods and the combination. 
Before flame spray coating, the surface roughness of the specimens was measured to 
understand the pre-treatment effect on surface roughness and layer adhesion of the 
hydroxyapatite coating. This study has also analyzed the XRD, image processing, 
and coating thickness to obtain beneficial information from the distinct pre-treatment 
method. 

2 Materials and Method 

Before pre-treatment, the 50 × 50 × 3 mm AISI 316L substrates from PT. Sutindo 
Raya Mulia (Surabaya, Indonesia) were sanded with 100, 240, 400, and 1000 grid 
sandpaper, degreased, and rinsed in deionized water to remove the protective layer 
and unwanted debris. The different pre-treatment was conducted with sandblasting 
using #100 mesh of aluminum oxide, sulfuric acid immersion for 5 min, and a 
combination of the two. After the treatment, the surface roughness test was carried 
out with the Time TR200 surface roughness tester. Measurements were made at five 
points on the surface of the specimens to get the average value representing the entire 
surface. The five points taken are described in Fig. 1.

The oxy-acetylene QHT-7/h flame spray gun from Shanghai Welding and Cutting 
Tool Works Manufacture (Shanghai, China) was used in this study. The 3 mm powder 
hole nozzle was used with 7 and 4 bar oxygen and acetylene pressure, respec-
tively. The spray gun was operated manually with a standoff distance of 20 cm. 
The coating material used was hydroxyapatite powder from Bioworld with product 
code 40,800,054 (Dublin, Ireland). After coating, the specimens were post-heated 
using a Tabletop Rapidfire Pro-LP electric furnace (Tacoma, USA) with 800 °C for an
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Fig. 1 Surface roughness 
measuring points

hour holding time with a heating and cooling rate of 160 °C/hour. The X-ray diffrac-
tion (XRD) with Shimadzu PV 7000 (Japan) was used to collect crystallographic 
data. The coating thickness was measured with a UNI-T UT343D coating thickness 
gauge (Dongguan City, China). The final step is the layer coverage evaluation of the 
coated specimens using the ImageJ processing software [22]. 

3 Results 

The images of substrates were taken after pre-treatment. The images are used to 
compare the visible differences in the texture of AISI 316L. The following Fig. 2 
shows the visual data obtained. 

Fig. 2 Surface texture of the untreated (a), sandblasted (b), acidic immersed (c), and sandblast + 
acid-immersed (d) substrates
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Fig. 3 Average value of Ra and Rz of the specimens 

The roughness value is expressed in Ra and Rz. Ra is the most widely used 
international roughness parameter. Ra is the arithmetic mean and absolute deviation 
of the roughness profile from the mean, while Rz is the maximum peak-to-valley 
height or irregularity within sampling [23]. Figure 3 shows the average and standard 
deviation of surface roughness Ra and Rz values obtained from the surface of the 
pre-treated specimens at five points described in Fig. 1. 

The XRD evaluation was conducted with 30 kV/30 mA Cu-K radiation from 2θ 
15° to 90°. The spectra of the coated specimen were stacked with XRD spectra of 
AISI 316L base material and hydroxyapatite JCPDS 9-0432 to identify the crystal 
peak of the coated specimens. The stacked XRD data can be seen in Fig. 4.

The coating thickness was measured at five different points of the coated spec-
imens. The average and standard deviations of the measurement are presented in 
Fig. 5.

The percentage of hydroxyapatite coverage after coating and post-heat on the 
AISI 316L surface is obtained using ImageJ software. The images captured in this 
session were under controlled ambient light and not using any flashlight to avoid 
the shining effect that could be mistaken in the analysis. Table 1 shows the coated 
specimens’ image and the layer adhesion percentage analysis results.
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Fig. 4 XRD data of the coated specimens with AISI 316L and JCPDS 9-0432 references
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Fig. 5 Coating thickness of coated specimens

4 Discussions 

From Fig. 2, the surface textures of the pre-treated substrates were visually less 
shiny than the untreated substrate. AISI 316L will be less shiny when given more 
pre-treatment, as is when the sandblasted and acidic immersed AISI 316L in Fig. 2b,
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Table 1 As sprayed and image processing results of coated specimens 

Specimen As sprayed Processed % 

Untreated 76 

Sandblast 94 

Acidic immersion 30 

Sandblast + acid 34

c looks less shiny than the untreated in 2a. Meanwhile, the difference between the 
sandblasted and acidic immersed substrates was almost unnoticeable. 

From the roughness data in Fig. 3, the highest roughness was obtained by the 
sandblasted specimen with a Ra value of 1.413 μm, while the lowest was when AISI 
316L was immersed in sulfuric acid with a value of 0.142 μm. The irregularities’ 
value or Rz shows the stability of the surface roughness contour because the smaller 
the Rz value, the less peak and valley range. AISI 316L after immersion in H2SO4 

offers the smallest Rz value of 1.270 μm. On the other hand, the highest Rz value
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occurred in the sandblasted specimen with a value of 9.848 μm. In comparison, the 
specimens with acidic immersion produce lower Ra and Rz values than the sand-
blasted and untreated specimens. It can be concluded that sulfuric acid immersion 
reduces the Ra and Rz values significantly. 

Phase identification by XRD in Fig. 4 shows that the substrates are successfully 
coated with the HAp layer. The peaks of the HAp appear at 2θ of 34.0°, 32.9°, 31.7°, 
25.8°, 46.7°, and 49.4° which match with JCPDS data of HAp [24]. The peaks of the 
AISI 316L substrate also appear at several points, indicating that the coating is porous 
or there are uncoated areas on the substrate. The non-pointy or valley-like spectra 
suggest that the layer consists of many amorphous phases, which is not preferable 
[25, 26]. The crystallinity can be improved with extended post-heat treatment for 2 h 
or more [27]. 

The recommended HAp layer thickness for biomedical applications is 50–200 μm 
[28]. Recently, the recommended thickness could be approximately 50 μm to reduce 
cost and prevent residual stresses [29]. According to these references, the pre-treated 
specimens’ thickness in Fig. 5 is in accordance with the requirement. The sand-
blasting and acidic immersion give a higher coating thickness than the untreated spec-
imen. However, the adhesion of the hydroxyapatite layer of chemically pre-treated 
specimens is poor, where only some parts of the surface were coated. 

The coating results show that the sandblasted AISI 316L has the best results with 
the perfect adhesion of hydroxyapatite powder. Meanwhile, the acid-immersed AISI 
316L resulted in unsatisfactory coating layer coverage. The untreated AISI 316L 
produced a layer with a less clear hydroxyapatite surface, but the coating was still 
attached. All AISI 316L can be coated, but the acid-immersed substrates mainly expe-
rienced layer detachment after coating and post-heat when the temperature started 
to decrease. This phenomenon can be caused by low mechanical interlock because 
of low roughness value and thermal expansion [30–33]. However, from the surface 
roughness data obtained, surface roughness is the main factor of the coating layer 
detachments. This phenomenon could happen due to the low surface roughness after 
being given sulfuric acid immersion pre-treatment. The low surface roughness makes 
the hydroxyapatite not have a solid place to form a mechanical interlocking bond to 
the substrate. 

ImageJ analysis shows that the percentage of hydroxyapatite layer on AISI 316L 
without pre-treatment was 76% and 94% on AISI 316L after sandblasting treat-
ment. Meanwhile, after immersion in sulfuric acid, the AISI 316L coating only 
contained 30% of the adherent. The results of the AISI 316L coating after sand-
blasting and sulfuric acid immersion were only 34% adherent. This result shows that 
the sandblasting pre-treatment has the best layer adhesion with 94% layer coverage.
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5 Conclusions 

The research on the effect of post-treatment surface roughness on the hydroxyapatite 
coating on AISI 316L was successfully conducted. Pre-treatment will determine the 
surface roughness of AISI 316L. The highest surface roughness can be obtained by 
sandblasting. The H2SO4 immersion pre-treatment reduces the surface roughness 
value and causes the hydroxyapatite layer to peel off because of the low mechanical 
interlock between the substrate and hydroxyapatite layer. Despite that, the acidic 
immersion produces a more stable surface contour indicated by a smaller Rz value. 
The coating thickness meets the biomedical standard for all four specimens. The use 
of acidic immersion adds more thickness but less adhesion. For future applications, 
sandblasting is considered the most recommended pre-treatment for thermal spray 
coating applications because it can produce the highest percentage of hydroxyapatite 
attachment to the AISI 316L surface compared to other pre-treatments. 
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18. Alsabti MA, Ciuca I, Ştefan Vasile B, Trusca R, Abou Harb A (2018) Effect of surface roughness 
Ti6Al4V modified by hydroxyapatite coating. Ann “Dunarea Jos” Univ Galati Fascicle IX. 
Metall Mater Sci 41:41–48. https://doi.org/10.35219/mms.2018.4.06 

19. Wahab HA, Noordin MY, Izman S, Kurniawan D (2013) Quantitative analysis of electroplated 
nickel coating on hard metal. Sci World J 2013. https://doi.org/10.1155/2013/631936 

20. Kadhim MJ, Abdulateef NE, Abdulkareem MH (2018) Evaluation of surface roughness of 316L 
stainless steel substrate on Nanohydroxyapatite by electrophoretic deposition. Al-Nahrain J 
Eng Sci 21:28. https://doi.org/10.29194/njes21010028 

21. Murakami T, Noda I, Ikeda J, Nakahira A (2015) Investigation of chemical state of vanadium at 
the interface between thermal sprayed hydroxyapatite coating and Ti-6Al-4V alloy substrate. 
Funtai Oyobi Fummatsu Yakin/J Japan Soc Powder Powder Metall 62:408–412. https://doi. 
org/10.2497/jjspm.62.408 

22. Chambard M, Remache D, Balcaen Y, Dalverny O, Alexis J, Siadous R et al (2020) Effect 
of silver and strontium incorporation route on hydroxyapatite coatings elaborated by rf-SPS. 
Materialia 12. https://doi.org/10.1016/j.mtla.2020.100809 

23. Panda A, Sahoo AK, Rout AK (2016) Investigations on surface quality characteristics with 
multi-response parametric optimization and correlations. Alexandria Eng J 55:1625–1633. 
https://doi.org/10.1016/j.aej.2016.02.008 

24. Saber-Samandari S, Baradaran S, Nasiri-Tabrizi B, Alamara K, Basirun WJ (2018) Microstruc-
tural evolution and micromechanical properties of thermally sprayed hydroxyapatite coating. 
Adv Appl Ceram 117:452–460. https://doi.org/10.1080/17436753.2018.1495895 

25. Li TT, Ling L, Lin MC, Peng HK, Ren HT, Lou CW et al (2020) Recent advances in multi-
functional hydroxyapatite coating by electrochemical deposition. J Mater Sci 55:6352–6374. 
https://doi.org/10.1007/s10853-020-04467-z 

26. Bose S, Tarafder S, Bandyopadhyay A (2015) Hydroxyapatite coatings for metallic implants 
7. Elsevier Ltd.; 2015. https://doi.org/10.1016/b978-1-78242-033-0.00007-9 

27. Khor KA, Cheang P, Wang Y (1997) The thermal spray processing of HA powders and coatings. 
Jom 49:51–57. https://doi.org/10.1007/BF02915482 

28. Furlong RJ, Osborn JF (1991) Fixation of hip prostheses by hydroxyapatite ceramic coatings 
29. Gross KA, Saber-Samandari S, Heemann KS (2010) Evaluation of commercial implants with 

nanoindentation defines future development needs for hydroxyapatite coatings. J Biomed Mater 
Res Part B Appl Biomater 93B:1–8. https://doi.org/10.1002/JBM.B.31537

http://www.ijrar.org
https://doi.org/10.1007/s11666-018-0815-y
https://doi.org/10.1007/s11666-018-0815-y
https://doi.org/10.1016/j.surfcoat.2010.03.059
https://doi.org/10.1016/j.surfcoat.2010.03.059
https://doi.org/10.1016/0924-0136(94)01679-U
https://doi.org/10.1016/0924-0136(94)01679-U
https://doi.org/10.1016/j.surfcoat.2018.06.010
https://doi.org/10.1016/j.ijadhadh.2013.09.030
https://doi.org/10.5829/IJE.2021.34.02B.22
https://doi.org/10.35219/mms.2018.4.06
https://doi.org/10.1155/2013/631936
https://doi.org/10.29194/njes21010028
https://doi.org/10.2497/jjspm.62.408
https://doi.org/10.2497/jjspm.62.408
https://doi.org/10.1016/j.mtla.2020.100809
https://doi.org/10.1016/j.aej.2016.02.008
https://doi.org/10.1080/17436753.2018.1495895
https://doi.org/10.1007/s10853-020-04467-z
https://doi.org/10.1016/b978-1-78242-033-0.00007-9
https://doi.org/10.1007/BF02915482
https://doi.org/10.1002/JBM.B.31537


602 R. B. Taqriban et al.

30. Weiss H (1995) Adhesion of advanced overlay coatings: mechanisms and quantitative 
assessment. Surf Coatings Technol 71:201–207. https://doi.org/10.1016/0257-8972(94)010 
22-B 

31. Kim W-S, Yun I-H, Lee J-J, Jung H-T (2010) Evaluation of mechanical interlock effect on 
adhesion strength of polymer–metal interfaces using micro-patterned surface topography. Int 
J Adhes Adhes 30:408–417. https://doi.org/10.1016/j.ijadhadh.2010.05.004 

32. Park K, Kim K, Kim D, Moon B, Park S, Seok CS (2021) Failure mechanism of plasma-
sprayed thermal barrier coatings under high-temperature isothermal aging conditions. Ceram 
Int 47:15883–15900. https://doi.org/10.1016/j.ceramint.2021.02.163 

33. Baytak T, Bulut O (2022) Thermal stress in functionally graded plates with a gradation of the 
coefficient of thermal expansion only. Exp Mech 62:655–666. https://doi.org/10.1007/s11340-
021-00818-2

https://doi.org/10.1016/0257-8972(94)01022-B
https://doi.org/10.1016/0257-8972(94)01022-B
https://doi.org/10.1016/j.ijadhadh.2010.05.004
https://doi.org/10.1016/j.ceramint.2021.02.163
https://doi.org/10.1007/s11340-021-00818-2
https://doi.org/10.1007/s11340-021-00818-2


PDE-Constrained Inverse Analysis Using 
Bayesian Optimization for Finding 
Hidden Corrosion Given Partial Surface 
Information 

Israr B. M. Ibrahim, Syarizal Fonna, T. Arriessa Sukhairi, Rudi Kurniawan, 
and Syifaul Huzni 

Abstract To ensure infrastructure resilience, regular assessment of infrastructure 
damage must be carried out. To assess hidden corrosion in reinforced concrete struc-
ture, inverse analysis can be employed. Inverse analysis combines partial field data 
and computational analysis, including machine learning. In this paper, Bayesian 
optimization was used for inverse analysis to find hidden corrosion in a reinforced 
concrete corrosion. A simple case study was presented where the hidden corrosion 
location was known. The partial data on the surface of the concrete was known and 
used for the inverse analysis. The Bayesian optimization was successfully used to find 
the location of the hidden corrosion. The Max Expected Improvement acquisition 
function performs better than Max Probability Improvement one. 
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1 Introduction 

The Partial Differential Equation (PDE) and optimization are a staple in engineering 
analysis, as well as optimization. Optimization typically requires constraints in the 
form of a function or a constant. The PDE-constrained optimization is a class of 
optimization where the PDE is the constraint. The PDE-constrained optimization 
found many applications in engineering, including shape optimization [1–3], fluid 
mechanics [4, 5], materials engineering [6], biomechanics [7], inverse analysis [8], 
and others [9]. In this study, the application of PDE-constrained inverse analysis using 
Bayesian optimization is demonstrated for finding hidden corrosion in reinforced 
concrete. Reinforced concrete is the main materials of infrastructures worldwide 
[10]. Degradation of reinforced concrete structures incurs high cost to society [10]. 
Hence, the development of corrosion monitoring and assessment methods are crucial. 

Infrastructure safety and resilience are also one of the main objectives in Sustain-
able Development Goals (SDG), specifically SDG 9.1, 9.a, and 11.b [11], where 
both the development of infrastructure and its related policies to ensure reliability 
and resilience are encouraged. Infrastructure monitoring and assessment involve 
complex interaction between data, computation, and field measurement. Hence, the 
application of machine learning techniques is a natural solution. The Government 
of Indonesia has specifically formulated a national strategic plan for data-driven 
infrastructure resilience as part of smart city program [12]. 

Corrosion of rebar is one of the main mechanisms of reinforced concrete degrada-
tion. Corrosion is typically modeled as Laplace’s equation with polarization functions 
as its boundary conditions. In this study, the case of corrosion in rebar is formulated as 
a combinatorial optimization and employed Bayesian optimization for inverse anal-
ysis of corrosion profiles. As far as the literature reviews go, this is the first study to 
employ Bayesian optimization on PDE-constrained formulation for corrosion inverse 
analysis. 

2 Methods 

The Hidden Corrosion Problem in Reinforced Concrete Structure. The corrosion 
in rebar occurs electrochemically. The concrete is a porous structure enabling pene-
tration of species that can trigger electrochemical reaction of corrosion. Once the 
species reach the rebar, corrosion reaction may occur. The corrosion reaction causes 
the generation of potential fields across the concrete bulk. This potential field can be 
measured at the surface of the concrete (Fig. 1). Figure 1 illustrates its mechanism.

This potential field can be modeled using Laplace’s equation, 

κ∇2 φ(x, y) = 0 (1)  

q = ∂φ/∂n (2)



PDE-Constrained Inverse Analysis Using Bayesian Optimization … 605

Fig. 1 a Half-cell potential survey is an NDT method for hidden corrosion detection in reinforced 
concrete structures. b PDE modeling of hidden corrosion in a reinforced concrete structure

q = 0 at ┌A, ┌B , ┌C (3) 

φ = fa(q) at ┌DA (4) 

φ = fc(q) at ┌DC (5) 

where ∇ is Laplacian in terms of Cartesian coordinate, q is the current density, φ 
is electrochemical potential, n is normal vector, κ is conductivity, and Eqs. (3), (4), 
and (5) are the boundary conditions. Equation (3) is non-electrode boundaries of 
the system that is modeled as insulation, where the current density is zero due to 
discontinuity or distant from source. Equation (4) is a boundary condition repre-
senting the anode or the corroded part of the rebar, while Eq. (5) represents the rest 
of the rebar. To capture the polarization phenomenology in corrosion, Eqs. (4) and (5) 
are functional boundary conditions, where the function f a (for anode polarization) 
and f c (for cathode polarization) are obtained from curve-fitting of experimental 
polarization data (which depends on the electrodes and electrolyte). 

The information obtained from the surface of the concrete structure is enough to 
infer the condition of corrosion on the rebar inside the concrete. This is termed inverse 
analysis. The concept is to search through different numerical simulation scenarios 
to find the one that best matches partial information from real measurement. It can 
be mathematically stated as an optimization problem, 

min
/||φ2 

m − φ2 
s

|| (6) 

subject to Eqs. (1)–(5), φm is experimentally/field-measured potential on the concrete 
surface, φs is simulated potential on the concrete surface. 

Bayesian Optimization. Bayesian optimization is a model-based, black-box opti-
mization method. It searches for the optima by sampling the objective function. To
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sample the objective function, it is to build a model of the entire function that it 
is optimizing, that is a surrogate model. This model includes both the current esti-
mate of that function and the uncertainty around that estimate. It then chooses the 
next point by computing a posterior distribution of the objective function using the 
likelihood of the data already acquired and a prior on the type of function. 

The surrogate model that is directly compatible with Bayes theorem is the Gaus-
sian process (GP). To model the objective function, f (x), using GP, a number of test 
points, xi, were selected over the domain of f (x). The objective function, f (x), as a 
GP is then, 

f (x) ∼ GP
(
m(x), k

(
xi , x j

))
, (7) 

where m(x) is mean function and k(xi, xj) is covariance function. Once a surrogate 
model has been built, the next task is to select the best candidate solutions through an 
acquisition function. The best solution is selected through an acquisition function or 
infill criterion. Common acquisition functions are Expected Improvement (EI, Eq. 9) 
and Probability of Improvement and (PI, Eq. 8). 

PI(x) = 1 − CDF
(

f (xB) − μ(x) 
σ (x)

)
(8) 

EI(x) = (μ(x) − f (xB))CDF

(
μ(x) − f (xB) 

σ (x)

)
+ PDF

(
μ(x) − f (xB) 

σ (x)

)
. (9) 

For the case of topological optimization in this study, the objective function is Eq. (6) 
where the variable is φB which is obtained from the constraints of the objective 
function (Eqs. 7–10). The optimization was carried out in the Wolfram Mathematica 
12.0 environment. 

Implementation and Case Studies. The algorithm and the numerical models were 
developed in Wolfram Mathematica 12.0 environment. In the two-dimensional 
model, the surface of the concrete and the steel rebar are defined by the model’s 
boundary ┌B, ┌DC, ┌DA, consecutively. Hence, the optimization problem reduces to 
finding the best combination of ┌DC and ┌DA. It is as if the surrogate model devel-
oped by the Bayesian optimization relates the φs and arrangement of ┌DC and ┌DA, 
or, 

φs = f (┌DC ∪ ┌DA). (10) 

A study case was carried out with a simple rectangular model of a concrete block 
with dimensions of 2 × 1 m. The hidden corrosion is located 0.6 m from the left 
side of the block (Fig. 2a). The length of the hidden corrosion is 0.4 m. The model 
is discretized with 302 triangular elements (Fig. 2b). As in Fig. 1b, the boundary ┌B 

is the simulated location of half-potential measurement. Thus, twenty-one potential
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Fig. 2 a Boundary conditions of the PDE modeling of hidden corrosion in reinforced concrete 
structure, b the 302 triangular elements as a mesh used in this study, c the potential distribution in 
the domain when a corrosion is located on the left-middle of the steel rebar, d twenty-one potential 
values on the ┌B boundary, simulating half-cell potential measurement 

values were obtained from the FEA results to simulate the half-cell measurement. 
These 21 potential values are the φm as in Eq. (6). 

3 Results and Discussions 

The Bayesian optimization was carried out with termination condition of 300 iter-
ations. The progressions of Bayesian optimization are shown in Fig. 3 along with 
samples of potential distribution at some iterations. The optimized solution was found 
at iteration 196th, with objective function value of − 0.011. It can be seen that as the 
objective function value reduces, the potential distribution becomes more similar to 
the target potential distribution. Figure 4 shows the comparison between potential 
values on boundary ┌B found by the Bayesian optimization and the 21 values of φm. 
It can be seen that the optimized solution agrees well with the φm.

Max Expected Improvement (MEI) Versus Max Probability Improvement 
(MPI). The results of Bayesian optimization from using different acquisition func-
tions are compared. Figure 5 shows the progression of Bayesian optimization using
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Fig. 3 Iteration of Bayesian optimization, along with potential distributions generated by the 
optimal solution at some iterations. The optimal solution at iteration 196th is indicated by red 
circle in the chart 

Fig. 4 Comparison of potential values on ┌B from the optimized solution and the simulated 
potential data

MEI and MPI. It can be seen that the MEI found the optimal solution earlier (at itera-
tion 157th) than the MPI (at iteration 196th). Thus, for this case of PDE-constrained 
optimization, the MEI outperforms the MPI.
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Fig. 5 Performance of Bayesian optimization with MEI and MPI acquisition function 

4 Conclusion 

A PDE-constrained optimization was formulated for the problem of finding hidden 
corrosion in reinforced concrete. The objective of the optimization is to find the 
numerical scenario that matches the given partial information about the corrosion. 
More specifically, the task is to find the arrangement of boundary conditions to 
Laplace’s equation that yields target potential distribution. Bayesian optimization 
was used successfully to find the optimal solution. The MEI acquisition function 
outperforms the MPI in accomplishing the optimization task. However, further inves-
tigation is needed to determine if this performance trend applies only to the problem 
studied in this paper or applies to a broader set of problems. 
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Abstract Recently, natural and synthetic fiber reinforced composites may find appli-
cation in nearly every sector of engineering. In this study, an experimental analysis 
of the dynamic features of jute fiber reinforced polymer composites (JFRPC) and 
glass fiber reinforced polymer composites (GFRPC) for the purpose of estimating 
Young’s modulus is presented. The natural frequency value of composite plates made 
by JFRPC and GFRPC was measured using impulse excitation technique (IET) exper-
iments. The tensile test, however, was carried out to verify the IET test’s results. The 
findings indicate that the strength of a composite made of glass fibers is noticeably 
better than that of a composite made of jute fibers. However, the mechanical prop-
erties of woven jute composite are equivalent to those of glass fiber composite. This 
is especially true in regard to its Young’s modulus, which is almost identical to that 
of the glass fiber composite. It is anticipated that this method will be able to predict 
the mechanical characteristics of other materials and that it will have potential as a 
non-destructive examination method. 

Keywords Impulse excitation technique · Young’s modulus · Jute and glass fiber 
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1 Introduction 

Implementation of composite materials or structures demonstrates growth in terms 
of product efficiency, economic effectiveness, and the development of material prop-
erties such as strength and modulus. Its application needs are also growing to suit 
the requirements of sectors such as aircraft building, wind turbines, transportation 
and automotive, medical equipment, and other industries [1]. The production of 
composite materials is a complicated process that necessitates the completion of 
a large number of steps. During this process, the finished composite product may 
have a wide variety of flaws, which can lead to issues with the user’s safety. The 
identification and evaluation of structural properties can be difficult when dealing 
with composite materials since these materials are typically inhomogeneous and 
anisotropic. 

The modulus of elasticity is an important feature of a material, and its value is one 
of the most important input parameters in construction design and quality control 
of materials. Tests may be performed to determine the modulus of elasticity using 
a variety of direct and indirect methods. A direct method that takes into account 
longitudinal and transverse deformations, as well as the effects that are directly 
connected to those deformations, is utilized in the calculation of the modulus of 
elasticity. Tests of tensile, flexural, and torsional strength are only a few examples. 
While the indirect technique relies on determining elastic constants like the shear 
modulus and modulus of elasticity [2]. The inverse approach, commonly referred to 
as the indirect technique is based on dynamic experimental data [3]. 

Previous researchers have used sound waves to use an indirect approach for deter-
mining the modulus of elasticity of glass fiber reinforced epoxy composite materials. 
This method has been successful in determining the value of the modulus of elas-
ticity [4]. When they compared the findings of the destructive test (tensile test) to 
the results of the modulus of elasticity, they found that there was a 2% discrepancy. 
Ultrasonic waves have also been utilized for the purpose of determining the elasticity 
of composite materials [5]. On the other hand, it is not evaluated in comparison to the 
results of the tensile tests. In a similar manner, Niutta et al. [6] conducted research 
with the intention of determining the local elasticity characteristics of composite 
boards through the use of the impulse excitation technique (IET). They report that 
there is a variation of around 4% between the estimated and nominal elastic properties 
of the producer data. This difference may be found in the estimated elastic properties. 
Rizal et al. [7] also conducted research on evaluating the composite material charac-
teristics of jute fiber reinforced polymer using numerical and experimental methods. 
They come to the conclusion that the variable results of the IET in comparison with 
the numerical results have relative errors for the calculated material parameters that 
range from 0.34% all the way up to 8.82%. 

However, non-destructive investigations using modal analysis that are compared 
directly with tensile testing for a variety of composite materials are rare across the 
research literature. It is very important for the validation of the technique, as well as 
for ensuring accuracy in the estimate of material properties, to give attention to the
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amount of uncertainty produced by the use of the approach. The variability in the 
results of the method’s application is important for the validation and accuracy of 
the estimation of material properties. This work used a non-destructive test method 
through the impulse excitation technique (IET) to assess the mechanical and dynamic 
characteristics of the composite structure made of jute and glass fibers, which were 
validated by a destructive test. 

2 Material and Method 

2.1 Sample Preparation 

In this particular study, the reinforcement was comprised of both woven jute and 
glass fibers. A mixture of polyester resin and hardener with a ratio of 10:1 was used 
to form the matrix composition for this experiment. The resin and hardener were 
mixed into the matrix by hand, and the mixture was then agitated. Before reinforcing 
the fiber mats in the matrix body, the mixture was completely mixed. Additionally, 
the ratio of matrix to fiber was set at 70 and 30 wt%, respectively. By using the 
hand layup technique, the specimen laminates were fabricated with dimensions of 
300 × 300 mm, which comes to an average thickness of approximately 5 mm. The 
compression molding machine was used to press the specimen laminates while the 
temperature was set to ambient temperature. After curing for one day under pressure, 
the composite was released from its mold. After being removed from the mold, 
this cast underwent a further day of air curing. The laminates of woven jute fiber 
reinforced polymer composite (JFRPC) and glass fiber reinforced polymer composite 
(GFRPC) were cut into the required ASTM D638 tensile tests after the compression 
stage was completed. In order to prepare, we made three different samples so that 
we could meet the requirement for repetition that each test had. 

2.2 Tensile Test 

The tensile testing was carried out using the Universal Testing Machine (UTM), 
which has a capacity of 5000 kgf. The axial direction of the test was carried out 
at a constant speed of 5 mm/min. The machine was doing tests on a total of six 
specimens, three of which were JFRPC and the remaining three were GFRPC. The 
ASTM standard D638 was used as a guide for the tensile test, and the dimensions of 
the specimen are depicted in Fig. 1.
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Fig. 1 Dimension of the specimen of the tensile test 

2.3 Impulse Excitation Technique 

For the characterization of Young’s modulus (E) of materials, the impulse excitation 
technique (IET) is proposed as an indirect identification and non-destructive testing 
technique. The composite laminates with dimensions of 140 × 170 × 4 mm that 
were utilized as samples for the IET test were based on ASTM standard 1876-01 
and were made of jute and glass fiber reinforced polymer composites (JFRPC and 
GFRPC, respectively). The measuring setup for this experimental research is shown 
in Fig. 2. The test’s objective is to determine the laminated composite plate’s natural 
frequency by excitation the sample with a PCB modally tuned impact hammer. A 
PCB 1-axis accelerometer was used to measure the vibration generated on by the 
mechanical impact on the plate’s surface. In order to do the fast Fourier transform 
(FFT) analysis, the signals are first collected using NI-9250 data acquisition and then 
transmitted to LabView software. The sample was positioned on two supports that 
were 0.224 of the sample’s entire length from each end, in order to determine the 
natural frequency in the flexural mode. Young’s modulus can be determined using 
the IET test approach through the following equation [7]: 

E = 0.9465

(
m f  2 f 
b

)(
L3 

t3

)
T , (1)

where E is Young’s modulus (Pa), m is mass (g), f f is the flexural resonant frequency 
(Hz), b is width (mm), L is length (mm), t is thickness (mm), and T is the correction 
factor for the flexural mode that takes into account the thickness of the plates. When 
L/t ≥ 20, T can be determined by the following formula: 

T = 1.000 + 6.585(t/L)2 (2)
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Fig. 2 Experimental setup for IET test in flexural mode

3 Results and Discussion 

3.1 Tensile Test 

The results of a tensile test that was carried out on an investigated jute fiber reinforced 
polymer composite (JFRPC), as well as a glass fiber reinforced polymer composite 
(GFRPC), are shown in Fig. 3. Analyses were performed on three separate specimens 
of each type of composite material. All of the test curves for the two distinct types of 
composites demonstrate a linear range at low strain (< 0.5%), and then they change 
into a hardening region up to the breaking point when they reach a strain of between 
1.5 and 2.8%. This occurs when the strain reaches a point that is greater than the 
linear range at low strain. It is possible to see that the elongation at break of the 
two different kinds of composites is practically comparable, but the average tensile 
strength of GFRPC (32.9 MPa) is greater than that of JFRPC (26.7 MPa). This may be 
confirmed by comparing the experimental results (25.02 MPa). The elongation and 
strength results from this study are consistent with those from other studies, which 
found that the tensile strength of glass fiber composite was around 28–78 MPa and 
that the tensile strength of jute fiber composite material was somewhere between 23 
and 40 MPa [8][8].

3.2 Impulse Excitation Technique 

The FRF plots from the tested samples composites fabricated from jute (JFRP) and 
glass (GFRP) fiber were averaged throughout all three trials, and the results can 
be seen in Fig. 4. It is clear that the vibrational response exhibits itself as a natural 
frequency in the first mode, which has a frequency range of 256–307.2 Hz for JFRPC,



616 M. Rizal et al.

Fig. 3 Stress–strain curve: a JFRPC; b GFRPC

and 317.4–337.9 Hz for GFRPC. Although the values from each of the three speci-
mens that were repeated implied consistency, the third sample seemed to be slightly 
different due to the fact that the sample’s thickness varied and was not consistent 
along the edges, which caused a difference in sample mass when compared to the 
other two samples. 

The results of the analysis and measurement of Young’s modulus utilizing the 
natural frequency values of the two different types of composites using Eq. 1 are 
displayed in Table 1. The results of the tensile test and the IET test are summarized. 
The simple reality that there was only a little degree of variability in the mechanical 
properties of the material, as demonstrated by these data, adds validity to the processes 
that were utilized in preparing and cutting the samples. The results of Young’s 
modulus indicated that the findings of JFRPC and GFRPC are not substantially 
different from one another.

The data demonstrate that the average value of Young’s modulus found from 
the IET test is between 4.63 and 5.09% greater than the value of Young’s modulus 
obtained from the tensile test. The main reason for this seemingly little gap is due to 
the main distinctions that exist between the two methods with regard to the theoretical

Fig. 4 Frequency response composites from IET test: a JFRPC; b GFRPC 
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Table 1 Results of tensile test and impulse excitation technique 

Specimens Maximum 
tensile strength 
(MPa) 

Natural 
frequency (Hz) 

E, Tensile test 
(MPa) 

E, IET  test  
(MPa) 

Deviation (%) 

JFRPC-1 22.68 307.2 3427.52 3660.65 6.80 

JFRPC-2 30.28 307.2 3587.48 3476.73 3.09 

JFRPC-3 27.15 256 2963.78 3123.56 5.39 

Average 3326.26 3420.31 5.09 

GFRPC-1 25.24 317.4 3316.81 3561.19 7.37 

GFRPC-2 35.04 337.9 3430.09 3629.91 5.83 

GFRPC-3 38.45 317.4 3109.66 3131.63 0.71 

Average 3285.52 3440.91 4.63

basis as well as the practical situations. The IET is a method that is both dynamic 
and non-destructive for determining the elastic characteristics of a material through 
the analysis of a transient free vibration of samples. Conversely, the tensile test is a 
quasi-static destructive method that is based on the examination of the mechanical 
behavior of samples that are subjected to high loads with the aim of identifying 
the material’s elastic properties. This method involves exposing the specimens to 
loads that are greater than their yield strength. The very little disparity in results that 
can be noticed when comparing the data obtained from the two distinct approaches, 
however, is probably due to the strain rate factor and the inherent anisotropy of the 
composite materials. Additionally, although the elastic modulus obtained via the 
tensile test is reliant on the local strain effect and, as a consequence, represents the 
local elastic modulus, the elastic modulus collected through the IET test is reflective 
of the global elastic modulus [10]. 

4 Conclusion 

The non-destructive impulse excitation technique (IET) was successfully used 
to determine Young’s modulus of both jute fiber reinforced polymer composites 
(JFRPC) and glass fiber reinforced polymer composites (GFRPC). These results 
were then validated by tensile testing, which showed only a slight difference in 
the deviation value. As a result of using the impulse excitation technique on jute 
composite, a value of 3420.31 MPa for the average value of Young’s modulus was 
found. In the meanwhile, the results of the tensile test came in at 3326.26 MPa, which 
indicates a deviance of around 5.09%. Also, for glass fiber composites, the average 
Young’s modulus IET test is 3440.91 MPa, which is higher than the tensile test of 
3285.52 MPa by about 4.63%. The data that was obtained showed that the technique 
of impulse excitation is suitable for determining the modulus of elasticity or Young’s 
modulus due to the fact that it is non-destructive, rapid, and reliable.
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Failure Analysis of Leaf Spring Used 
as the Rear Suspension System in Diesel 
Truck by Numerical and Fracture 
Mechanics Approach 

Rully Anshari, Husaini, and Nurdin Ali 

Abstract Leaf springs are a type of spring designed to dampen vibrations caused 
by loading such as lateral loads, shock loads, and torsion. Due to the main role of this 
component makes its failure can directly cause a serious accident. This study aims to 
determine the cause of leaf spring failure in the 110 PS dump truck vehicle suspension 
system carried out by numerical and fracture mechanic approach. Numerically, leaf 
springs with initial defects were modeled using the finite element method software 
called FEMAP to find the value and the stress distribution that occurs in the leaf 
spring around the location of the initial defect. By fracture mechanics approaching, 
the stress results obtained are used to calculate the value of the stress intensity factor 
(KI ) which is then compared with the value of crack toughness (KIC). Based on the 
results of stress simulation and calculation of stress intensity factor (KI ), it was found 
that the stress that occurs is below the yield stress of the material and (KI ) ≈ (KIC). 
From the results obtained, the study found that crack propagation was the cause of 
the leaf spring failure that occurred from the location of the initial defect. This failure 
occurs by the fatigue mechanism caused by repeated loading. 
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1 Introduction 

The spring is a component that is widely used in vehicles, one of which is leaf 
springs. This type of spring is widely used because it has a simple construction but 
has great strength [1]. This spring has layers of beam form that is put together and 
has two springs at the end as a connector to the vehicle frame [2]. As one of the 
vibration dampers that occurs in trucks, these springs help control the tires when 
accelerating, turning, and passing when passing through bumpy contoured roads [3]. 
Crack mechanics is one of the methods that can be used to analyze the causes of 
failure in a component or construction and to find the character of crack propagation 
[4]. The finite element method is one of the good methods to be used in failure 
analysis by studying the stress reactions that arise in complex structures due to the 
applied load [5]. 

Research conducted by Nataraj and Thillikkani found that the discovery of a 
benchmark pattern on the fracture surface of the leaf springs indicated that the 
failure of the leaf springs occurred with a fatigue mechanism [6]. Husaini et al. 
in their research in the analysis of leaf spring failure using the finite element method 
suggested that leaf spring failure can occur if the stress intensity factor KI is greater 
than the fracture toughness KIC value [7]. 

In this case, there was a failure of a leaf spring used in a diesel truck. This fracture 
is known to occur in the spring layer no 4 on the rear truck suspension. This study 
was conducted to find out what factors are the causes of why this failure occurred so 
that the same failure does not happen in the future. 

2 Research Method 

Research Object. In this study, leaf springs were analyzed which broke after 
1.5 years of use. The broken leaf spring is shown in Fig. 1.

This spring fracture occurred in the spring layer no 4 of the 5 existing spring 
layers as shown in Fig. 2.

Visual Inspection. Visual inspection was carried out to determine the type of failure 
that occurred in the leaf spring through an analysis of the topography of the leaf 
spring. This process is carried out by taking pictures of the leaf springs with the help 
of an optical microscope and a scanning electron microscope (SEM). 

In previous studies, surface observations have been made using SEM and found the 
location of the beginning of the crack and the direction of propagation. The results of 
this observation also indicate that at this location there are several corrosion products 
that cause porosity. This crack propagation starts from the initial defects that arise 
which are estimated to have a length of about 0.8 mm. Figure 3 shows the results of 
SEM observations on the fracture surface of leaf springs.
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Fig. 1 Broken leaf spring material
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1 

Fig. 2 Failure on spring number four

Microstructure Analysis. In this process, an analysis of the microstructure created 
on the leaf spring material will be carried out as a result of heat treatment. Leaf spring 
material will be observed under an optical microscope with a magnification of 100 
times. The results of this analysis have been obtained in the previous studies. The 
microstructure of this spring is dominated by pearlite and ferrite. However, there are 
inclusions in the leaf springs which can shorten the fatigue life of the spring. 

Chemical Composition. Chemical composition testing was carried out to determine 
the standard of the material used for leaf springs. Then the value of mechanical 
properties obtained based on material standards will be used in calculating the stress 
distribution using the finite element method (FEM). The mechanical properties of 
AISI 4340 steel are listed in Table 1.
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Crack 
initiation 
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Fig. 3 Observation of fracture surface using SEM

Table 1 Mechanical 
properties of AISI 4340 [8] Mechanical properties Value 

Tensile strength 745 MPa 

Elastic modulus 190–210 GPa 

Bulk modulus 140 GPa 

Shear modulus 80 GPa 

Poisson’s ratio 0.27–0.30 

Hardness, Rockwell B 95 HRB 

AISI 4340 steel tempered at 410 °C for leaf springs [9] has a yield stress value of 
1320 MPa and fracture toughness (KIC) 91.73 ± 3.34 MPa

√
m [10]. 

Hardness. The hardness test on the spring material aims to determine the magnitude 
of the hardness value and how it is distributed on the leaf spring. Figure 4 is a graph 
of the leaf spring hardness test results.

Numerical Analysis. The stress calculation is carried out using the finite element 
method. This calculation aims to determine the magnitude of the stress that occurs in 
the leaf spring and how its distribution. This value will be used to calculate the stress 
intensity factor at the initial defect location modeled on the leaf spring. FEMAP 
software will be used in this process. 

Stress Intensity Factor Calculation. This was used to calculate the distribution of 
the minimum and maximum bending loads received by the fine cracks in the material 
which caused the stress intensity factors around the crack tip. It is, however, important 
to note that the crack propagates when KI (stress intensity factor) > KIC (fracture 
toughness) but does not spread when KI < KIC . Moreover, the fracture configuration
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Fig. 4 Hardness test results

Fig. 5 Single-edge-crack-at-hole specimen schematic model [11] 

of the leaf spring was modeled in a single-edge-crack-at-hole specimen schematic 
and loading model as indicated in Fig. 5. 

The value of the stress intensity factor is calculated using Eq. 1: 

KI = σ
√

πa(Fhs), (1) 

where a is the length of the crack obtained through observations with SEM and is 
the magnitude of the stress that occurs at the crack tip. Fhs is the limiting correction 
factor calculated by equation two referring to the research conducted by Newman 
Jr and Daniewicz. Fn (finite-width plate correction factor) and Fw (hole influence 
correction factor). 

Fhs = Fn Fw (2)
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3 Result and Discussion 

Analysis of Stress. In this analysis process, a leaf spring model is made using the 
finite element method to find the stress value and how it is distributed. This process is 
carried out with the help of the FEMAP software. This process begins with a meshing 
process with an element size of 7.6 mm (3 In). The shape of the element used is a 
tetrahedral type because of its good ability to analyze shapes that have a radius and 
are hollow [12, 13]. Figure 6 shows a model of a meshed leaf spring. 

Furthermore, the leaf spring model is given boundary conditions at both ends of 
the spring eye and the load is located in the middle of the spring [14]. The location 
of the boundary conditions and the given load is shown in Fig. 7. 

After determining the boundary and load conditions, then inputting the mechanical 
properties of the spring material as a parameter in the calculation process is carried

Fig. 6 Mesh model of the leaf spring 

Boundary condition 

P 

Fig. 7 Location of boundary conditions and loads 
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out. If the setup process has been completed, then the next process is a simulation 
process to find out the magnitude of the voltage and how it is distributed. 

The results of the simulation obtained the magnitude and distribution of the stress 
as shown in Fig. 8. The load given to the leaf spring is 29,185 N where this is the 
load experienced by the left rear spring system. 

The highest stress value was recorded at 1003.5 MPa. This stress appears at the 
location of the leaf spring’s initial defect. Figure 9 shows the stresses acting at the 
location of the initial defect. This stress arises at the location of the initial leaf spring 
defect whose length is estimated to be 0.8 mm by visual observation.

Fig. 8 Stress distribution in leaf spring 

 

σ = 984,521 MPa 

Node points 

σ = 1003,55 MPa 

σ = 994,034 MPa 

Fig. 9 Stress acting at the location of the initial defect
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Table 2 Stress and stress intensity factor value 

No. Nodes σ (MPa) a (m) KI (MPa
√
m) 

1 2,172,488 984.521 0.0008 90.27 

2 2,174,083 1003.55 92.01 

3 2,184,877 994.034 91.14 

Average 91.14 

Stress Intensity Factor Value. Based on the stress value obtained, it is possible to 
calculate the stress intensity factor value that occurs at the crack tip using Eqs. 1 and 
2. The magnitude of the stress intensity factor value is shown in Table 2. 

The value of the stress intensity factor is close to the value of the fracture toughness 
of AISI 4340 steel. As a result, crack propagation occurs which causes the leaf spring 
to fracture [15–17]. 

4 Conclusion 

The analysis yielded the following conclusions. The failure of the leaf springs was 
due to the initial defects observed in the inside of the spring bore. As a result of the 
initial defect that was formed, there was a concentration of stress in the area, where 
the working stress reached 1003 MPa. By calculating the value of the stress intensity 
factor (KI) compared to the fracture toughness (KIC), it was found that the value of 
KI ≈ KIC causes crack propagation in the leaf springs which caused the leaf spring 
fractured. 
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Effect of Perforated Aluminum 
on the Sound Absorption Ability 
of Calotropis gigantea Fiber Material 

Suhaeri, Husaini, Muhammad Dirhamsyah, Iskandar Hasanuddin, 
and Marthunis 

Abstract An excellent example of plant-based fiber used for noise reduction is 
Calotropis gigantean (CG). This research aimed to determine the sound absorption 
coefficient (SAC) value and sound reduction ability of the CG fiber. The fiber was 
coated with 0.3 mm thick aluminum and perforated with 1, 1.5, and 2.5 mm diameters. 
Furthermore, Bruel & Kjaer’s Type 4206 impedance tube with a diameter of 100 mm 
and a thickness of 10 mm was used as the model for the test sample. The sample, 
which weighed 50 g, was hot pressed in a mold for 10 min at 200 °C, and the 
test was conducted following the ISO 10534–2 transfer function method using an 
impedance tube at a frequency of 1/1 octave. The results showed that the test sample 
without aluminum coating can reduce the SAC by 0.05–0.1 (5–10%) compared to 
those coated with perforated aluminum. This is because the aluminum surface area is 
larger than the total hole area that transmits sound to the test sample, so more sound 
is reflected. Lastly, the uncoated sample’s noise reduction coefficient (NRC) value 
was larger than that of the coated sample and reduced the overall noise by 28%. This 
proved that the aluminum hole’s diameter affects the noise reduction coefficient. The 
coated sample can be categorized into two classes, class D for uncoated samples and 
class E for aluminum coated. 

Keywords Calotropis gigantea fiber · Impedance tube · Sound absorption 
coefficient · Noise reduction coefficient
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1 Introduction 

Noise pollution rises as a result of increased vehicle traffic and the usage of industrial 
machinery, and this negatively impacts the environment and public health. According 
to the World Health Organization, noise pollution increases public health problems. 
Some of these adverse health problems include hearing loss, sleep disturbances, 
fatigue, cardiovascular and psychophysiological problems, decreased performance, 
and adverse social behavior [1, 2]. Therefore, it is necessary to reduce the noise 
level by installing a silencer. In this research, the noise reduction material used 
was were readily available natural fibers [2, 3], which were obtained from Banda 
Aceh and Aceh Besar. In the field of acoustics, natural fibers have great potential 
to replace synthetic fibers and they are derived from animals, minerals, and plants 
(typically made up of cellulose) [4]. Furthermore, the use of natural fibers in acoustic 
applications has increased dramatically because of the harmful environmental effects 
resulting from the use of synthetic fibers. One of them is the fact that most synthetic 
fibers are non-biodegradable [1]. According to Asdrubali et al. and Da Silva et al., 
materials for acoustic insulation include kenaf fiber, coconut fiber, reeds, sisal, leca 
(consisting of small, light, and bulging particles of burnt clay), bamboo, glass wool, 
cotton, jute, recycled rubber and foam, torn carpet, recycled plastic with glass wool, 
kenaf with polyester, polymer materials, fleece fibers, known roofing systems, and 
green walls [5, 6]. 

Following this, the test specimen used in this research is the natural fiber 
Calotropis gigantea (CG), also known as the Widuri/Biduri plant in Indonesia 
or simply, crown flower. The specimen is a Calotropis species that is native to 
Cambodia, Vietnam, Bangladesh, Indonesia, Malaysia, Thailand, Sri Lanka, India, 
China, Pakistan, and Nepal and can grow up to 4 m in height [7]. The Widuri plant is 
often found on the coast of Aceh, specifically in Banda Aceh and Aceh Besar where it 
is also known as rubek in the local language (Aceh). In addition, the CG fiber is quite 
similar to cotton and kapok fibers and it is obtained from the CG plant’s fruit Fig. 1. 
The plant has a gummy white-like substance released by its stems, leaves, and fruit. 
It is known that the sap is beneficial to health, as it can be used as a herbal remedy 
for illnesses including dizziness, asthma, bronchitis, dyspepsia, leprosy, tumors, and 
various digestive disorders [8].

Sukardan et al. also reported that CG fiber has a low density (weight per unit 
volume). The fiber has the ability to act as a thermal insulator, sound absorber, water, 
and oil absorber due to the hollow area along its length that can serve as a medium for 
trapping air or water vapor [8]. Also, it was reported that the diameter of the fiber, its 
wall thickness, and hollow volume were between 15–26, 0.8–2 μm, and 92.3–94.7%, 
respectively. Each seed has about 600 strands of fiber, as shown in Fig. 2.

Table 1 shows the similarity between the dimensions of CG, kapok, and cotton 
fibers [9]. Their physics is shown in Fig. 3.

According to Dilli et al., the CG fruit’s tensile strength increases as its fiber content 
in the polyester matrix also increases. This is because the polyester resin trans-
mits and distributes the stress applied to the CG fibers, resulting in higher strength.
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Fig. 1 a Cross and longitudinal sections of CG fruit, b. CG fruit that has been broken

Fig. 2 Calotropis gigantea seed fibers

Table 1 Characteristics of fiber’s physical properties [8] 

Physical properties CG fibers Kapas fibers Kapok fibers 

Length of fiber (mm) 31.75–167.64 24.6–60 16–104.14 

Fiber diameter (μm) 15–26 12–45* 10–18 

Cellulose (%) 66.5–71.62 85–90 72.86 

Fibers Fineness (μ/in) 2.02 2.7 2.02 

Fiber Uniformity (%) 84 78 74 

Absorption coefficient (α) – – > 0.7** 

* Fiber diameter [9], ** At a frequency of 6300 Hz [1]

Furthermore, composites can withstand higher loads before failure, unlike unrein-
forced polyesters [10]. Another research by Pell explained that the tensile strength 
of composite materials containing Calotropis gigantea fibers was influenced by the 
volume fraction of the resin material [11]. Sukardan et al. noted the fiber’s potential 
as a sound absorber. Among the many research conducted regarding CG fiber as a 
composite reinforcement material, none utilized it as a sound-dampening material. 
Therefore, this research aims to test the sound absorption coefficient (SAC) (α) of CG
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Fig. 3 Type of fibers from CG, Kapas, and Kapok

fiber samples with a thickness of 10 mm, as well as the effect of perforated aluminum 
plate layers 1, 1.5, and 2.5 mm on the test sample’s sound absorption ability. 

2 Experimental Method 

Material. In this research, the plant-based fiber utilized was extracted from the CG 
fruit. To obtain enough fiber, old fruits were collected from various locations in 
Banda Aceh and Aceh Besar. It is well known that CG fruits have an overall fiber 
weight of only 8.9% (0.41 g) of the 4.59 g dry fruit weight, 6.9 mm fruit length, and 
0.95 g seed weight [8]. 

Furthermore, to make the test sample, the fiber from the fruit was extracted, dried, 
and weighed manually. The weight of each sample was 50 g, and the diameter of the 
mold was 100 mm which was following the diameter of the impedance tube used. 

The test sample was hot pressed in a 10 mm thick mold using a 10 Mpa press 
(Fig. 4) at 200 °C, enabling the fibers to merge without the use of an adhesive. Also, 
it was tested to determine the SAC value. 

Fig. 4 Hot press tools and molds
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Fig. 5 a Test object. b Test object with perforated aluminum 

Perforated Upholstery. The effects of holes on the specimen coated with a perforated 
aluminum plate with a 0.3 mm thickness and diameters of 1, 1.5, and 2.5 mm. 

Test Specimen. The geometry of the test specimen from CG fibers with a thickness 
of 10 mm and a diameter of 100 mm coated with a perforated aluminum plate with 
a thickness of 0.3 mm can be seen in Fig. 5. 

Research Parameters. Table 2 shows the parameters used in this research. 

Equipment Test. The absorption coefficient (α) test was conducted on the specimen 
using a Bruel & Kjaer Type 4206 impedance tube having 100 mm in diameter, and 
a transfer function method (ISO 10534-2) [12]. Furthermore, the sample under test 
was mounted on the impedance tube in such a way that there was no gap between the 
sample and the tube’s cell wall. The white noise signal sensor was inserted into the 
tube, and the loudspeaker was mounted close to the end of the impedance tube. Also, 
broadband, stationery, and random sound waves were produced by the loudspeaker 
and traveled through the tube as plane waves before striking the sample and reflecting 
back to the listener. The MATLAB application was then used to calculate the amount 
of sound pressure on the microphone sensors 1 and 2 in volts at each frequency. 

The sound pressure ratio generated by the two microphones 1 and 2 was used to 
calculate SAC, after which the transfer function between the impedance tube’s two 
microphones was identified. x1 is the furthest distance between the test sample and 
the sensor, x2 is the closest distance between the sensor and the specimen, and S or 
(x1 − x2) is the distance between the two sensors (Fig. 6).

Table 2 Research parameters 

Material fibers Weight (g) Thick (mm) Perforated aluminum (mm) Temp. (°C) 

CG* 50 10 Without hole 200 

1 

1.5 

2.5 

*CG Calotropis gigantea fiber 
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Fig. 6 Microphone positions and distances 

The transfer function between the two microphones can be obtained using equation 
H12 [12] 

H12 = P2 
P1 

= e 
jkx2 + Re− jkx2 

e jkx1 + e− jkx1 
(1) 

The sound reflection factor R can be determined using the following equation. 

R = H12 − H1 

HR − H12 
e2 jkx1 (2) 

R = H12 − e− jks  

e jks  − H12 
e2 jkx1 . (3) 

Therefore, the absorption coefficient can be determined using Eq. 4: 

α = 1 − |R|2 . (4) 

H12 = Transfer function between two microphones 
HR = ejks 
H1 = e−jks 

R = Reflection coefficient 
α = Absorption coefficient 
P1 = Sound pressures of the incident wave (volt) 
P2 = Sound pressures of the reflected wave (volt). 

Test Equipment. The parameters for the impedance tube research apparatus are 
shown in Fig. 7 above. To make easy visual comparisons between the different 
specimens, the noise reduction coefficient (NRC), which is defined as the arithmetic 
mean value of SAC at 250, 500, 1000, and 2000 Hz, [2, 13], was calculated using
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Eq. 5: 

NRC = α250 + α500 + α1000 + α2000 
4 

. (5) 

The tested CG material can be classified into several classes, as seen in Table 3 
[14], depending on its SAC value. The best sound absorption is class A, B, C, D, 
E, and the worst is not classified. Accordingly, the sound absorption classes are 
determined by calculating the average sound coefficient values, as shown in Table 3. 

Fig. 7 Experimental setup 

Table 3 Sound absorption 
classes [14] Sound absorption class Absorption coefficient (α) 

A 0.90; 0.95; 1.00 

B 0.80; 0.85 

C 0.60; 0.65; 0.70; 0.75 

D 0.30; 0.35; 0.40; 0.45; 0.50; 0.55 

E 0.25; 0.20; 0.15 

Not classified 0.10; 0.05; 0.00
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3 Results and Discussions 

The SAC of the specimens is shown in Table 4, and the test results from the sound 
pressure data P1 and P2 were calculated using the MATLAB program. 

Furthermore, the graph in Fig. 8, which was plotted using the data from Table 4, 
shows that the diameter of the hole affects the SAC value (α). For sound absorption 
at a frequency of 7000 Hz, the diameter of the 2.5 mm hole had a lower SAC value 
(0.59) compared to 1 mm (0.66) and 1.5 mm (0.65) as well as the test sample without 
aluminum coating (0.69). 

Table 4 SAC of CG fibers for difference frequency 

Frequency (Hz) Perforated aluminum sheet 

Without hole 1 mm 1.5 mm 2.5 mm 

100 0.22 0.13 0.13 0.18 

125 0.43 0.37 0.32 0.39 

250 0.24 0.15 0.13 0.13 

500 0.26 0.19 0.17 0.19 

1000 0.27 0.22 0.19 0.17 

2000 0.35 0.28 0.27 0.26 

4000 0.47 0.39 0.35 0.3 

7000 0.69 0.66 0.65 0.59 

8000 0.37 0.35 0.36 0.34 

Fig. 8 SAC of different perforated plate
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Fig. 9 NRC for different hole diameters 

It turned out that the test sample coated with perforated aluminum reduced the 
SAC ability by an average of 0.05–0.1 (5–10%) compared to those without aluminum 
coating. This is because the incoming sound is reflected more than it is absorbed. 

Accordingly, the noise reduction coefficient (NRC) obtained was the arithmetic 
mean of the SAC at frequencies of 250, 500, 1000, and 2000, as shown in Table 4. 
Figure 9 shows a comparison of the computational results. At a 10 mm NRC thick-
ness, the absorption coefficient (α) obtained was 0.28. This indicated a 28% reduction 
in noise. In addition, the NRC for the test samples coated with aluminum having hole 
diameters of 1, 1.5, and 2.5 mm were 21, 19, and 18.75%, respectively. 

According to the findings, the uncoated test sample was able to reduce noise by 
28%, while the coated sample’s noise reduction ability was affected by the hole’s 
diameter. The larger the hole diameter, the smaller the noise reduction ability. This 
is because more sound comes to the surface area of the aluminum sheet and is 
reflected rather than absorbed by the test object through the total area of the hole in 
the aluminum. 

Furthermore, the sound absorption class was determined by calculating the 
average sound coefficient value (Table 3). The test sample without an aluminum 
sheet showed a sound absorption (α) class value of 0.3666. Contrastingly, the coated 
sample’s sound absorption class was equal to 0.2877, 0.2855, and 0.2833 for diam-
eters of 1, 1.5, and 2.5 mm, respectively. Table 4 shows that the CG fiber was cate-
gorized in absorption class D. However, they can also be categorized into class 
E.
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4 Conclusion 

The test sample coated with perforated aluminum reduced the SAC ability by an 
average of 0.05–0.1 (5–10%) compared to those without aluminum coating. This is 
due to the fact that the test sample reflected more sound than it absorbed. Furthermore, 
at a frequency of 7000 Hz, the uncoated sample’s SAC and NRC value obtained 
was 0.69 and 0.28 (28%), respectively. This proves that CG fiber is a good sound 
absorption material. The sample tested without aluminum coating can be categorized 
in classes D and E for perforated sheet diameters of 1, 1.5, and 2.5 mm. Admittedly, 
it is preferable to use uncoated fibers. 
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Experimental Study and Simulation 
of Light Truck Diesel Rear Suspension 
Failure 

Husaini, Faris Murtadhi, and Nurdin Ali 

Abstract The rear leaf spring of the light truck diesel vehicle tends to experience 
failure when passing through a potholed road carrying a load of 11,000 kg. There-
fore, it is necessary to determine the factors responsible for these failures using 
experimental and numerical studies to prevent the reoccurrence of similar cases. The 
experimental study includes visual inspection to determine the factors responsible for 
the breakdown based on the surface condition of the broken spring. This is in addition 
to using SEM observation to observe the fracture surface condition of fractography 
and the hardness test to evaluate the hardness value of leaf spring. To visualize the 
structure, a chemical composition test is employed to analyze the steel standard and 
microstructure observation. Meanwhile, the numerical study includes leaf spring 
modeling using Autodesk Inventor software, FEMAP 2022.1, and stress analysis. 
The chemical composition test showed that the leaf spring material complies with 
the AISI 5160 standard. The visual inspection consists of an initial crack, which 
is then observed on the SEM. The average hardness of the horizontal and vertical 
directions is 114.05 and 113.40 HRB, while for the outer surface, it is 114.36 HRB. 
Based on the observation, the structure of the pearlite phase is less than the ferrite, 
indicating that the leaf spring has more ductile properties. The stress intensity and 
toughness factors are 77.99 and 22 MPa m1/2, respectively. Therefore, the calculation 
results have fulfilled the equation (K I ≥ KIC). 

Keywords Numerical method · Fatigue · Failure analysis · Leaf spring · Stress 
intensity factor
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1 Introduction 

The main component of a car’s suspension system is the spring, comprising of coil, 
torsion bar, air, and leaf springs. Light truck diesel transport vehicles consist of leaf 
spring, which tends to receive lateral, torsional, and shock loads [1]. This spring 
type is significantly used in heavy vehicles due to its numerous advantages, such as 
low price, easy maintenance, and large load-carrying capacity. Generally, the leaf 
spring is designed with an eye that serves to connect it to the vehicle frame. The eye 
consists of two types, namely Berlin Eye and the Upturned Eye, mainly used by the 
colt diesel truck [2]. The study by Husaini et al. on leaf spring failure using a chemical 
composition test, SEM observation, and stress analysis with the finite element method 
showed that the leaf spring failure occurs due to material fatigue as indicated by the 
presence of a benchmark pattern on the fracture surface [3]. According to Eryuek 
et al., the cause of failure is due to the lack of safety factors in leaf spring fatigue; 
hence when the truck passes through a potholed road, it experiences a sudden fracture 
[4]. In October 2021, a light truck diesel vehicle experienced a fracture in the middle 
of the leaf spring number 2, namely the heart bolt section, as shown in Fig. 1. 

Therefore, this study aims to determine the cause of the failure in the rear leaf 
spring number 2 of the light truck diesel vehicle. This will enable drivers to anticipate 
the occurrence and avoid accidents.

Fig. 1 Leaf spring on truck 
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2 Study Procedure 

This study was carried out using experimental and numerical methods. The experi-
mental method includes visual inspection to observe the topography of the fracture 
surface carried out macroscopically and fractographically, microstructure observa-
tion to determine the phases contained in the specimen, and SEM observation on 
crack initiation found in visual inspection. Others include hardness test to determine 
hardness value and chemical composition test to evaluate the type of material used 
in leaf spring. The numerical method starts by making leaf spring modeling using 
Autodesk Inventor software and continues with stress simulation using FEMAP 
software. 

Materials. The components used in this study are a leaf spring with a carbon standard 
of 0.50–1.0%. A chemical composition test was also used to determine the type of 
material and the fracture of leaf spring number 2 as shown in Fig. 2. 

Visual Inspection. This is the process of observing a material to determine the 
possibility of failure based on the condition of the spring fracture surface. Information 
obtained through this process is in the form of patterns and special signs, such as the 
mechanism due to fatigue fracture, which consists of early cracks, propagation, and 
fracture [5]. Specific loadings experienced by a leaf spring can cause failure, which 
is determined based on the initial prediction of visual inspection [6]. 

Microstructure Observation. This is initiated by grinding the specimen until it 
is smooth using sandpaper and smooth using HCL and alcohol. The surface is also 
etched before being observed using an optical microscope to determine the material’s 
microstructure. This test is carried out to observe the grain and phase characteristics 
contained in the leaf spring. 

Hardness Test. It starts with cutting the sample close to the fracture surface on the 
leaf spring and then grounded until the surface is flat. The test is carried out on the 
outer and inner surfaces of the sample to determine whether the leaf spring has a 
uniformity of hardness. The hardness Rockwell test is used in the Zwick/Roell ZHV 
10 test.

Fig. 2 a Left surface of the spring, b right surface of the spring 
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Chemical Composition Test. A chemical composition test is carried out to deter-
mine the chemical elements in the leaf spring to be classified according to AISI or 
ASM standards [7]. This test starts with cutting the sample on the failed leaf spring 
and ground using sandpaper until the surface is clean and free from corrosion. The 
specimen is then placed in a spectrometer test machine and vacuumed for ± 4 h. The  
chemical composition test aims to determine the chemical elements contained in the 
sample; hence, the type of material used in the leaf spring can be known. 

Scanning Electron Microscope (SEM). This process aims to observe the fracture 
surface with the help of SEM tools to obtain information in the form of specimen 
surface topography. The observation starts with cutting the specimen on the leaf 
spring, which is suspected to be an initial crack, and then the sample is put into the 
SEM container. The sample is shot with electrons, and the reflected ones are captured 
by the detector in the SEM, with the results displayed on a computer monitor. 

Modeling and Analysis with FEM. The finite element method is a numerical process 
used to solve engineering problems. Stress analysis is based on the mechanical prop-
erties of the material FEMAP 2022.2, while Autodesk Inventor 2021 is used for leaf 
spring modeling. 

3 Results and Discussion 

Visual Inspection. The fracture occurs in the number two leaf spring on the 
center bolt with the visual inspection used to determine its rough, gray, and stringy 
characteristics, as shown in Fig. 3. 

Hardness Value. A hardness test is carried out on the sample and inside the spring 
surface to determine the homogeneous hardness in each part. The test is carried out 
horizontally and vertically on the inner surface. While on the surface, it is carried 
out on the top and bottom of the sample. Horizontal and vertical as well as the top 
and bottom surface hardness graphs are shown in Figs. 4 and 5.

The average from the spring hardness test in the horizontal and vertical directions 
is 114.05 and 113.04 HRB, respectively. These hardness values are close to the AISI

Crack propagation 

Fig. 3 Leaf spring macrostructure, a leaf spring fracture surface, b initial crack 
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Fig. 4 Horizontal and vertical hardness graph 
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Fig. 5 Top and bottom surface hardness graph

5160 standard hardness of 92 HRB. The difference in the value of 22 HRB is due 
to heat and spring surface treatments, such as shot peening during the production 
process. The leaf spring hardness value is evenly and uniformly distributed to all 
test points and produced in accordance with the steel specification standard. Finally, 
microstructure observation is made to ensure conformance. 

Fracture Surface Observation with SEM. Fractography of the fracture surface from 
SEM observation uses 1000× magnification. The result showed that the fracture is 
ductile due to its rough, gray, and stringy characteristics. The magnification results 
using the SEM test instrument showed that the initiation crack originates from the 
edge of the leaf spring specimen, and crack propagation occurs from the initial area. 
The SEM observation results are shown in Fig. 6.

Microstructure Observation. Microstructure observation is carried out with 200× 
magnification using an optical microscope to obtain the pearlite and ferrite phases, 
which are dark and light in color, respectively. Pearlite has relatively strong prop-
erties, good hardness, and ductility but low tensile strength and plasticity; hence,
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Fig. 6 SEM with 1000× 
magnification, Arrow A 
shows the direction of crack 
propagation

the brittleness value is high [9]. Meanwhile, ferrite has relatively weaker, softer, 
and more ductile properties. The microstructure observation results showed that the 
pearlite phase is less than the ferrite, thereby indicating that the leaf spring has more 
ductile properties. The microstructure of the leaf spring is shown in Fig. 7. 

Chemical Composition Test. In the chemical composition test, the carbon value in 
the leaf spring sample is 0.608, indicating that the steel is medium carbon. Based 
on the test results, the element’s chemical composition complies with the AISI 5160 
standard. Medium carbon steel has high ductility and easy machining with low wear 
resistance and hardness. Therefore, a heat treatment process is needed to change the 
properties of the material; hence, it can slow down the critical cooling rate during 
the hardening process and increase the hardenability of the alloy steel. Table 1 shows 
the test results for the chemical composition of the material on the leaf spring.

Mechanical properties of AISI 5160 steel were obtained based on material 
standards known from the chemical composition test, as shown in Table 2.

Fig. 7 Leaf spring 
microstructure Pearlite Ferrite 
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Table 1 Chemical 
composition of leaf spring 
material 

Elements Test results AISI 5160 

Iron, Fe 96.0 97.085–97.84 

Manganese, Mn 0.939 0.750–1 

Chromium, Cr 0.751 0.7–0.9 

Carbon, C 0.608 0.560–0.640 

Phosphorous, P 0.0318 ≤ 0.0350 
Silicon, Si 0.174 0.150–0.3 

Sulfur, S 0.0318 ≤ 0.04

Table 2 Mechanical 
properties of AISI 5160 steel Mechanical properties Value 

Tensile strength 724 MPa 

Elasticity modulus 190–210 GPa 

Bulk modulus 140 GPa 

Shear modulus 80 GPa 

Poisson’s ratio 0.27–0.30 

Hardness, Rockwell B 92 HRB 

Load Distribution on Spring. The standard maximum load assuming the load is 
evenly distributed on all four truck wheels and is determined using Eq. (1). 

F = 
m × g 

4 
(1) 

Before the leaf spring fractures, the truck carries a load of ± 11,000 kg with ten 
leaf springs. The chassis weight of the vehicle is 2530 kg, while the gross vehicle 
weight is 8250 kg. 

The maximum load receivable by a spring before and after it fractures are 20,212 
and 26,950 N. The calculation results showed that the load on the truck exceeded the 
maximum standard limit of 8250 kg. 

Stress Analysis with FEM. The analysis is carried out in a static state using a spring 
load of 26.950 N or 2.748 kg. Stress analyses from the finite element method are 
in the form of color contours with red and purple indicating the highest and lowest 
values. The analysis results obtained are in the form of stress–strain distribution. 

The stress simulation shows the distribution of von Mises stress on the leaf spring 
as indicated by color, whereby the maximum and minimum values at 272,637 and 
0.01092 MPa, are indicated using red and purple. The maximum stress is shown in 
Fig. 8.

Finite element modeling was accompanied by an initial crack of 0.2 mm marked 
with a red arrow, obtained based on the visual inspection of the fracture leaf spring 
surface. The four nodes observed in the area around the crack are shown in Fig. 9.
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Fig. 8 Maximum stress around the crack

Fig. 9 Nodes observed around the crack 

Stress Intensity Factor Analysis. This is a value that indicates the stress intensity 
at the crack tip. Failure/crack propagation in the material occurs when the stress 
intensity factor value due to the applied load is equal to or greater than the fracture 
toughness value (KI ≥ KIC). The fracture toughness value in leaf spring steel SAE 
5160 is 22 MPa m1/2 [10]. 

The stress intensity factor is carried out around the crack tip to determine the 
maximum stress. KI on the crack tip for Mode I can be calculated using Eq. (2) as  
follows: 

K1 = σxx  ·
√
2πr

(
cos θ 

2

)[
1 − sin

(
θ 
2

)
sin

(
3θ 
2

)] (2) 

where
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Table 3 Stress intensity factor value 

No. Node σ (MPa) r (m) θ KI (MPa m1/2) 

1 7376 152.07 0.0009 98 29.58 

2 65,394 647.32 0.0021 93 204.18 

3 14,970 162.26 0.0017 107 38.52 

4 35,658 115.53 0.0031 153 39.69 

Average 77.99 

σ = Stress (MPa) 
KI = Stress intensity factor (MPa m1/2) 
r = Distance from crack tip to node 
θ = Angle from crack tip to node. 

The calculation results of the stress intensity factor KI at each point/node observed 
around the crack are shown in Table 3. 

The calculation results in Table 3. show that the average KI obtained from the 
finite element method analysis is 77.99 MPa m1/2, while the KIC is 22 MPa m1/2. 
This value fulfills the failure requirement where KI (77.49 MPa m1/2) >  KIC (22 
MPa m1/2). 

4 Conclusion 

Based on the analysis and calculation results of the leaf spring failure, the following 
conclusions were drawn: 

1. The load the leaf spring receives before it fails is 26,950 N, greater than the 
spring’s ability at 20,212 N. 

2. The type of fatigue failure based on visual inspection of the fracture surface is 
crack initiation. 

3. The stress intensity factor (K I) around the crack tip is greater than the fracture 
toughness value of the material at 77.99 MPa m1/2 > (KIC) 22 MPa  m1/2; hence, 
it spreads, and the calculation results fulfill the equation (K I ≥ KIC). 
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Processing and Characterization 
of Bioepoxy Reinforced Hybrid 
Composites 

K. Balasubramanian and N. Rajeswari 

Abstract Material science has shaped the development according to the civiliza-
tion since the mankind has survived. Composite materials are being used nowadays 
where less weight, high mechanical performances, resistant to fire, water and chem-
ical resistant, excellent damping, fatigue and other properties are essential. The role 
of composite materials is significant in more promising areas like aerospace, automo-
tive, constructions even if they have some disadvantages like high cost, high density 
and huge weight. In this work, a hybrid composite is prepared using bio-based fibres 
such as ramie, areca and sisal as these bio-reinforcements are eco-friendly, renew-
able and excellent strength. Mechanical parameters like tensile, compressive, flexural 
and impact strength are measured to check its suitability to replace the conventional 
materials. 

Keywords Composite material · Fibres · Fabrication ·Mechanical property ·
Analysis 

1 Introduction 

The introduction of composite materials has changed the world, and those materials 
are insignificantly employed in many fields like civil, automobile and aerospace as 
a substitute for conventional materials. Composite materials, having the superior 
mechanical properties, are divided into three types such as fibre reinforced polymer 
(FRP’s) matrix composite and ceramic matrix composites (CMCs) and metal matrix 
composites (MMCs).
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Table 1 Properties of natural fibre 

Fibre Density (g/ 
cm3) 

Tensile strength 
(MPA) 

Young’s modulus 
(GPA) 

Elongation 
break (%) 

Moisture 
content (%) 

Cotton 1.5 345–110 27.6 2.7–3.2 10.0 

Areca 1.5 400 12.0 3.0–10.0 15 

Ramie 1.5 400–938 61.4–128 1.2–3.8 12.6 

Sisal 1.4 468–640 9.4–220 3.0–7.0 11.0 

Coir 131–175 4.0–6.0 4.0–6.0 15–40 8.0 

Jute 1.3–1.4 690 30–601.6 11.6 10.8 

Metal Matrix Composite, a polymer matrix with at least two constituents, is used in 
tungsten carbide cutting tools, automobiles, etc. The MMC’s high Young’s modulus, 
good processability, economic efficiency and better thermal and electrical conduc-
tivity make it suitable to use in space shuttles amidst its high cost and immature 
technology. 

Ceramic Matrix Composites, a subgroup of composite materials and a subgroup of 
ceramics, have the ceramic fibres embedded in a ceramic matrix which has excellent 
wear and high hardness. The ceramic matrix, aluminium nitride, silica nitride, etc., 
possess general properties such as anisotropic, thermal conductivity, lower cost and 
easy processing. 

Fibre Reinforced Composites, in which polymer matrix is embedded with fibres. 
The fibres are usually glass, carbon, paper, pulp, wood and asbestos. FRPs are mainly 
used in aerospace, military, marine, sporting goods applications, infrastructure, etc. 
The main properties of FRPs are non-corroding behaviour, high internal damping, 
etc. 

However, the materials are made by different compositions of different matrices, 
and composite materials do not withstand at high mechanical loads sometimes due 
to poor strength and heterogeneous density at outer planes. This may overcome by 
introducing hybrid composites which is a reinforcement of two or more materials, and 
the most common hybrid composite material is epoxy fibre–glass and carbon–aramid 
with epoxy reinforcement which offer high resistance and impact to the materials. 

The properties of natural plant fibres are shown in Table 1. 

2 Literature Review 

Veerarajumaddela et al. [1] had discussed different types of hybrid composites and 
their mechanical properties, applications, merits and demerits including morpho-
logical analysis. In the study, hybrid composites like Al/Sic/FA, Al/Ceramics/BLA 
and Al/Ceramics particulates/RHA were fabricated and revealed the increase in the 
content of ceramic increases the hardness of the fibres linearly.
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Balasubramanian et al. [2] fabricated composite materials using both synthetic and 
natural fibres and chemicals used along with natural fibre to yield better strength. 
From thermal test and water absorption test, it was concluded that synthetic fibre 
in hybrid composites could be replaced by the natural fibres. Prabhuram et al. [3] 
had fabricated the materials out of wood sample, cashew powder and combina-
tion of husk cashew powder to form matrix. From the experimental analysis of the 
prepared samples, it is found that the combination of husk and wood sample give 
better mechanical properties and elongation properties. 

Priyanka et al. [4] discussed the various properties of hybrid composites and 
reported the impact and other mechanical properties of high resistance fibres like 
carbon glass fibre and Kevlar. In the study, the major parameters, namely geometry of 
projectile, impact velocity reinforcement of matrix materials, have been considered. 
Kumar et al. [5] fabricated the material with graphite and epoxy resin and reported 
that the porosity decreased when the epoxy was increased and also revealed the 
amalgamation of two materials enhanced the strength of composites. 

Shireesha et al. [6] had analysed the properties of natural fibres like cotton, jute 
and measured the compressive and tensile strength including morphological analysis 
for different stacking sequences. The results demonstrated the tensile and compres-
sive strength increased with an increase in epoxy content but the flexural strength 
increased up to some point after which it came down to medium and low ranges with 
respect to the fibre sequence. 

Vieira et al. [7] discussed the effects of fibre treatment, and various manufac-
turing methods had tested the mechanical properties like tensile, compressive on 
both treated and untreated fibres. Srinivasa et al. [9] had tested the mechanical prop-
erties of areca-based reinforced composites treated with alkali and concluded the 
increase of treated areca volume fraction increases the strength of composites. 

Damodhiran et al. [10] had prepared a hybrid composite using the glass–fibre– 
coconut coir–human hair, tested the tensile, compressive, flexural properties and 
reported the hybrid had higher flexibility and strength. Padmaraj et al. [11] tested  
the mechanical properties of alkali-treated fibre reinforced biodegradable composite 
material and revealed the alkali treatments improve the adhesion properties between 
matrixes which led to the superior mechanical properties. 

Amico et al. [12] discussed the characterization and fabrication of ramie-glass 
fibre reinforced polymer of matrix–hybrid composites. The test results showed 
increase in volume fraction of ramie fibre content increased the thermal stability 
and other mechanical properties. Chandra Sekhar et al. [13] evaluated the mechan-
ical properties of hemp–ramie–fibres reinforced with epoxy composites and studied 
the orientation degree of fibre loading at different angles like 30, 90 and 60 and also 
the damping factor. 

Gokulkumar et al. [14] discussed ramie/GFRP fabrication and the test on mechan-
ical properties like tensile and compressive showed the hybrid composite has good 
tensile and flexural strength as high as 1.03 KN. It is found that the properties of the 
natural fibre reinforced composites improved by hybridizing it with high-strength 
synthetic fibres like glass. Mechanical properties of the composites were found to be 
increased with an increase in the amount of glass fibre in the hybrid. Mohan Kumar
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[15] studied the properties and fabricated areca reinforced fibre composites. Various 
mechanical properties measurement on the prepared specimen showed areca-based 
phenol formaldehyde composites had good tensile strength. 

The literature study reveals that the development of composite materials aims to 
produce a material that has high specific strength, wear resistance, good strength-
to-weight ratio suitable for all applications like where fuel economy with improved 
engine performance is decisive criteria. This paper concerns with the development 
of a new hybrid composite using Ramie fibre, Sisal fibre and Areca fibre, and based 
on the qualities of these selected fibres, the required resin and hardener are chosen. 
To identify its strength as substitute to other composites which can be made out 
of other constituents, the mechanical properties of the developed eco-friendly and 
biodegradable composites with different arrangements are measured and compared. 

3 Composites Fabrication and Testing 

The composite material is prepared using basic hand layup method which involves 
laying prepreg piles onto tool by hand to create laminate structures. In this work, 
tri-directional areca fibre, sisal, ramie fibre is used as reinforcements and epoxy are 
taken as matrix material. Six specimens are prepared (shown in Fig. 1) placing the 
selected fibre woven mat in different layers using low-temperature curing epoxy resin 
and hardener, and the test is done to study its properties like tensile strength, flexural 
strength, load carrying capacity and deflection. The arrangement of woven mat in 
the six specimens is tabulated in Table 2. 

Fig. 1 Fabricated specimen for test
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Table 2 Woven mat layer arrangement 

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5 Specimen 6 

Ramie Ramie Areca Areca Ramie Areca 

Areca Areca Ramie Ramie Ramie Areca 

Sisal Sisal Sisal Sisal Sisal Sisal 

Ramie Areca Areca Ramie Ramie Areca 

Areca Ramie Ramie Areca Ramie Areca 

4 Result and Discussion 

This chapter deals with the behaviour of hybrid composites, and the detailed analysis 
of fibre content embedded in material reveals its effect on the capability of the 
specimen’s withstanding capabilities under different types of loads. 

From Table 3, it is evident that Specimen 5 (ramei-ramei-sisal-ramei-ramei) 
possess increased tensile strength, flexural strength and impact resistance property 
and least percentage elongation and hardness when compared to other combination 
of hybrid composites taken for investigation. This may be because with reference 
to Table 1, it can be understood that the fibres ramie and sisal, the constituents of 
Specimen 5, are individually better in tensile, flexural and impact strength property 
and poor in elongation and hardness property in comparison with areca. 

Specimen 6 (areca-areca-sisal-areca-areca) composite has proved to be a better 
performer in terms of percentage elongation and hardness property and least 
performer in terms of tensile, flexural and impact resistance property. This is because 
with reference to Table 1, the areca and sisal, the constituents of Specimen 6 are indi-
vidually better in elongation and hardness property and lesser in strength in terms of 
tensile, flexural and impact property when compared with ramei. 

Hence, it is inferred from Table 2 that the areca, ramei, sisal hybrid composites 
(Specimen 1, 2, 3 and 4) have shown improvement in overall mechanical properties 
in terms of hardness, percentage elongation, tensile, flexural and impact strength. 
Hence, the further investigation is to derive the best performer among the areca, 
ramei, sisal hybrid composites (Specimen 1, 2, 3 and 4) which have been fabricated

Table 3 Mechanical properties of different specimens 

Specimen ID Tensile strength 
(MPa) 

Elongation % Flexural 
strength (MPa) 

Hardness 
(HRB) 

Impact 
strength (J/m) 

Specimen 1 36.01 7.4 77.21 62.6 72.38 

Specimen 2 37.81 6.2 79.34 65.5 72.18 

Specimen 3 36.19 7.6 77.46 63.3 72.71 

Specimen 4 35.86 6.5 76.24 67.3 72.91 

Specimen 5 38.51 5.4 80.34 52.2 75.23 

Specimen 6 34.39 8.1 68.87 70.1 70.13 
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Fig. 2 Comparison of mechanical properties of areca, sisal, ramei altered sandwiched hybrid 
composites 

by altering the layers of sandwich. This inference from Table 2 is clearly depicted in 
Fig. 2. 

Specimen 2 (ramei-areca-sisal-areca-ramei) shows an increased tensile strength of 
37.81 MPa and increased flexural strength of 79.34 Mpa, whereas Specimen 4 (areca-
ramei-sisal-ramei-areca) is of least tensile and flexural strength when compared 
among all other altered sandwiched composites of ramei-areca-sisal investigated 
in this paper. 

Specimen 4 (areca-ramei-sisal-ramei-areca) has proved to be better in hardness 
and impact strength with the values of 67.3 HRB and 72.91 J/m, respectively, whereas 
Specimen 1 (ramei-areca-sisal-ramei-areca) shows least hardness and Specimen 2 
(ramei-areca-sisal-areca-ramei) possess least impact strength, when compared with 
other altered sandwiched composites of ramei-areca-sisal. 

When checked for ductility, the elongation property of Specimen 1 (ramei-areca-
sisal-ramei-areca) was found to be more, i.e. 7.4% but the least elongation charac-
teristic is observed in Specimen 2 (ramei-areca-sisal-areca-ramei), when compared 
with other altered sandwiched composites of ramie-areca-sisal. 

It is understood from Fig. 2 which depicts that Specimen 2 (ramei-areca-sisal-
areca-ramei) excels in the overall mechanical properties when compared with other 
five specimens investigated for altered sandwiched hybrid composites in this paper. It 
is also noted that Specimen 1 (ramei-areca-sisal-ramei-areca) and Specimen 3 (areca-
ramei-sisal-areca-ramei) did not show any significant difference when compared with 
each other for each of their mechanical properties and also their net increase in the 
overall mechanical properties (Fig. 3).



Processing and Characterization of Bioepoxy Reinforced Hybrid … 655

Flexural Strength (MPa) 
Tensile Strength (MPa) 

Impact Strength (J/m) 
% Elongation 

Hardness (HRB) 

300 

250 

200 

150 

100 

50 

0 
Specimen 2 Specimen 4 Specimen 3 Specimen 1 Specimen 5 Specimen 6 

Fig. 3 Excellency hierarchy in overall mechanical properties of areca, sisal, ramei altered 
sandwiched hybrid composite 

5 Conclusion 

In the present work, the biofibre composite of areca, ramie and sisal by altered sand-
wiched fabricated specimens was evaluated for their mechanical properties. Based 
on the experimental investigation, the following conclusion can be made.

• The ramei-ramei-sisal-ramei-ramei sandwiched composite can be used for appli-
cation demanding for tensile strength, flexural strength and impact resistance 
property. But this combination doesn’t contribute effectively for ductility and 
hardness property.

• The areca-areca-sisal-areca-areca combination composite exhibits adequacy in 
the ductility and hardness property. However, the tensile, flexural and impact 
strength are lesser when compared to other combination of composites examined 
in this paper.

• The ramei-areca-sisal-areca-ramei sandwiched combination has exceled in net 
increase in overall mechanical properties under consideration, when compared to 
any other combination of composite.

• The ramei-areca-sisal-ramei-areca sandwiched specimen and the areca-ramei-
sisal-areca-ramei sandwiched specimen didn’t show much difference with each 
other with regard to each of their mechanical properties tested values and thereby 
no difference in their net increase in the overall mechanical properties. So both 
the combination has same effect on their mechanical properties.
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and ASS 304L Using ER316L Filler 
on Mechanical Properties 
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Abstract The effect of welding parameters on the mechanical properties of weld 
joints of dissimilar metals (dissimilar metals) between Armour steel and ASS 304L 
stainless steel greatly affects the quality of the welds. This research was carried out 
by the GTAW process with a variation of the welding current at 100, 110, and 120 A. 
Mechanical properties of welded joints were analysed including tensile testing and 
hardness testing, to determine the strength of the welded joint and the distribution 
of hardness in the heat-affected area (HAZ). The highest hardness test value was 
found in the 110 A specimen, which is 527.6 HV in the HAZ Armour area, and 
there is a correlation to the tensile test results that the fracture occurs in the area 
of low hardness. The results of the highest tensile strength test were found in the 
110 A current specimen at 626,154 MPa with a yield strength of 406.779 MPa. The 
fractures for all specimens occurred in the fusion line region towards ASS 304L. The 
welding parameters appropriate for welding dissimilar steel between Armour steel 
and ASS 304L can be used as a reference for welding military transformation tools 
and reducing production costs. 
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1 Introduction 

Welding is a technology that plays an important role in the industrial world, especially 
in the manufacturing sector. Welded joints with different materials (dissimilar metals) 
have been widely used. Welding of dissimilar metals has different properties due to 
the reaction between different elements of the two metals. Dissimilar welding is a 
metal welding process with different physical, mechanical, thermal, and metallurgical 
properties, so research is needed for the connection [1]. Armour steel is a material 
that has bullet resistance properties (ballistics) which are usually applied specifically 
for military vehicle transportation. The characteristics of this metal bullet-resistant 
material have elements of Nickel (Ni), Chrome (Cr), and Molybdenum (Mo). Armour 
steel belongs to the medium carbon group with a carbon percentage of 0.34%. Typical 
Armour steels contain carbide forming elements, usually, molybdenum, chromium, 
and austenite forming elements, such as manganese and nickel as well as some 
carbon, and high-toughness steels can withstand ballistic impacts [2]. 

Austenitic stainless steels are stainless steels containing 18% Cr and 8% Ni. The 
advantages of materials that have these elements are that they are not easily oxidized 
by water and air, have anti-rust properties and are resistant to exposure to extreme 
temperatures. One of the stainless steels that is often used is type 304L, “L” which 
means low carbon. One of the characteristics of this material is its low thermal 
conductivity and its susceptibility to thermal expansion during the welding process, 
these are factors that can cause deformation and crack. Welding unlike Armour 
steel with ASS 304L stainless steel aims to streamline production costs. Based on 
these factors, the Gas Tungsten Arc Welding (GTAW) process was chosen to weld 
austenitic stainless steel because it produces a fairly narrow heat affected zone (HAZ) 
[3]. The heat-affected zone (HAZ) is the metal in contact with other metals in the 
welding process resulting in rapid thermal cycling and cooling of the weld joint in 
the welding process. The grains in the HAZ region change shape from flat and long 
in the weld metal region, to an elliptical and almost round shape [4]. 

The GTAW process is welding using a flame arc generated by a fixed tungsten 
electrode. The filler is made from the same or similar material as the material being 
welded and separated from the welding torch [5]. Process parameters have an impor-
tant role in produce quality welds. One of these parameters is the current used during 
the welding process. The variation of the GTAW process flow results in differences in 
the physical and mechanical properties of the HAZ material. The current variations 
used are 100, 110, and 120 A using ER316L filler. This research was conducted 
to obtain optimal parameters for GTAW joints of non-steel Armour and ASS 304L 
using ER316L filler.
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2 Materials and Methodology 

GTAW is a process of joining two metals by melting the added material on the part to 
be joined using tungsten electrodes [6]. The GTAW process can be carried out using 
a protective gas, without the application of pressure, and using with the addition 
of materials in the form of filler metal. The shielding gasses commonly used in 
this welding process are helium, argon, or a combination of helium and argon. The 
function of the shielding gas is to avoid oxidation due to the influence of air around 
the weld which causes porosity [7]. The material used is ASS 304L plate and steel 
Armour with a size of 300 × 125 × 5 mm. The size formed for the V groove butt 
weld refers to the ISO 9692-1 standard (Fig. 1). 

The welding process requires a shielding gas to protect against impurities [8]. 
Welded materials that use shielding gas differ from welded materials that do not 
use shielding gas. Visually, the material that is welded using shielding gas will look 
cleaner, and there will be no weld defects such as porosity. As for the material being 
welded without using a shielding gas, porosity defects will appear with an indication 
of a black smooth round shape. Incomplete penetration will also occur, this is a type 
of welding defect which indicates that the weld root does not meet the two sides 
of the weld metal [9]. A filler rod is a filler metal or so-called filler metal used in 
the GTAW process. Welding with stainless steel material, commonly used fillers are 
ER308L, ER309L, and ER316L. Alloy ER316L is particularly suitable for welding 
low-carbon molybdenum austenitic alloys (Table 1). 

Armour steel is a material that has bullet resistance properties that are usually 
applied specifically for military transportation. Table 2 is a table of chemical compo-
sition and mechanical properties of Armour steel [11] and the spectro test of ASS 
304L and Armour steel. The mechanical properties of Armour steel are shown in 
Table 3.

Austenitic stainless steels are a group of alloy steels with special properties. The 
main properties of this material are high corrosion resistance, ease of formability

Fig. 1 The welding specimen and the welding angle 

Table 1 The chemical compositions of ER316L [10] 

Weight% C Mn Si Cr Ni S P Mo Cu 

ER316L 0.04–0.08 1.0–2.5 0.30–0.65 18–20 11–14 0.03 
max 

0.03 
max 

2–3 0.75 
max 
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Table 2 The chemical compositions of armour steel [11] and the spectro test of ASS 304L and 
armour steel 

Type Composition, WT% 

C Mn Ni Cr Mo S Cu Fe others 

Armour 
steel 

0.29 1.41 0.27 0.55 0.19 0.008 0.083 96.72 0.4 

ASS 
304L 
(spectro 
test) 

0.27 1.48 7.82 18.2 0 0.001 0.025 71.8 0.56 

Armour 
steel 
(spectro 
test) 

0.349 0.308 1.55 0.28 0.58 0.002 0.01 96.6 0.26 

Table 3 The mechanical properties of armour steel [12] 

Materials Ultimate tensile strength (MPa) Elongation (%) Hardness (HV) 

Armour steel 1775 14 495

and high malleability. One of the types of stainless steel that was often used is 
type 304 L. The chemical composition of stainless steel type 304 L were 17–25% 
chromium (Cr) and 8–20% nickel (Ni). The material has an Face Centred Cubic 
(FCC) crystal structure, which are non-magnetic, non-hardenable, formable, and has 
good weldability [13]. 

The mechanical properties of a material can be known through a test, one of which 
is a tensile test. The principle of this test is to provide a sufficiently large tensile force 
and a strong grip to prevent the material from detaching when a tensile force is applied 
[14]. Hardness is the ability of a material to resist penetration (stress). Micro Vickers 
is a method in which the specimen (test object) is emphasized by using a press object 
(diamond indenter) in the shape of a pyramid with a square base and an angle of 136 
degrees facing each other [15]. 

Welding will be carried out after the tack weld process on bot specimens has been 
completed. Then, the specimen was put on the welding table in the 1 G position and 
tightened with clamps for the fixed position of the specimen. Welding parameters 
are shown in Table 4. The ASS 304 welded material and Armour steel were cut into 
sections according to standards for the further testing. Figure 2 shows the layout for 
cutting specimen for the tested.

The hard testing process was carried out using a digital hardness testing machine 
Mitutoyo HM-122 with a Hardness Vickers (HV) unit loading 200 gf and the distance 
between points of 250 m. The areas that were tested were weld metal (weld metal), 
HAZ, and base metal. As shown in Fig. 3.

Tensile testing is carried out in the transverse direction. Tests were carried out 
to determine the tensile strength of welded specimens of 100, 110, and 120 A. The
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Table 4 Welding parameters 

Weld parameters Material 

Welding speed 
(mm/s) 

Current (A) Filler metal 
diameter (mm) 

Tungsten electrode 
diameter (mm) 

Argon (kgf/cm2) 

1.02 100 2.4 2.4 12 

1.02 110 

1.02 120 

Fig. 2 Specimen test layout 
(a tensile test specimen; 
b hardness and 
metallographic test 
specimen)

Fig. 3 Hardness test distance and area

tensile test specimen complies with the 1981 JIS Z 2201 standard with dimensions 
as shown in Fig. 4.

3 Results and Discussion 

Hardness testing was carried out with the Vickers Hardness test equipment, and the 
results of the hardness distribution on the weld specimen were obtained as shown in 
Fig. 5.
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Fig. 4 Tensile test specimen

Fig. 5 Hardness test graph 

Based on Fig. 5, the distribution of hardness values generally forms the same 
pattern or graph, namely the hardness in the heat affected zone (HAZ) Armour area 
is relatively higher than the weld metal (WM) and base metal (BM) areas. This 
happens because of the rapid freezing process of the liquid phase during the welding 
process. The highest hardness value occurs at a current of 110 A in the HAZ Armour 
area of 527.6 HV and the lowest hardness value occurs at a current of 100 A in the 
WM area which is close to HAZ or can be called a fusion line, which is 146.8 HV. 

Tensile testing is carried out to determine the value of the tensile strength of 
welded specimens with different currents of 100, 110, and 120 A. Figure 6 shows 
that the graph of the tensile test result with the lowest tensile strength value was 614 
MPa and the yield strength of 355 MPa for the current at 100 A. The highest tensile 
strength value was 626 MPa with the current at 110 A, and the yield strength of 406 
MPa. Based on the data, it can be concluded that the optimal tensile strength value 
was at the 110 A.

Figure 7 shows the tensile test results for specimens 100, 110, and 120 A. The 
fracture locations of all specimens are in the fusion line area of the ASS 304L material. 
Overall, the fault position is indicated to be in an area of low hardness.
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Fig. 6 Tensile test graph

Fig. 7 Fault position of 
tensile test specimen
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4 Conclusions 

The highest hardness test value was found in the 110 A in the HAZ Armour area and 
there is a correlation to the tensile test result that the fracture occurs in the area of 
low hardness value. The tensile strength value was found at the 110 A of 626 MPa 
with the yield strength of 406 MPa. The fault location for all specimens occurred in 
the fusion line area in the direction of ASS 304L, so that from the tensile strength 
test result and hardness the most optimal current used at 110 A. The results of the 
hardness test and the tensile test can be concluded that the most optimal current in 
the GMAW process for metal Armour steel and ASS 304L using ER316L filler at 
110 A. 
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