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To the new generations of engineers working 
for a sustainable world…



Preface 

The 2nd Energy Security and Chemical Engineering Congress (ESChE 2021) was 
organized by Center for Research in Advanced Fluid and Processes (Fluid Centre), 
Universiti Malaysia Pahang (UMP) in partnership with Nguyen Tat Thanh University, 
University of Stavanger and Ton Duc Thang University during November 3–5, 2021. 

The objective of ESChE’21 Congress is to provide a platform to discuss ideas and 
latest research findings especially in energy, environment, chemical and thermal engi-
neering fields. With the theme “Sustainable Technological Solution for a Better 
World”, ESChE 2021 is meant to offer a scientific platform for researchers from 
all around the globe to present their research. The papers submitted to ESChE’21 
Congress were single-blind peer-reviewed, at least by two independent referees. A 
brief overview on the ESChE’21 Congress reveals the following: 102 presented 
papers in the conference, 3 invited keynote speeches, 1 plenary presentation, 5 
conference sections in which the papers were distributed, 126 participants from 
4 countries (Malaysia, Thailand, Vietnam and Indonesia). Professors and notable 
specialists in the fields of mechanical and chemical engineering from Universiti 
Putra Malaysia, University of Stavanger, Norway and PETRONAS Malaysia were 
invited as keynote speakers. The technical session presentations were allocated 15 
minutes for the presentation and 5 minutes for comments, questions and answers, for 
a total of 20 minutes for each paper (both presentation and Q&A). During each tech-
nical session, the best papers were chosen and honored based on technical, quality 
and presentation. 

We would like to thank the Organizing Committee for their significant contribu-
tion to the success of ESChE 2021. We also like to convey our heartfelt gratitude 
to everyone who assisted with the review process and contributed to improve the 
scientific value and quality of the proceedings. We also appreciate the participation 
of the authors, as well as the presenters and attendees of the ESChE 2021. We wish 
to welcome them, as well as new attendees, to the ESChE 2023 event. We also want
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viii Preface

to thank Springer Publisher for publishing the conference proceedings as a book 
(Lecture Notes in Mechanical Engineering). 

Pekan, Pahang, Malaysia Dr. Nasrul Hadi Johari 
Editor, ESChE’21



About This Book 

Mechanical engineering is a field that is continuously evolving as a profession 
to provide sustainable design, products and technologies for society. Mechanical 
engineering products, in conjunction with technological advances in other sectors, 
contribute to noise, water and air pollution, and the degradation of land and landscape. 
The rate of production, both energy and products, is increasing at such a rapid rate that 
natural regeneration can no longer sustain. Emission control is a fast-growing topic 
for mechanical engineers and others, encompassing the development of machines 
and processes that produce fewer pollutants as well as new materials and processes 
that can decrease or eliminate pollution that has already been generated. And, in 
an increasingly environmentally conscious world, the concept of sustainability is 
also intrinsically important to the success or failure of any engineering product or 
processes. Mechanical engineers thus play a central role in applying a truly modern 
approach for enabling the global transition to green energy and sustainable prac-
tices. To address climate change, researchers are progressively looking into a wide 
range of novel solutions for energy conversion, engine efficiency, alternative fuels, 
nature-inspired materials, enhanced manufacturing processes and so on. 

In this context, this book presents part of the proceedings of the Mechanical 
and Materials track of the 2nd Energy Security and Chemical Engineering Congress 
(ESChE 2021) as presented by the academics, researchers and postgraduate students. 
The book provides insights into different aspects of mechanical processes, nanoma-
terials and alternate fuels that set the stage for development of sustainable techno-
logical solutions. The content of this book will be useful for students, researchers 
and professionals working in the areas of mechanical engineering, materials, energy 
technologies, optimization and allied fields.
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x About This Book

Highlights 

• Discusses the energy recovery issues, alternative fuels and nanolubricants. 
• Provides a snapshot of advanced technology in automobiles and manufacturing 

processes. 
• Covers design, simulation and finite element modeling of equipment and 

processes.
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Prospects of Energy Recovery 
in Offshore Oil and Gas Operations 

Qi Yun Koh, Srithar Rajoo, and Kuan Yew Wong 

Abstract Offshore oil and gas platforms are one of the energy industries that 
generate huge amount of waste heat and CO2 emission that cause environmental 
impacts. This paper performed an investigation on the potential source of waste heat 
on the offshore oil and gas operation. Brief explanation on the standard operating 
strategy of the offshore platform was given and the processes that released huge 
amount of recoverable waste were emphasized. The waste heat recovery (WHR) is 
a method of capturing and transferring the waste heat from a process with gas or 
liquid to the system as an additional energy source. Technologies that were utilized 
by previous researchers were reviewed and the future direction on the waste heat 
recovery of offshore operation was described. The oil extraction and processing 
platform which is also known as the “Central Power Platform” was discovered to be 
the main source of waste heat and the processes involved were the potential candi-
dates for waste heat recovery. Although there have been studies utilizing different 
technologies on the waste heat recovery of offshore oil and gas sector, more improve-
ment could be made in the future to the efficiency of the power system by applying 
other WHR technologies such as turbo compound or combination of several WHR 
technologies to recover more waste heat, hence reducing environmental impacts. 

Keywords Oil and gas ·Waste heat recovery · Offshore platform 

1 Introduction 

A country’s long-term economic growth critically depends on a safe and reliable 
energy supply. Nevertheless, environmental issues such as air pollution, ozone layer 
depletion and climate changes are continuing to happen nowadays due to non-stop 
industrialization that leads to increase in the global consumption and the growing of
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CO2 concentration level. According to the forecast made by the experts, if the CO2 

concentration level continue to increase from 440 to 450 ppm, the global temperature 
will raise by 2 °C and the environmental problems will becoming more serious [1]. 
Without new policies to confine the energy consumption, the CO2 emission produced 
by the energy industries will continue to grow at a rate of 130% by 2050 [2]. Hence, 
actions should be taken to reduce the Greenhouse Gases (GHG) or CO2 concentration 
to an acceptable level. 

There are several energy industries that contribute to these global problems and 
offshore oil and gas platform is one of the major contributors. Nguyen et al. [3] had 
stated that in 2011, the total GHG emissions of Norway coming from the oil and gas 
extraction sector reached 26% which is quite a big portion from the overall emission. 
Besides, 55 and 39% from the overall CO2 emission in Malaysia in 2015 and 2020 
respectively are related to energy industries as stated in the Malaysia Biennial Update 
Report to the United Nations Framework Convention on Climate Change (UNFCCC) 
[4]. Although there is a clear dropping of CO2 emission coming from the energy 
industries, effort still needs to be made to reduce it further for mitigating climate 
change impacts. The offshore oil platform is also one of the energy industries that 
generates large quantity of waste heat to the atmosphere which contributes to a 
significant amount of carbon dioxide. 

Recently, as the environmental awareness has increased, more attention has been 
paid to reduce the GHG emissions and energy demand for offshore oil platform. 
Since 2013, the National Corporate GHG had launched the carbon and Environ-
mental Reporting Program in Malaysia which targeted to minimize the emission 
by stimulating private companies to measure and disclose their GHG emissions so 
that actions could be made wisely. Thus, from the economic and environmental 
aspects, improving the performance and efficiency of power systems in offshore oil 
and gas sectors have become an area of focus. There are several studies conducted 
to discover techniques to enhance the power generation efficiency by utilizing the 
potential and accessible source of waste heat energy. This paper discussed the main 
areas or processes to be focused as the potential sources of energy recovery on the 
offshore oil and gas operation and the future direction of the WHR in this field. The 
basic operating manner of an existing offshore oil and gas platform and type of waste 
heat produced are explained in the sections below. 

2 Overview of Offshore Oil and Gas Platform 

An oil and gas platform usually works by firstly extracting petroleum from a reservoir, 
then the gas, water and oil phases will be separated. The oil will be treated to the 
saleable product specifications before exporting it onshore, the gas will be purified 
for injection, export or lift uses and the water will be cleaned before discharged 
into the sea or reinjection into the reservoir [5]. In a standard offshore oil project, it 
usually comprises four offshore platforms. These are the oil extraction and processing 
platform, the oil storage platform, the support and maintenance platform and the
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mooring platform. The oil extraction and processing platform or it is also called the 
central power platform as it provides power for others through sea cables [6]. In 
the oil extraction and processing platform, there are processing plant that purifies 
and separates raw gases into different chemicals and other processes that support 
the operation of the platform as shown Fig. 1. The power and heat generation and 
other utilities systems are named as Auxiliary systems [5]. In the processing plant, 
there are several stages in oil and gas extraction such as production separation, CO2 

removal system, flare system, sales gas compression. 
All these stages produce waste heat that could be recovered as energy instead of 

wasting to the environment. According to the Malaysia Energy Statistics Handbook 
2018 prepared by the Energy Commission [7], from 2005 to 2016, the natural gas is 
concluded to be the primary energy supply in Malaysia, followed by crude oil and 
petroleum as shown in Fig. 2. According to this statistic, the offshore oil and gas 
platform can be seen to play a vital role in Malaysia to generate and provide energy 
to different sectors or people. Nevertheless, with the increase of energy demands

Fig. 1 Overview of a typical oil and gas extraction and processing platform [5] 

Fig. 2 Primary energy supply breakdown for 2005, 2010 and 2016 in Malaysia [7]
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Fig. 3 Major sources of carbon dioxide emission in Malaysia in 2016 [8] 

and global consumption, this has caused many environmental issues. Ministry of 
Environment and Water Malaysia had stated in the Malaysia Biennial Update Report 
to the UNFCCC 2020 that the energy industries had contribute to the most CO2 

emission in 2016 with a total of 39% of the overall emission and this amount of 
CO2 emission comes from the waste heat released by combustion of fuel as shown 
in Fig. 3 [8].

Offshore oil and gas platforms are considered as one of the energy industries that 
produce huge amount of heat. Therefore, to resolve the environmental problems, one 
of the methods could be reducing and recovering waste heat produced in the offshore 
application. 

3 Waste Heat 

Waste heat is the energy that is produced in-process, and it has not been utilized 
wisely and is simply dumped and dissipated into the environment. In majority of 
the literature, waste heat is also being mentioned as secondary heat [9] and as more 
general inefficiencies or conversion losses. The waste heat is normally created when 
there are losses of heat transferred via convection, radiation and conduction from 
processes, products and machinery. Besides, it can also be heat discharged from 
combustion processes. There are several types of waste heat too which include low, 
medium and high temperature grades. According to a survey conducted by Colonna,
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high temperature waste heat is with temperature higher than 400 °C, medium temper-
ature waste heat is 100–400 °C and low temperature waste heat is less than 100 °C 
and energy capacity may range from small to large values which are 3 MW–15 kW 
[10]. Using the heat generated from one end to the other end to reduce the net-work 
input of the system is not considered as waste heat. Waste heat should be the heat 
wasted or released to the atmosphere, which could cause environmental problems. 

4 Waste Heat Recovery 

The waste heat recovery (WHR) system is a method of capturing and transferring 
the waste heat from a process with gas or liquid to the system as an additional 
energy source. Additional heat can be created, or electrical and mechanical power 
can be generated with the energy source obtained. Waste heat can be released to the 
environment at any temperature, typically, the optimization of WHR process will be 
easier with high temperature waste heat, the easier the optimization of WHR process. 
Therefore, it is crucial to investigate the highest potential amount of recoverable heat 
from a process to obtain the maximum efficiency of WHR system [11]. 

5 Prospects 

Normally, there will be on-site generators to supply and provide electrical power 
to the offshore oil and gas facilities. Additionally, compression machines will be 
operated by high powered gas turbines which is important for extraction and trans-
portation of oil and gas. With all the machines stated above, large amount of waste 
heat will be generated and most of them are wasted into the environment. Only part 
of it has been utilized inside the internal process of the platform. Moreover, on a stan-
dard operated offshore platform, there will be three engines needed for it to work 
smoothly. Two engines will operate by sharing the loads and the other one will be on 
stand-by or maintenance mode. The two gas turbines of the machines will be running 
in low loads to lower the risk of system failure which lead to high economic loss. 
Nonetheless, with this type of strategy, the system performance will reduce seriously 
and generate even more waste heat to the environment [11]. As a result, the potential 
for energy recovery on the offshore platform will be its power system as it is the 
major contributor of overall emissions and major source of energy wastage. 

From all the platforms in an offshore oil and gas project, the oil exploitation 
and processing, the central processing and power platform could be the focus to 
potentially recover waste heat. As this platform generates power and supply to all 
the other platform, it could be the primary source of waste heat for an offshore oil and 
gas project. In the oil extraction and processing platform, there are processing plant 
that purifies and separates raw gases into different chemicals and other processes 
that support the operation of the platform. The power and heat generation and other
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Fig. 4 Flow diagram of the Malaysia-Thailand Joint Authority Carigali Hess operating company 
production facility 

utilities systems are named as Auxiliary systems. In the processing plant, there are 
several stages on oil and gas extraction and all the stages could be a potential for 
WHR. By taking the Cakerawala offshore platform located approximately 150 km 
northeast of Kota Bahru, Kelantan as an example, the process flow diagram of Carigali 
Hess Operating Company is presented in Fig. 4. 

6 Future Research 

The best way to reduce the waste heat produced by the offshore oil and gas operation 
is by recovering the waste heat with WHR technologies. Several previous studies 
had been carried out on the application of WHR technologies for the offshore plat-
form. Kolahi et al. [12] has carried out a comparative analysis on simple Organic 
Rankine Cycles (ORCs) and ORCs with Internal Heat Exchanger (IHE) as the WHR 
system for the 425 °C high temperature waste heat of large diesel engines using 
pure and zeotropic mixtures in phase 12 of South Pars Gas on Persian Gulf offshore 
platform. The analysis was carried out by choosing the arrangement of ORCs and 
working fluid for the best exergy efficiency, energy efficiency, specific investment 
cost and payback period. The results showed that both the ORC with IHE thermal and 
exergy efficiencies are higher when compared to the simple ORC with working fluid 
R236ea/Cyclohexane (0.6/0.4). By adding IHE, the energy efficiency is increased 
from 14.57% to 16.81%. In terms of economic aspect, ORC with IHE also have 
better results.
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Furthermore, Pierobon et al. [10] also aimed to find the most suitable WHR tech-
nology that can be used on the Draugen offshore oil and gas platform power system 
to recover the medium temperature waste heat produced at 379 °C by the Siemens 
SGT500 twin-spool gas turbine. Comparison analysis was conducted among three 
technologies which are single pressure Steam Rankine Cycle (SRC), Air Bottoming 
Cycle (ABC) without intercooler and ORC. Multi-objective optimization based on 
genetic algorithm was used to investigate the best system designs for each of the 
technologies. The results showed that ABC units are not convenient for the offshore 
platform from the performance and economic aspects. ORC and SRC are competing 
when aiming to have a highly efficient offshore platform, although the investment 
cost must be lower to have better economic return. However, in terms of system 
performance and applicability range, combination of ORC with turbo generators is 
the best but with the same disadvantage of low economic return. 

Moreover, Walnum et al. [13] also found that transcritical CO2 power cycle could 
be suitable for the WHR system of the Norwegian Continental Shelf offshore oil 
and gas platform. A double stage transcritical CO2 cycle system and a single stage 
recuperated simple transcritical cycle are analyzed with topping cycle of the G4 DLE 
+ GE LM2500 gas turbine having high temperature waste heat of 532 °C. With the 
transcritical CO2 cycle with recuperator, the energy efficiency and the net power 
output of the plant were improved by 27.6% and 10.6% respectively. For the double 
stage transcritical CO2 cycle, it can further enhance outputs when compared with the 
single stage system. 

From all the previous studies, ORC, SRC, ABC and transcritical CO2 power cycle 
had been utilized on the offshore oil and gas operation as WHR system. However, 
they were just analysis and were not put into practical use on the offshore oil and 
gas operation. Besides, many other WHR technologies have not been analyzed for 
this application. Aghaali and Ångström [14] have stated that the internal combustion 
engine coupled with turbo compound can recover up to two-thirds of waste and 
thermoelectric generator (TEG) is also a good WHR technology in some of the 
applications. Moreover, Pierobon et al. [11] also showed that with the combination 
of ORC and turbo generator, the system performance could be greatly improved. 
Therefore, more studies could be made in the future on the application of other 
WHR technologies or combination of WHR technologies on the power system of 
offshore oil and gas sector which could further improve the efficiency of the power 
system and recover more waste heat. 

7 Conclusions 

Offshore oil and gas sectors are one of the energy industries that generate huge 
amount of waste heat and CO2 emission to the environment through power generation 
process which happened in the oil production and processing platform. Processing 
plant and other processes which include the power and heat generation, and other 
utilities systems are named as Auxiliary systems, and they support the operation of the
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oil extraction and processing platform. Processes involved in the central processing 
platform can be the potential sources of energy recovery. Although there have been 
studies conducted utilizing different technologies on the WHR of offshore oil and 
gas operation, more improvement could be made in the future to the efficiency of the 
power system with other WHR technologies or combination of WHR technologies 
to recover more waste heat released by the offshore oil and gas platform. 
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An Overview of Organic Rankine Cycle 
for Waste Heat Recovery on Offshore Oil 
and Gas Platform 

Qi Yun Koh, Srithar Rajoo, and Kuan Yew Wong 

Abstract Researchers have analyzed Organic Rankine Cycle (ORC) recently on its 
potential for waste heat recovery (WHR) on offshore oil and gas platform. However, 
there is still no practical application of ORC on this sector currently. An extensive 
overview of the ORC for offshore oil and gas platform has been performed in this 
paper. The discussion investigates the capability of this technology as the WHR 
for offshore oil and gas platform application. In this study, a brief explanation of 
the process that happened on the offshore platform which is the potential source 
of waste heat to be recovered will be given. The studies conducted by previous 
researcher on the offshore application were reviewed and the benefits of ORC were 
emphasized and some information on the configuration of the ORC on offshore 
oil and gas platform were described. ORC was found to be able to adapt to low 
or medium grade which is between 150–400 °C heat source with different type of 
configurations. The flexibility of ORC makes it easier to be used on offshore oil and 
gas platform with different configuration and contribute to many advantages. The 
electricity generated can increased up to 20.3%, 11.3% increase in the overall system 
efficiency and 18.3% in the utilization factor. Furthermore, an average reduction of 
22% in the fuel consumption and CO2 emissions could be achieved over the platform 
operating years. Dry and isentropic fluids are more suitable to be the working fluid of 
ORC system on offshore application which could lead to better system performance 
and efficiency. Cyclopentane had been widely used as it is thermally stable in the 
temperature range between 220 and 350 °C. From the economic aspects, although 
involving ORC could increase the initial investment cost up to 46%, it also increases 
the net present value, leading to a discount rate up to 10%. 
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1 Introduction 

Recently, the environmental awareness has been on the rise, hence more attention is 
given to the serious environmental issues, especially due to the fossil fuel usage. The 
issues are mainly due to the rapid industrialization over many decades that leads to the 
growth of global consumption and CO2 concentration level. The CO2 concentration 
level now had reached 440 ppm and as forecasted, the global temperature will rise 
by 2 °C if the level continues to increase and achieves 450 ppm [1]. According to 
Nguyen et al. [2], the oil and gas facilities in Norway had contribute 26% from the 
total greenhouse gas emission in 2011. Furthermore, in Malaysia, 55% from the 
overall CO2 emission came from the energy industries in 2015 [3]. Although the 
CO2 emission had reduced to a percentage of 39% in 2020 [4], energy industries 
are still the biggest contributor and oil and gas exploitation sector is one of the 
energy industries which release vast amount of waste heat and carbon dioxide to the 
atmosphere. 

Oh [5] had predicted that the CO2 emission released by the energy industries will 
increase in a rate of 130% by 2050 if there is no actions or policies identified to 
control these problems. Therefore, in Malaysia, the National Corporate Greenhouse 
gas had launched a program called the carbon and Environmental Reporting Program 
to resolve this problem by promoting private enterprises to report their Greenhouse 
Gases (GHG) emissions for proper actions identification could be made. Hence, this 
has made the boosting of power system’s efficiency and performance to be a focus 
area in the offshore application. Several numbers of studies have been carried out 
by researchers to find out methods to enhance the performance of power generation 
by making use of the potential source of wasted energy. WHR system is one of 
the methods used and Organic Rankine cycle (ORC) had been widely used recently 
in many sectors, but there is no practical case on offshore oil and gas operation. 
Therefore, this paper provides an overview of the ORC for the WHR on the offshore 
oil and gas operation to investigate the capability of this technology for future offshore 
application. In the first few sections of the paper, an overview of offshore oil and gas 
platform, waste heat and the ORC were explained. Furthermore, previous studies on 
the utilizing of ORC as the WHR in the offshore application were reviewed with 
analysis. 

2 Overview of Offshore Oil and Gas Platform 

An oil and gas platform work on a purpose to extract petroleum from reservoir 
and separate it into water, gas and oil phases. The oil and gas will be treated and 
purified respectively before exporting it onshore while the water will be cleaned 
and released back to the sea [6]. A typical offshore oil project normally consists of 
four offshore platform which include the oil extraction and processing platform, the 
mooring platform, the support and maintenance platform and the oil storage platform.
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Fig. 1 Overview of a standard oil and gas extraction and processing platform [6] 

Among all the platform, one of the platforms provide power supply to all the other 
platform via sea cables which is the oil exploitation and processing platform or it is 
also known as the central power platform [7]. As shown in Fig. 1, there are several 
systems inside the oil and gas extraction platform. The processing plant is a process 
where purification and separation of raw gases happened while the Auxiliary system 
comprises the power and heat generation and other utilities [6]. Several stages and 
processes are included for the oil and gas extraction in the processing plant such as 
production separation, CO2 removal system, flare system, sales gas compression, etc. 
Due to the oil extraction and processing platform supplies power for all the platform, 
it is the focus to potentially recover waste heat. 

3 Waste Heat 

Waste heat is energy generated in process and it is simply dumped or wasted into 
the atmosphere without making good use of it. From the previous studies, some of 
them mentioned waste heat as the secondary heat [8] and as general inefficiencies 
or conversion losses as well. Heat loss transferred through radiation, conduction and 
convection from process, product or equipment are typically the sources of waste 
heat. Furthermore, the heat discharged from the combustion process is cause of 
producing waste heat to the environment. Waste heat can be categorized into three 
groups, which are the low grade, medium grade and high-grade heat. The high grade 
heat is heat with temperature higher than 400 °C, medium grade heat is between 
100–400 °C and low grade heat is less than 100 °C and power capacity could be 
around 15 MW–3 kW which is scale from large to small [9]. Waste heat should be 
heat or energy wasted or dissipated to the environment, but not using it from one end 
to the other end to reduce the net-work input of the system.
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Fig. 2 Simple organic 
Rankine cycle [10] 

4 Organic Rankine Cycle 

As presented in Fig. 2, a typical Rankine cycle is made up of a condenser, a turbine, a 
pump and an evaporator. The working principle of a Rankine cycle is first having fuel 
to burn in the evaporator which makes the working fluid performing phase changes 
from liquid phase into superheated vapor phase. The power is produced with the 
turbine by directing the working fluid in superheated vapor state into it. Then, at the 
turbine outlet, the fluid will flow to the condenser, and it will undergo the process 
of losing the heat and change back into liquid form. Lastly, the fluid is pumped into 
the evaporator again and the cycle repeats. To generate electrical power instead of 
mechanical power, a generator is connected to the turbine’s shaft. There are several 
types of Rankine cycle, such as Steam Rankine Cycle (SRC), ORC, Rankine cycle 
with Internal Heat Exchanger (IHE) and many more. Looking at the ORC, it has 
the same working principle and system layout as a simple Rankine cycle but with 
organic substance with low boiling points and high vapor pressures as the working 
fluid to generate power instead of water or steam [10]. 

5 ORC Application for the Waste Heat Recovery 
on Offshore Oil and Gas Platform 

There are several previous studies related to this subject. Kolahi et al. [11] has 
conducted a comparative analysis on ORC with IHE and simple ORC as the WHR 
system for the 425 °C high grade heat of large diesel engines using pure and zeotropic 
mixtures in phase 12 of South Pars Gas on Persian Gulf offshore platform. Results 
showed that in term of economic and thermodynamic aspect, ORC with IHE has 
better results than the simple ORC. Both the energy and exergy efficiencies of the
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ORC with IHE are higher with working fluid R236ea/Cyclohexane (0.6/0.4). The 
energy efficiency is increased from 14.57 to 16.81% with IHE included. 

Moreover, on power system of the Draugen offshore oil and gas platform, the most 
suitable WHR unit to recover the medium temperature waste heat produced at 379 °C 
by the Siemens SGT500 twin-spool gas turbine was done by Pierobon et al. [9]. Three 
technologies which are ORC, single pressure SRC and air bottoming cycle (ABC) 
were compared and optimized using the multi-objective genetic algorithm (MOGA) 
to discover the optimal system designs. It was found that ABC units are not suitable 
for the offshore platform from the economic and performance aspects. ORC and SRC 
are appropriate to be used when a highly efficient offshore platform are desired, but 
the cost needs to be lower for better economic return. From the aspect of applicability 
range and system performance, the combination of ORC with turbo generators stands 
out but with poor economic return too. 

Besides the Draugen offshore oil and gas platform, ORC had been utilized on a 
Brazilian floating oil platform by Barrera et al. [12] to conduct an exergetic analysis 
related to 2nd law of thermodynamic. The working fluid selected was Cyclopentane 
and ORC with optimal configuration was discovered according to the vapor saturation 
curve. The results showed that the exhaust gas exergy could be considered to improve 
the output power and ORC can saved the fuel consumption up to 15–20%. Apart from 
that, the basic and recuperated ORCs were analyzed by Khatita et al. [13] which aim 
to apply a WHR system on an existing oil and gas facilities in Egypt. The reaction of 
decision parameters to the systems efficiency and net output power were investigated 
by conducting simulation with several working fluids. The results shown that an ORC 
with recuperator with either cyclohexane or benzene as working fluids are the best 
choice for the current case. 

Furthermore, Bhargava et al. [14] also conducted an overall investigation of ORC 
with different types of gas turbines that are normally used by offshore platform with 
different power ratings as the bottoming cycle for WHR. Thermal connections with 
the presence or absence of secondary heat transfer fluid between the ORC and gas 
turbine exhaust gas are both considered in this analysis. Dowtherm-A was used as the 
thermal fluid while cyclopentane used as the ORC working fluid. The results shown 
that although having secondary thermal fluid had several feasible advantages than 
the direct evaporation, it led to poor thermodynamic performance. Eveloy et al. [15] 
had proposed and analyzed a cogeneration system which targeted to produce heat, 
power and clean water from the waste heat released from a Persiam Gulf offshore 
sector. A reverse osmosis desalination system applied in the ORC was used in their 
research to recover the heat content of the exhaust gas. Additionally, heat dissipated 
from the process of condensation in ORC was utilized in the process of heating. The 
results showed that by using working fluid Octamethyltrisiloxane for the ORC, the 
cogeneration system boosted the exergetic efficiency of gas turbine by 6%. 

Apart from that, Reis et al. [16] had developed an off-design model to check 
the viability of ORC under different operating conditions when aiming to maximize 
the energy recovery of exhaust gas from the General Electric LM 2500 gas turbine 
in an offshore oil and gas platform. Simple ORC and regenerative ORC had been 
utilized in the system to conduct a comparative analysis. Medium grade heat source
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with temperature of 329.6 and 299.2 °C were one of the design conditions used on 
the simple ORC and regenerative ORC respectively. Energy, exergy and economic 
analysis was made, and the results showed that with simple ORC applied to the 
gas turbine, the electricity generated can increased up to 19, 5.2% increase in the 
overall system efficiency and 17.3% in the utilization factor. Furthermore, an average 
reduction of 23% in the fuel consumption and CO2 emissions could be achieved 
over the platform operating years. For the regenerative ORC, up to 20.3% increase 
of electricity generation, 26% in the overall system efficiency and 18.3% in the 
utilization factor. For both simple and regenerative ORC, the heat recovery devices 
contribute up to 68.0% of the destroyed exergy. For the economic analysis, the total 
initial investment cost increased due to the involvement of ORC, but with a much 
higher net present value produced, a discount rate up to 10.0%. 

6 Analysis  

According to the previous studies, there are several types of ORC system that were 
used and analyzed on the offshore oil and gas operation from different countries, 
but they were not put into practical use for the WHR system. By considering the 
thermodynamic performance of the central power system, a boost on the efficiency 
is achievable through enhancing the performance of the processing plant and the 
efficiency of the Auxiliary system [17]. ORC has the advantages of low operating 
pressure, low maintenance cost and can be adapted to low or medium grade heat 
source which is between 150–400 °C with different type of configurations. Further-
more, due to the variety choices of organic working fluids have provided ORC system 
more flexibility in the application of offshore oil and gas platform. The available heat 
source and the platform size are two main components that decides the best working 
fluid that suits the ORC in offshore application. Working fluid with good thermal 
stability results in higher performance and better turbomachinery efficiency [12]. 
Based on the studies conducted by researchers, dry and isentropic fluids are more 
suitable to be the working fluid of ORC system to prevent the presence of liquid 
droplets that could damage the turbo expander [13]. Cyclopentane had been utilized 
as the working fluid of ORC in most of the previous studies when taking into account 
of different aspect such as thermal efficiency and volume of ORC component. This 
working fluid has a good thermal stability in temperature range between 220 and 
350 °C [9, 18, 19], which is quite suitable for the application of WHR on offshore 
oil and gas platform. 

Furthermore, the parameters of the ORC systems must be in their optimal condi-
tion to enhance the performance and efficiency. The ORC turbine inlet temperature 
and pressure has found out to be the most effective parameters on the net power 
output, energy and exergy efficiency and the costs too [9, 20]. When the pressure and 
temperature at the turbine inlet increased, the net power output increased. By using 
Cyclopentane as the working fluid, the optimum turbine inlet temperature was found 
to be around 320 °C to obtain better performance and efficiency [21, 22]. There was
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also reaction on the system created for other parameters which includes proximity 
temperature difference at the heat exchanger and the pinch temperature difference at 
the condenser, but when comparing to former, the influence of it is lower. 

With the large source of waste heat produced by the offshore oil and gas platform, 
this allows ORC to possess a great potential for electricity generation from energy 
recovery to reduced irreversibility and cost of process, and increase the energy and 
exergy efficiencies, as it reduced the original fuel consumption needed to achieve the 
electricity demands. According to the research done by previous studies, with ORC 
in this application, the electricity generated can increased up to 20.3, 11.3% increase 
in the overall system efficiency and 18.3% in the utilization factor. Furthermore, 
an average reduction of 22% in the fuel consumption and CO2 emissions could be 
achieved over the platform operating years. From the economic aspects, although 
involving ORC could increase the initial investment cost up to 46%, it also increases 
the net present value, leading to a discount rate up to 10%, which make it economic 
acceptable [16]. 

With simple ORC, having a low exhaust gases temperature after the gas turbine 
has limited the implementation in the offshore oil and gas platform as acid compo-
nent could be formed in the condensation by chance and lead to equipment damage 
and growth of maintenance cost. Hence, a simple ORC is suggested to be in a config-
uration where the temperature of exhaust gases is consistently higher than the dew 
point temperature of the water contained in the exhaust gases. Besides, ORC could 
contribute to higher exergy destruction. Regenerative ORC can improve this problem 
as it has higher exergy efficiency. Generally, ORC is a good technology to be added 
as the WHR from productive process, even for typical operating conditions as oil 
exploitation in the offshore oil and gas platform is a very great example. 

7 Conclusion 

Although the actual application of ORC as a WHR on offshore oil and gas platform 
is almost non-existent now, ORC has some considerable advantages on the offshore 
oil and gas platform that can be observed from the previous studies when compared 
to SRC and ABC. ORC can better minimize the CO2 emission and fuel consumption 
and exhibits the highest system performance; however, it comes with high cost. It 
also has low operating pressure, low maintenance cost and can better adapt when 
recovering low and medium grade heat, which is between which 150–400 °C make it 
a potential WHR system on the offshore oil and gas sector. From most of the previous 
research, dry fluid such as Cyclopentane has been stated to be the most suitable ORC 
working fluid for WHR on the offshore oil and gas application. Nevertheless, the 
working fluids should still be chosen according to the available heat source and 
platform size. Turbine inlet temperature and pressure of ORC has found out to be 
the most effective parameters on the net power output, energy and exergy efficiency 
and cost.
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Numerical Simulation of Heat Transfer 
Performance of Water: Ethylene Glycol 
Mixture (W:EG) Through Turbine-Like 
Decaying Flow Swirler 

At-Tasneem Mohd Amin, Wan Azmi Wan Hamzah, and Mohd Azmi Ismail 

Abstract The propeller-type swirler has been mentioned several times in the liter-
ature as one of the decaying flow swirlers designed to improve heat transfer perfor-
mance while maintaining a low friction factor. However, the distance travelled by 
swirling flow varies according to the swirler’s design configuration. As a result, the 
purpose of this paper is to investigate the heat transfer performance and friction 
factor of a new turbine-like decaying flow swirler (TDS). The distance traversed and 
decays downstream the tube by the created swirling flow will then be determined. 
The TDS is a rigid turbine or compressor consist of four twisted blades at 172.2° set 
at the entrance of a fully developed 1.5 m tube with a dimensionless length (L/D) 
of 93.75. A 60:40% water and ethylene glycol mixture was employed as a working 
fluid for the turbulent flow with Reynolds numbers ranging from 4583 to 35,000. The 
results indicate that the maximum relative heat transfer is 1.16 and the highest relative 
friction factor is 1.47 at the lowest Reynolds number tested. For Reynolds numbers 
less than and equal to 10,136, the thermal hydraulic performance achieved unity. 
The obtained relative heat transfer is deemed to be poor in comparison to several 
publications. The swirl flow finally entirely decays after L/D = 70.32 after being 
visualised through the vortex core and cross-sectional plane of the tube, contributing 
to a reduced heat transfer performance. In conclusion, TDS performance can be 
optimised for a lower dimensionless length using the same design configuration, or 
the design configuration should be modified to increase the generated swirl flow 
intensity.
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1 Introduction 

Passive approaches, such as the insertion of a swirler in a circular heated tube, 
have received more attention in the operation of an efficient heat exchanger than 
various heat transfer enhancement techniques (HTET) due to their obvious supe-
riority in terms of lower energy, material, cost, and ease of maintenance because 
they do not require extra power supply [1, 2]. Swirling flow inside the tube of a 
heat exchanger improves heat transfer efficiency by thinning the thermal boundary 
layers near the tube wall. Swirlers are classified into two types: continuous flow 
swirlers and decaying flow swirlers. A continuous flow swirler was installed along 
the tube to constantly create swirl flow [3–9]. It sparked a lot of interest in HTET 
research since it increased heat transfer by up to 1466% when compared to plain 
tube heat transfer [8]. However, the presence of the swirler along the tube, which 
continuously blocked the incoming flow, resulted in a high friction factor of up 
to 5122% along the tube. This consequence may go against the fundamental goal 
of the passive approach, which is to save energy, materials, and money while also 
making heat exchanger maintenance easier. As a result, a decaying flow swirler was 
placed at the tube’s inlet to induce a swirl flow downstream and allow the swirl flow 
to flow freely downstream the tube. The flow disturbance that contributed to the 
high friction factor will be minimised using this technique. Numerous decaying flow 
swirlers have been introduced to create a high intensity of swirling flow along the 
tube. Alhendal and Gomaa [10], Gorman et al. [11], Indurain et al. [12], Nikoozadeh 
et al. [13], and Ahmadvand et al. [14] examined numerically how a propeller-type 
swirler can change uniform incoming flow to swirl flow along the tube. The swirlers 
were placed at the inlet or before the fully developed region of the flow, altering the 
uniform incoming flow by using different propeller designs to generate the swirling 
flow. They used several parameter configurations such as the number of blades, angle 
of attack, blade thickness, diameter, and length of the propeller to achieve maximal 
heat transfer with the least amount of friction. 

Alhendal and Gomaa [10] fitted a swirler consisting of six blades parallel to the 
incoming flow 0.2 after the tube’s inlet. The heat transfer increased by 20% but the 
friction factor rose by only 28%. Nikoozadeh et al. [13] also inserted a propeller-type 
swirler with six blades and an attach angle of 45° at L/D = 9 in a tube  with  L/D  = 
34.7. Heat transfer increased by 28% with a skin friction factor of 68% as compared 
to a simple tube with the same working fluid specification. Even though the swirlers 
did not improve heat transfer as much as continuous flow swirlers, the increase in 
friction factor is acceptable when the same amount of pumping power is utilised to 
drive the flow. Indurain et al. [12] employed no supporting device, instead attaching 
the profiling blade to the tube wall, to reduce the possibility of secondary flow and 
avoid reverse flow, which contributed to a greater friction factor. The profiled blade
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has eight blades and a 40° angle of attack. The heat transfer increased by 57%, while 
the friction factor increased by 290%. Ahmadvand et al. [14] attached axial guiding 
vanes with profiling blades at three different attach angles, 30°, 45°, and 60°, at the 
annular duct inlet. The simulation demonstrated an increase in heat transfer of 50– 
110%, as well as an increase in friction factor of 90–500%. As the angle of attack 
increases, so do the Nusselt number and friction factor. In contrast to the findings 
of Bali and Sarac [15], the highest heat transfer rate of 163% was obtained at the 
lowest analysed angle of attach, 15°, and a higher number of blades, 6. Despite 
this, the friction factor increased by 2050% with the same configuration. The lowest 
friction is obtained with the smallest number of blades and the highest angle of attack 
investigated. 

Even though the decaying flow swirler shown the ability to increase heat transfer 
with a lower friction factor, the investigations were carried out with a variety of design 
configurations and experimental setups. These factors provide heat transfer and fric-
tion factor results that are not comparable amongst the literatures. The reason for 
this is that, unlike a continuous flow swirler, the swirl flow that was formed uniquely 
based on the swirler’s design will provide varied turbulence strength downstream the 
tube flow. The swirl flow will then progressively decay as it flows downstream the 
tube due to friction between the fluid particles and the wall. After a certain distance 
downstream the tube, the flow will return to a uniform flow. As a result, the location 
of the swirler is critical in determining the starting point of where the swirl flow 
was formed and how long the generated swirl flow will survive and fade. The longer 
the tube, the lower the heat transfer enhancement and the greater the friction factor. 
Gorman et al. [11] verified these results using a rotary fan generated swirler. When 
the data is measured until L/D = 5, the heat transmission increases by 95%, but drops 
to 51% when the data is measured until L/D = 20. 

As a result, the aim of the present work is to investigate numerically the heat 
transfer and friction factor performance of a new design of turbine-like decaying 
flow swirler (TDS). The survival of the generated swirl flow will be visualised along 
the tube, as well as the point where the generated swirl flow decays and eventually 
returns to uniform flow. 

2 Numerical Modeling 

This research investigates the turbine-like decaying flow swirler (TDS). TDS was 
inspired by Beaubert et al.’s design of an eight-bladed swirler [16]. Figure 1 shows 
how the TDS was designed. 

It is composed of four blades that twist 172.2° from leading to trailing edge. 
The blade has an axial chord length of 27.01 mm and a flow inlet angle of 0°. The 
swirler’s diameter is 15.15 mm, and the blade thickness is 0.81 mm. The swirler 
blades were secured in the centre of the oval holed hub. The oval hub measures 
16.01 mm in length and 4 mm in width, with a diameter of 2 mm cut through the 
oval. For future experimental investigation, the thermo-physical properties of TDS
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Fig. 1 Turbine-like swirler geometry 

were set to be resin material. As a result, the thermo-physical properties of the resin 
were established for TDS, as displayed in Table 1. 

The computational domain of a three-dimensional straight tube in horizontal 
orientation was adopted from the experimental setup of force convection for heat 
transfer exchanger in Abdul Hamid et al. [20]. Figure 2 shows a copper tube with a

Table 1 Thermophysical properties 

Descriptions Resin [17] Copper [18] W:EG 60:40% [19] 

Thermal conductivity, k (W/mK) 0.681 387.6 0.4112 

Density, ρ (kg/m3) – 8978 1055.832 

Specific heat, Cp (J/kg K) – – 0.002322 

Dynamic Viscosity, μ (Pa s) – 381.0 3498.6 

Entrance 
region 

Swirler 
region Fully developed region 

Fig. 2 Computational domain geometry
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Fig. 3 Mesh generation 

constant diameter of 0.016 m and a length of 1.5 m (L/D = 93.75). Table 1 displays 
the thermophysical characteristics of copper tube. The tube domain was divided into 
three areas labelled entrance, swirler, and fully developed region to differentiate the 
mesh generation for analysis purposes. The entrance region was fixed at 0.15 m (L/D 
= 9.4) before TDS was inserted into the flow at swirler region. The length of the 
swirler zone, where the turbine-like swirl generator was positioned, is 0.05 m. The 
fully developed region where the analysis will be performed is 1.34 m long and 
begins at the leading edge of TDS at L/D = 10.

Figure 3 shows a multi-block mesh of structured and unstructured mesh that was 
generated using ANSYS MESH to discretize the geometry domain. At the swirler 
insert region, a tetrahedral cell was employed. The hexahedral cell was used at the 
tube domain’s inlet and downstream flow of the swirler. 

The working fluid is a 60:40% mixture of water and ethylene glycol (W:EG). Azmi 
et al. [21] employed W:EG 60:40% as a working fluid to increase heat transfer convec-
tion of a cooling system by dispersing Al2O3 nanoparticles at different Reynolds 
numbers. The mixture of W:EG 60:40% improved by 24.6% when compared to the 
other mixtures of W:EG 50:50% and 40:60%. Thermophysical properties of W:EG 
60:40% displays in Table 1. 

The simulation is carried out for three-dimensional, incompressible, and steady 
flow in the turbulence regime with Reynolds numbers ranging from 4583 to 35,000. 
To evaluate the swirl flow induced by inserting TDS in a straight horizontal tube, the 
simulation for a set of governing equations of continuity, Reynolds Averaged Navier– 
Stokes (RANS), and energy equations are carried out using ANSYS Fluent. Turbu-
lence is represented by the Reynolds Stress Model (RSM). The boundary condition 
employed in this simulation is illustrated in Fig. 4. 

A relative friction factor, frel  and relative Nusselt number, Nurel  are calculated 
as 

frel  = 
fT DS  

f PT  
(1)
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Fig. 4 Boundary condition 

Nurel  = 
NuT DS  

NuPT  
(2) 

where fT DS  and NuT DS  are the friction factor and Nusselt number of the flow when 
the TDS was inserted in the tube, and fPT  and NuPT  are the friction factor and 
Nusselt number of the plain tube flow. Thermal Hydraulic Performance (THP) is 
measured the ratio of heat transfer enhancement over a friction factor drawback with 
the same pumping power. 

T H  P  = 
Nurel  

( frel  ) 
1 
3 

(3) 

3 Result and Discussion 

The numerical investigation of the heat transfer performance and friction factor 
obtained by inserting the turbine-like decaying flow swirler (TDS) in a heated circular 
tube. The heat transfer performance TDS was measured by taking the average of the 
surface temperature at the tube wall and the bulk temperature of the working fluid 
along the tube. Then, Nusselt number was computed after obtaining the convec-
tive heat transfer coefficient. On the other hand, the pressure differential between 
the tube’s inlet and outlet flow was used to calculate the friction factor. The data 
was collected for both with and without the TDS insert along the tube, and the 
relative Nusselt number and friction factor were determined. 

The friction factor and Nusselt number are shown in Fig. 5 for both the plain 
tube and the plain tube with TDS insert. The plain tube’s friction factor and Nusselt 
number are represented by the solid line plot, whereas the plain tube with TDS insert is 
represented by the dashed line plot. For both plots, the friction factor decreases and the 
Nusselt number increases as the Reynolds number increases. Both the Nusselt number 
and the friction factor are clearly increased with the TDS insert when compared to 
the plain tube. Nonetheless, the friction factor increment is greater than the Nusselt 
number. As a result, Fig. 6 shows that the relative friction factor ranges from 1.45 
to 1.47 and the relative Nusselt number ranges from 1.09 to 1.16, with larger values
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Fig. 5 Friction factor 
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at lower Reynolds numbers and lower values at higher Reynolds numbers. This data 
shows that, amidst the disadvantage of the friction factor, TDS can improve heat 
transfer at all examined Re for the tube length with a dimensionless length of L/D = 
93.75. For some reason, the relative friction factor fluctuated abruptly at Re = 15,000 
before returning to its normal trend with other Reynolds numbers. However, the TDS 
is only worthwhile to implement when the THP is greater than one to ensure that the 
heat transfer performance is superior enough to overcome the friction drawback by 
using the same amount of pumping power. Thermal hydraulic performance (THP) 
attained unity for Re = 4583 and 10,136, as illustrated in Fig. 7. Because the THP is 
less than anticipated, the induced swirl flow structure inside the tube is visualised. 

The vortex core and cross-sectional plane of velocity circumferential formed as 
the incoming flow passed through the TDS are illustrated in Fig. 8. 

The illustration was obtained for the flow at Re = 4583, where the THP is 
maximum for the range of Re studied. The blue and red contours represent the
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Fig. 7 Thermal–hydraulic 
performance (THP) 
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Fig. 8 Vortex core (top) and cross sectional plane (bottom) of velocity circumferencial 

lowest and highest circumferential velocity, respectively. The cross-sectional plane 
tube was shown in zebra colour to clearly show the contrasting intensity of turbu-
lence structure downstream of the TDS. This visual clearly indicates that the swirling 
flow generated a larger intensity in the first half of the tube and then vanished in the 
second half of the tube. The most intense swirling flow was produced as the inlet 
flow passed the trailing edge of the TDS. The intensity of the swirling flow steadily 
decays as it travels downstream until it reaches L/D = 70.32 before the swirling flow 
entirely decays and the flow returns to a uniform flow with the same velocity as the 
input flow. 

The heat transfer performance may be efficient before L/D = 46.88 because the 
swirling flow structure swipes the tube wall, thinning the thermal boundary condition 
and enhancing convective heat transfer at the swirling flow structure—wall contact 
point. As a result, for the TDS that is positioned in the same location, it is more 
effective to utilise a tube length of less than L/D = 46.88 or 0.75 m with a diameter 
of 0.016 m. The shorter the tube length, the better the heat transfer performance. 
Gorman et al. [11] agreed on this statement for a rotating fan generated swirler. 
When heat transfer performance is measured at L/D = 5, the enhancement is 1.95, 
and it decreases to 1.51 when the tube length is extended to L/D = 20. To compare 
TDS’s performance to that of the literature, Table 2 summarises the performance of



Numerical Simulation of Heat Transfer Performance of Water … 27

Table 2 Data comparison with the literatures 

Authors Name of swirler Working fluid L/D Nurel frel  

Present work Turbine-like swirler W:EG 60:40% 93.75 1.16 1.47 

Indurain et al. [12] Axial guide vane swirler 
with profiling blades 

Air 45.56 1.57 2.9 

Nikoozadeh et al. [13] Propeller-type swirler Al2O3 nanofluid 34.7 1.28 1.68 

Alhendal and Gomaa 
[10] 

Swirler vane blades Air 40 1.2 1.38 

Gorman et al. [11] Rotating fan generated 
swirl 

Air 20 1.51 -

four other propeller-type swirlers at various dimensionless lengths. In comparison 
to the literature, the present data employed the longest dimensionless length. The 
results also revealed that the heat transfer increase is the smallest when compared to 
other literatures because the swirl flow completely decays after half of the tube. As a 
result, the performance of the TDS heat transfer is less than expected. Heat transfer 
can thus be improved by utilising a shorter tube, or the TDS design configuration, 
such as the number of blades, twist angle, or TDS dimensions, should be modified 
to boost the swirl flow intensity. 

4 Conclusion 

The heat transfer performance and friction factor of a new turbine-like decaying flow 
swirler (TDS) design were explored. Then, the survival of swirl flow was revealed by 
visualising the vortex flow and cross-sectional velocity plane circumferential along 
the tube. The following statements are the conclusion that can be made from this 
research: 

. The relative range of Nusselt number is 1.09 to 1.16 with the highest Nusselt 
number obtained at the lowest investigated Re of 4583. 

. The relative range of friction factor is 1.45 to 1.47 with the highest friction factor 
obtained at Re of 10,000. 

. The thermal hydraulic performance (THP) attained unity at lower investigated Re 
of 4583 and 10,000. 

. The generated swirling flow using TDS decayed downsteam the tube until it 
completely disappear at L/D = 70.32. 

The heat transfer performance was lower than intended, and the friction factor 
was indeed low. The reason for this is that the distance travelled by the swirling flow 
entirely decays before it reaches the end of the tube, reducing its contribution to heat 
transfer enhancement. The TDS performance can be maximised for a dimensionless 
length of less than L/D = 46.88, or the TDS design configuration should be improved
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by exploring the modifications the TDS dimensions, number, and twist angle of the 
blades. 
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Pareto Solution of Autocatalytic 
Esterification in Semi-batch Reactor 
Using Control Vector Parameterization 
(CVP) and ε-Constraint 

F. S. Rohman, K. A. Zahan, and N. Aziz 

Abstract In this research, the optimal feed flowrate trajectories, and reaction 
temperature for autocatalytic esterification of sec-butyl propionate in the semi-
batch reactor had been determined using dynamic-nonlinear programming (NLP) 
based optimization. The dynamic multi-objective optimization (DMOO) problem 
yielded from this autocatalytic esterification due to contrary objective functions. The 
DMOO problem was characterized by multiple solutions, which are non-dominated 
or Pareto solutions. In this work, to generate the Pareto solutions for the chosen 
objective functions, which maximize conversion and minimize process time, the ε-
constraint approach and control vector parameterization (CVP) has been applied. 
Here, various combinations of conversion and process time were obtained as a result 
of different optimal temperatures and feed flowrates in each point of Pareto solutions. 
Finally, these solution methods could benefit industries in evaluating and selecting 
the trade-offs and operating policies. 
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1 Introduction 

Esterification has been recognized as one of the most reliable and effective reactions 
for synthesizing organic products. Ester could be found in natural and synthetic forms, 
essential for flavours and fragrance components [1, 2]. The esterification in a batch 
reactor is the most common industrial process used due to the well-known technical 
and engineering knowledge. However, on the other point of view, batch reactors 
also present disadvantages [3]. To enhance the conversion, the semi-batch reactor 
had gained increased attention among industrialists due to the better temperature 
control and potential to minimize the unwanted side reactions. This research has 
studied the autocatalytic esterification of an ester, namely sec-butyl propionate, in 
a semi-batch reactor. Sec-butyl propionate is a colourless liquid with a fruity odour 
that has been widely used for flavourings and perfumes. This ester can be produced 
in a catalyzed reaction of propionic anhydride with 2-butanol [4, 5]. The optimum 
operating parameters for a semi-batch reactor are critical in producing high quality 
and high quantity of ester. Here, the model-based optimization strategy could be 
beneficial for the decision-makers in industries to obtain the optimal solution with 
least experimental works and cost [3, 6]. However, considering various technical 
constraints involved in the autocatalytic esterification is a must. In this sec-butyl ester 
production, the reaction was operating under transient conditions comprises mixed 
systems of differential algebraic equations (DAE) and ordinary differential equations 
(ODE). Applying the dynamic optimization would suggest the best feed flowrate 
trajectories and operating temperature which finally maximize the conversion and 
efficiency [7]. 

To date, almost all available literature for optimizing autocatalytic esterification 
between propionic anhydride with 2-butanol was solved by a single-objective func-
tion [8]. Due to the presence of contradictory objective functions (maximum conver-
sion and minimum process time) in this reaction, single-objective optimization could 
not be the best option. The results generated could not explain the relationship 
between the contradicting objective functions thus failed to suggest a combination 
set of optimal solutions. To solve this, multi-objective optimization (MOO) strategy 
has been employed to determine the optimal solution for all objective functions. 
MOO will generate various combinations of optimal parameters and could also offer 
an alternative for the trade-offs performance prediction resulting from the opposite 
actions of various objective functions involved. Additionally, this work would fill 
the gap that had been unexplored in the optimization study of sec-butyl propionate 
autocatalytic esterification in a semi-batch reactor. 

Thus, this study was intended to solve the MOO problem for autocatalytic ester-
ification of sec-butyl propionate in a semi-batch reactor. The MOO aims to obtain 
the optimal feed flowrate and operating temperature profiles in order to optimize the 
objective functions (maximize conversion and minimize process time).
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2 Process Modeling 

The autocatalytic esterification of anhydride and 2-butanol will produce sec-butyl 
propionate and propionic acid, presented by Eq. 1 [5]. When sulfuric acid (catalyst) 
presence, the rate of reaction will be proportionally affected by the catalyst concen-
tration, which results in different trends of autocatalytic behaviors [5]. Here, two 
catalysts have existed as a representation of the reaction mechanism, and the acidity 
function expressed the catalyst transformation as shown in Eq. 2 [5]. 

Main reaction: 

2 - butanol + propionic anhydride → propionic acid + sec - butyl propionate (1) 

Catalyst transformation: 

catalyst 1(sulfuric acid) → catalyst 2(mono - butyl sulfuric acid) (2) 

The reaction rate constants were computed using Arrhenius law and the approxi-
mation of the acidity function was modeled as in Eq. 3 [5]: 

H = −(p1Ccat1 + p2Cc) 
( 
p3 + 

p4 
T 

) 
(3) 

The mass balances for the semi-batch autocatalytic esterification reactor were 
included in the dynamic optimization work to observe the concentrations trend and 
represented by Eqs. (4–8) [9]. 

dCA 

dt  
= −((k1 + k2Ccat1)CACB + k3Ccat2CB) − 

F0CA 

V 
(4) 

dCB 

dt  
= −((k1 + k2Ccat1)CACB + k3Ccat2CB ) + 

Fo 

V 
(CB0 − CB ) (5) 

dCB 

dt  
= −((k1 + k2Ccat1)CACB + k3Ccat2CB ) + 

Fo 

V 
(CB0 − CB ) (6) 

dCcat1 

dt  
= −  

dCcat2 

dt  
= −(k410

−H Ccat1CA) − 
F0Ccat1 

V 
(7) 

dV  

dt  
= Fo (8) 

where CA, CB,CC, CCat1, and Ccat2 are the concentration of 2-butanol, propionic 
anhydride, propionic acid, sulfuric acid, and mono-butyl sulphuric acid, respectively. 
Fo, V and T are the feed flowrate, volume of solution and temperature within reactor.
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Table 1 Kinetic parameter 
equations [5] 

Subscript i k0i Eai (J mol−1) Parameter pi 

1 5.36178 × 
107 L mol−1 s−1 

80,478.64 2.002 × 10–1 

2 2.8074 × 
1010 L2 mol−2 s−1 

79,159.5 3.205 × 10–2 

3 3.9480 × 
1010 L mol−1 s−1 

69,974.6 −21.3754 

4 1.4031 × 
108 L mol−1 s−1 

76,6172.2 12,706 

The initial value of CA, CB, CC, CD, Ccat1, Ccat2 and Vj is 3.4 M, 0 M, 0 M, 0 M, 1.02 
× 10−2 M, 0 M and 1L, respectively. 

The kinetic parameters of autocatalytic esterification were adopted from Zaldivar 
et al. [5] as summarized in Table 1. 

3 Dynamic Multi-objective Optimization 

The control vector parameterization (CVP) had been applied for the dynamic multi-
objective optimization (MOO) of autocatalytic esterification. The CVP used was the 
AMIGO2 package in the MATLAB environment developed by Balsa-Canto et al. 
[10], while the AMIGO2’s algorithm of CVP was adopted from Vassiliadis et al. 
[11]. The basic steps of CVP are shown in Fig. 1. 

Fig. 1 Basic steps of CVP method
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3.1 Multi-objective Optimization (MOO) Technique 

The optimal solution for MOOs expressed as multiple optimal solutions produce 
a set of solutions known as a Pareto-optimal set. Pareto-optimal set refers to a set 
of optimal solutions that are not dominated by any other solution that belongs to 
the same set. If the improvement of a given objective is absent and no degenerating 
amount of another objective, the Pareto-optimal set could be the best optimal solution 
for all objective functions. 

The ∈-constraint method was used to recompose the multi-objective function into 
a unified objective optimization problem. In this method, accumulation in single 
objective was eliminated in which the first objective was optimized while the second 
objective was served as constraint using threshold values ε. Thus, the problem: 

Min  
x,u(t),z(t) 

μ1[d, U (t), V (t)] 

Subject to 

μ2[d, U (t), V (t)] ≤ ε 
F[x, U (t), V (t), t] ∈ S (9) 

In these techniques, the dynamic multi-objective optimization problem (DMOOP) 
was resolved at every iteration to determine the Pareto-optimal set. By sampling 
discrete points and applying non-dominated points produced from multiple runs, the 
Pareto-front and the possible trade-off between objectives will be generated. The 
optimal points on the Pareto-front were updated by progressively changing the ε 
values for multiple runs [12]. 

3.2 Problem Optimization Formulation 

In this work, the control or decision variables are feed flowrate and operating temper-
ature. The states variables are reactant, catalyst, and product concentrations which 
expressed as a mass balance (Eqs. 4–8) and imposed as a shortcut-process model for 
the autocatalytic esterification. This model is employed to attain the desired reactor 
performances. 

Then, the lower and upper limits applied are the minimum and maximum capacity 
of the reactor temperature (303–343 K) and the pumps flowrate (0–5 × 10–4 L/s). 
Additionally, the overall process time consisted of six intervals of time (Δt), served 
as a free final time. Here, the Δt was optimized between 10–30 min. 

The bi-objective functions aimed to maximize the conversion and minimize the 
process time. The objective function is assumed in the form of min. function. For the 

maximization of CA0V0−CAV 
CA0V

, the max function is presented as min − 
(
CA0V0−CAV 

CA0V 

) 
,
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while the inequality constraint is the volume solution accumulated at the final process 
time, 2L. Finally, the dynamic optimization problem is expressed mathematically as: 

min 
T (t),Fo(t) 

℘1 = −  
( 
CA0V0 − CAV 

CA0V 

) 

min 
T (t),Fo(t),Δt 

℘2 = t f 

Subject to: 

Mdx/dt  = f (x(t), u(t), p, t) (Model equation) 

0 ≤ F0 ≤ 5 × 10−4 L/s 

303 K ≤ T ≤ 343 K 
10 min ≤ Δt ≤ 30 min (Lower and upper limits) 

V ≤ 2L (Final inequality constraint) 

4 Results and Discussion 

Figure 2 shows the Pareto-optimal front (for example, the ε-constraint). The Pareto-
optimal front consist of three zones; Zone 1: the lower end of the Pareto-optimal 
front, which is indicated by relatively short process time and low conversion; Zone 
2: upper end of the Pareto-optimal front, which is indicated by relatively long process

Fig. 2 Pareto-front 
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Fig. 3 Optimal trajectories 
in point A 

(a)Feed flowrate 

(b) Temperature 

time and high conversion; Zone 3: intermediate zone which signified as moderate 
process time and conversion.

Figure 3 depicts the correlation between each point of the Pareto-optimal front 
with various operating temperatures and feed flowrates. The non-dominated points 
(A, B, and C) found at Zone 1, 2, and 3, respectively, gave non-identical trend trajec-
tories, as presented in Figs. 3, 4 and 5. Table 2 summarizes the dynamic optimization 
results for non-dominated points A, B, and C. 

From Table 2, the process time for non-dominated points A, B, and C are 46 min, 
55.39 min and 66.88 min, while the conversion achieved for each point are 0.993, 
0.998 and 0.999, respectively. Temperature had been determined as the most signifi-
cant control variable that affect the process time and conversion for the autocatalytic 
esterification of sec-butyl propionate. This result agreed with [9] who stated that the 
rates of reaction for reactant, catalyst, and product rise significantly when the temper-
ature rise. Thus, non-identical temperature profiles offer variety amount of process 
time and conversion of ester as depicted in Figs. 3b, 4b and 5b. Here, because of 
the lowest amount of optimal temperature trajectory at point A, the process time and 
conversion obtained was smallest as compared to point B and C.
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Fig. 4 Optimal trajectories 
in point B 

(a)Feed flowrate 

(b) Temperature 

The optimal feed flowrate (Figs. 3a, 4a and 5a) and operating temperature 
(Figs. 3b, 4b and 5b) shows an oppose trend. However, both variables present a 
complementary effect to support the reaction rate. As the operating temperature 
profile located at the lower value, the trajectory of the feed flowrate will equilibrate 
(increase the flowrate) so that the reaction rate will be stable and maintain. In a semi-
batch reactor, higher reactant (propionic anhydride) feed flowrate will stimulate the 
autocatalytic mechanism which also enhance the rate of conversion. Additionally, 
longer process time is required if the feed flowrate is low. 

The use of the Pareto-optimal front determined is aligned with the decision-
maker’s capacity. The non-identical optimal trajectories along the Pareto-optimal 
front will help the decision-maker to choose the best trade-off and select the best oper-
ational parameters for the autocatalytic esterification of sec-butyl propionate. The 
Pareto-optimal front of ε-constraint determined will prepares a lot of possible alter-
natives for the decision-maker to use the optimal trajectories based on the feasibility 
and practicality thought of the process.
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Fig. 5 Optimal trajectories 
in point C 

(a)Feed flowrate 

(b)Temperature 

Table 2 Process time and 
conversion in point A, B and 
C 

Non-dominated point Point A Point B Point C 

Process time, min 46.00 55.39 66.88 

Conversion 0.993 0.998 0.999 

5 Conclusion 

Due to various performance objectives with contradictory effects between each other 
in the autocatalytic esterification, single-objective optimization will not be suit-
able. In this study, the dynamic multi-objective optimization method was applied. 
The control vector parameterization and ε-constraint were utilized to determine the 
Pareto-optimal solution for operating temperature and process time. The correla-
tion obtained between multiple objective functions could help decision-makers to 
select the trade-offs and choose the best operational conditions for the process. 
Finally, the optimal temperature trajectory from the selected trade-off becomes
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the pre-determined set point. It is tracked afterward by the controller in the online 
application. 
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Abstract A reduction of anthropogenic CO2 emissions and extensive demand for 
electricity has motivated cleaner power production. Renewable energy source from 
biomass features an alternative option for sustainable energy generation. Innovation 
in biomass gasification with combined heat and power (BG-CHP) system emerges as 
a potential technology to achieve and stimulate the Sustainable Development Goal 
11 (SDG 11: Climate Change). Nevertheless, a major problem of BG-CHP is its 
bulkiness and inconvenient form of biomass along with the multifaceted process 
behavior. All these feature non-linearities as well as high process interactions, and 
therefore require a control advancement to ensure feasible and flexible operation. Two 
different types of controllers [viz; proportional, integral, and derivative controller 
(PID) and Model Predictive Controller (MPC)] are designed and evaluated to identify 
the best control system via set point tracking scenario. Embedment of MPC into palm 
kernel shell BG-CHP plant outperformed the performance of PID controller with 
minimal overshoot and precise set-point tracking. The findings obtained from this 
study are valuable in identifying the practicability of BG-CHP system as a sustainable 
and clean waste to energy (WtE) technology. 
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1 Introduction 

Aligning with the country’s economic growth and urbanization, energy is a vital role 
in supporting the activity of industrial, agricultural as well as daily human lives. The 
main sources of energy supply in Malaysia are crude oil and petroleum products 
(46.8%), natural gas (41.3%), coal and coke (9.1%), and hydro (2.8%) [8]. Recently, 
World Energy Markets Observatory (WEMO) reported that Malaysia’s energy usage 
is projected to increase by 4.8% right up to 2030. This scenario may subsequently 
increase the emission of greenhouse gas (GHG) since Malaysia is heavily relied on 
the fossil fuel energy generation. On contrary, raising of oil price and challenges 
in supplies of fossil fuel as well as awareness about reduction of GHG emission 
have created a demand for clean energy from renewable to overcome this issue 
[10]. Comparing to fossil fuels, a renewable resource such as biomass is considered 
as carbon neutral because the GHG produced during gasification process can be 
reutilized through the process [15]. Furthermore, the emission of NOX and SOX is 
lower, hence, acid rain formation could be avoided [12]. 

Oil palm waste, among other biomass forms, has the greatest potential for energy 
production in Malaysia, as Malaysia is the world’s second-largest producer and 
exporter of palm oil after Indonesia [2]. In palm oil mills, the conversion of fresh 
fruit bunches (FFB) into crude palm oil (CPO) will produce several types of wastes 
such as empty fruit bunch (EFB), mesocarp fiber, palm kernel shell (PKS) and palm 
oil mills effluent (POME). In the conversion of palm oil, 90% of them is in the form 
of waste while only 10% palm oil is produced [3]. Among the waste, PKS has lower 
moisture content and high calorific value which make it exhibits excellence biomass 
feedstock for energy generation. 

Biomass gasification combined heat and power (BG-CHP) system is a promising 
renewable technology that has potential to be commercially installed in Malaysia. 
Nevertheless, the major problem of BG-CHP system is its bulkiness and inconvenient 
form of biomass along with the multifaceted process behavior. All these feature non-
linearities as well as high process interactions thus require implementation of an 
advance and robust control strategy to ensure stable and feasible operation under the 
unprecedented plant perturbation. 

At present, application of control system has proven to provide positive impact to 
the industrial plants in achieving optimal operation and economic feasibility. Employ-
ment of simple modelling approach usually required for the control analysis study to 
reduce the complexity of the evaluation but still able to mimic the actual plant oper-
ation. Several studies have used conventional feedback control system (i.e., propor-
tional, integral, derivative, PID) to control the performance of gasifier process. For 
instance, Vijay Daniel and Sanjeevi Gandhi [16] employed PID controller to control 
reaction temperature of downdraft biomass gasification system by manipulating the 
air flowrate. In their work, a second order-plus-time-delay model was derived to 
mimic the system. Their result showed that installation of PID controller was able to 
improve the process settling time at approximately 80% subjected to set point tracking 
and regulatory changes. Huang and Shen [11] carried out a study on the maximum
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hydrogen production of coal gasification plant by manipulating the water flowrate 
using different control configurations. A mathematical modelling and control anal-
ysis was built and simulated in Simulink Matlab. It was observed that employment 
of multiple adaptive neural fuzzy inference system (MANFIS)-particle swarm opti-
mization (PSO)-PID was able to improve the hydrogen production efficiency by 
25.43% and reduction of slag formation of the gasifier by 36.8%, compared to other 
control configurations. 

An advanced and intelligent control approach features significant element in the 
modern and high-end industrial plant due to its capability to accommodate robust 
operation subsequently generate feasible income and provide plant safety. Böhler 
et al. [6] and Elmaz and Yücel [9] indicated that model predicted based algo-
rithm exhibited excellent control performance compared to conventional feedback 
controller. A fuzzy model predictive control (FMPC) and linear model predictive 
control (LMPC) outperformed the PI controller two times better stationary perfor-
mance based on the calculated root mean square error (RMSE). Whereas, both 
controllers were able to optimally control water supply temperature of biomass 
furnace, oxygen concentration of the flue gas and freeboard temperature [6]. Simi-
larly, MPC was successfully controlled the syngas composition and high heating 
value (HHV) at set point of 10 MJ/kg to maximize the power output. Based on the 
aforementioned work, data driven identification model has been employed to reflect 
the biomass gasification process in Simulink, Matlab [9]. Table 1 summarizes the 
existing studies related to control analysis of gasification process. 

Based on the existing studies, there is scarce work has been done on the control 
analysis of BG-CHP system with target variable, power output. Thus, this wok 
presents a control analysis (closed loop analysis) of BG-CHP system to assess the 
performance of plant subjected to intermittent power output (reflect as plant control 
objective). The objective here is to evaluate the plant’s feasibility and capability 
while considering the embedment of control system. Two control schemes (viz; PID 
and MPC) are designed and evaluated to identify the best control system via servo 
problem (intermittent power output). The structure of this paper is as follows: Sect. 2 
presents the development of BG-CHP dynamic model and BG-CHP control design. 
Finally, result and conclusions from this study are presented in Sect. 3. 

2 Modelling of BG-CHP System 

2.1 A Dynamic BG-CHP Flowsheet Model in Aspen Plus 
Software 

In this work, Aspen Plus (Aspen Technology, Inc.) software is used to develop a BG-
CHP dynamic flowsheet model. A steady state BG-CHP system is initially developed 
using Aspen Plus software based on the actual unit operation of 20 kW pilot scale 
manufactured by APL Power Pallets [1]. This steady state PKS BG-CHP model was
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Fig. 1 A dynamic BG-CHP flowsheet model in Aspen Plus workspace and the model boundaries 

directly adopted from the study conducted by [4]. Valves are added to the steady-
state flowsheet to provide pressure drop for material flow with selection of pressure-
driven dynamic simulation. The gasification process (in steady state flow sheet) 
is represented by the syngas stream in Aspen Dynamic Simulation to reduce the 
complexity of simulation process as illustrated in Fig. 1. A 21,601 data with 6 min 
interval time is generated from the Aspen Dynamic simulation and data is exported 
to the Matlab workspace.

2.2 An Empirical Model of BG-CHP System in Simulink, 
Matlab Software 

From the dataset obtained in Aspen Dynamics, an empirical model (data-driven 
model) based on non-linear autoregressive with exogenous input (NLARX) tech-
nique is developed using System Identification Toolbox, in Matlab environment. 
Four process boundaries (as shown in Fig. 1) are individually modelled using 
NLARX approach before being integrated to represent a complete BG-CHP system, 
as increasing the number of boundaries is able to obtain a higher accuracy of model 
[5]. A developed NLARX-BG-CHP illustrated in Fig. 2 has priorly undergone valida-
tion process with averaged 85% best-fit via five-step-ahead prediction output at 95% 
confidence level. The NLARX-BG-CHP model built in Simulink, Matlab consisted 
of 6 inputs and 1 output as shown in Fig. 2.
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Fig. 2 An empirical model of NLARX-BG-CHP model in Simulink, Matlab 

2.3 Control Design of BG-CHP System 

This work uses Simulink environment as the control analysis platform due to its 
computational efficiency in evaluating and simulating the controller performance 
with more realistic plant dynamics [7]. Two different types of controllers which 
are conventional feedback PID controller and MPC are designed and evaluated to 
identify the best control system via set point tracking scenario. A control pairing for 
PID controller and MPC is syngas flowrate (as the manipulated variable) and power 
output (as the control variable). Intermittent power output in a range of 12–20 kW for 
10-h operation is simulated to reflect hypothetical operation of large-scale BG-CHP 
plant at peak and off load. In this analysis, ready to use PID and MPC toolbox are 
used and embedded into the BG-CHP model. 

3 Modelling of BG-CHP System 

3.1 A Control Scenario 

Control analysis is conducted around nominal operating condition based on the actual 
operation of biomass gasification pilot plant. One can refer to Annuar et al. [4] and 
Rasid et al. [13] on the detail operation of pilot plant. Table 2 shows the control 
algorithm and parameters set in the PID and MPC toolbox in Simulink workspace. 
An auto-tuning set-up was selected for both controllers. 

An intermittent set point trajectories at 15–18–12–15–20 kW is simulated based 
on 10-h operation as illustrated in Fig. 3. Based on this in-depth analysis, MPC
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Table 2 Control parameter 
setting in PID  and MPC  
toolbox in Simulink, Matlab 

Parameter setting PID Parameter setting MPC 

P 0.809 Prediction horizon 10 

I 0.453 Control horizon 2 

D -0.214 

Fig. 3 Control performance analysis of power output (set point trajectories) for PID controller and 
MPC 

outperformed the PID controller performance in meeting the set points of power 
output in BG-CHP system. This can be highlighted during the constant power output 
(constant set point), where PID unable to stabilize/maintain the power output where 
minor oscillation was exhibited throughout those period as shown in block A. While 
MPC was efficiently tracked the power output’s set point without any fluctuation. 
This outcome evident that MPC is able to explicitly predict the future behavior of 
the plant as well as capable to optimally reduce the process variance. 

On the hand, during the set point transitions/changes, MPC is successfully mini-
mize the overshoot with minimal delay at approximately 5 min as shown in block B. 
Whilst, significant overshoot is exhibited under the sudden change of power output 
(block B) which evident that PID controller unable to provide efficient control perfor-
mance under the multifaceted condition (reflected by the intermittent power output). 
Diminutive control error (root means square error) was demonstrated for PID and 
MPC controllers at approximately 0.02. Nevertheless, in this case, MPC is tech-
nically preferable to be embedded with BG-CHP system due to it robustness and 
capability to work under the complex process and unprecedented disturbances. This 
verdict can be explained as follows: According to the control profile, it can be seen 
that at the on-set of power transition (increment and decrement), MPC requires only 
minimum ramp up/ramp down if compared to the PID controller. Where, similar 
performance was found in the study conducted by Seyab and Cao [14].
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4 Conclusion 

This paper used a previously developed steady-state BG-CHP flowsheet model before 
converted to the dynamic flowsheet in Aspen Dynamic. A dynamic date obtained from 
Aspen Dynamic was used to develop a data driven NLARX model for control analysis 
in Simulink, Matlab. Application of PID controller has contributed to large overshoot 
with consistent oscillation throughout the set-point (power output). Contrariwise, 
MPC was able to efficiently track the power output’s set point with minimal delay 
during the transition or changes of power output. Results obtained in this study indi-
cated the robustness of the developed MPC thus enhance the dynamic performance 
and provide good process controllability. 

This preliminary control study of BG-CHP system is able to provide insight for the 
feasible and optimal operation of large-scale BG-CHP plant subsequently contribute 
to reduction in costs of the plant. 
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Effects of Pineapple Leaf Fibre 
as Reinforcement in Oil Palm Shell 
Lightweight Concrete 

Siew Choo Chin , Mun Lin Tang, Norliana Bakar, Jia Ling Che, 
and Shu Ing Doh 

Abstract This paper presents the mechanical behaviour of pineapple leaf fibre 
(PALF) in oil palm shell (OPS) lightweight concrete (LWC). Various fibre volume 
fractions were considered which include 0.5%, 1.0%, 1.5% and 2.0% of PALF. In 
this study, the PALF was extracted and treated with sodium hydroxide solution with 
a 10% concentration. The length of the PALF was made constant as 40 mm based 
on the optimum fibre length obtained from previous work. The experimental testing 
in this work includes slump test, compressive strength test, splitting tensile test and 
four-point bending test. Results showed that the compressive strength decreased at 
all ages with an increase in PALF volume fraction, whereas improvement in strength 
was observed in both splitting tensile strength and flexural strength. The inclusion 
of PALF increases the tensile and flexural strength up to 3.28 MPa and 6.55 MPa 
respectively. The findings revealed that 1.0% PALF is the optimum fibre volume 
ratio for tensile and flexural strength. The oven-dry density and demoulded density 
of all OPS concrete mixes fall within the range of 1526–1731 kg/m3 and 1787– 
1853 kg/m which are in the range of structural lightweight concrete. The splitting 
tensile strength of OPS and PALF reinforced OPS-LWC in this study falls in the 
range to that of conventional concretes. Flexural strength to compressive strength 
ratio showed that all PALF reinforced OPS concretes had ratios ranging 12–22% 
which were greater than the usual range for lightweight aggregate concrete. Hence, 
this indicates that PALF fibre can improve significantly the flexural strength of OPS 
lightweight concrete. 
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1 Introduction 

Conventional concrete which is generally made of Ordinary Portland Cement, water, 
coarse and fine aggregates has a density that lies within the range of 2200–2600 kg/m3 

[1]. Cement functions as the binding property of concrete. In this case, a chemical 
reaction between the water and cement occurred which is known as the hydration 
process where concrete changes from a plastic to a solid-state [2]. Several factors 
could affect the density and compressive strength of concrete cement paste such 
as water cementitious materials ratio, supplementary cementitious materials, use of 
admixtures, curing condition, cement type and so on [3]. Hydration of cement takes 
place through curing which usually consists of control of temperature and moisture 
movement from and into the concrete. Suitable curing application gives a significant 
impact on density and compressive strength [4]. 

Lightweight concrete is better known as a type of concrete that consists of 
expanding agent that can increase the volume of the mixture at the same time reduce 
the deadweight [5]. Lightweight coarse aggregates such as clay, slate, shale are the 
main ingredients towards lightweight concrete which possess low-density charac-
teristics. According to BS EN 206-1, lightweight concrete is defined as having an 
oven-dry density of not less than 800 kg/m3 and not greater than 2000 kg/m3 when 
dense natural aggregates were replaced either wholly or partially with lightweight 
aggregates [6]. 

Concrete which is brittle in nature is strong in compression but weak in tension 
has the minimal capability to take tensile loads and strain capacity [7, 8]. Despite as a 
brittle material, concrete is still widely used as a construction material. Brittle material 
has weaknesses such as sudden failure without warning due to low deformation 
compared to ductile materials [8]. Cracking is one of the common issues in concrete 
which is mainly due to plastic shrinkage cracking or externally imposed loading. 
This can cause a reduction in the mechanical properties of concrete structures that 
may be harmful to the occupants and structures nearby. 

To overcome the weakness and enable concrete to cater more tensile loads, fibres 
are introduced into the concrete. Fibres when incorporated into the concrete can 
change their mechanical properties, hence making them different from the conven-
tional concrete [7]. Thus, concrete needs to be reinforced so that it can be utilized 
widely as construction materials. Conventional method of reinforcing is by placing 
steel bars in the concrete structure at suitable locations to withstand the imposed 
shear and tension loads. Fibres incorporated into concrete are typically short, discon-
tinuous, being randomly dispersed throughout the concrete produces a composite 
construction material known as fibre reinforced concrete (FRC). 

FRC has been a common solution nowadays towards a better property of tensile 
strength in concrete. It is also capable to reduce crack growth, increasing ductility and 
durability as well as impact strength. The matrix in this composite material contains 
a random distribution or dispersion of small fibres, either natural or artificial giving 
high tensile strength [9]. The fibres being dispersed uniformly in concrete gives 
higher cracking strength of concrete and act as crack arrestors [10].
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Researchers have focused on studying various types of fibres either natural or 
synthetic as reinforcing material in concrete. Omar and Hamid [8] studied the stress– 
strain behaviour of normal concrete containing polypropylene fibre. There were 
investigations on the behaviour of reinforced concrete [7] and high strength concrete 
[11] with glass fibre. Zhou et al. [12] focused on the engineering properties of treated 
natural hemp fibre reinforced concrete. Mechanical properties of FRC made with 
basalt filament fibres [13], sisal fibre reinforced concrete (SFRC), steel and glass 
fibre reinforced concrete (SGFRC) [14] as well as mineral fibres and nano-silica 
[15]. This review shows that recent investigations have focused mainly on natural, 
mineral and synthetic fibres as the reinforcing material in FRC. 

There were investigations to determine the performance of fibre in lightweight 
concrete. This includes the study of coconut fibre in super lightweight concrete [16], 
flexural behaviour of steel and glass fibre in lightweight concrete [17, 18], mechanical 
properties of structural lightweight concrete reinforced with waste steel wires [19], 
low volume steel fibre [20] as well as carbon and/or polypropylene fibres [21]. Most 
of the previous investigations focused on using synthetic fibre in lightweight concrete. 
Investigations on lightweight concrete incorporating natural fibres are still limited, 
thus further research using this material is in need. 

Pineapple leaf fibre (PALF) is one of the fast-growing plants and is available 
abundantly in Malaysia as compared to other types of natural fibre plants [22]. This 
fast-growing plant can be an alternative raw material to the industries. It can be a 
potential replacement for synthetic fibres which are expensive and non-renewable. In 
this research, the experimental work was carried out to study the effect on lightweight 
concrete when it is reinforced with PALF fibres at various volume fractions and to 
determine the optimum percentage of PALF fibres. 

2 Experimental Program 

2.1 Materials 

Raw materials. The raw materials used in this study were ASTM Type I ordinary 
Portland cement (OPC); silica fume (SF) named Greco SF-90D of 5% of the cement 
weight was included in this study; river sand with a maximum grain size of 4.75 mm 
and OPS in a saturated surface dry (SSD) condition, with size less than 9.5 mm. 
The OPS was obtained from one of the local palm oil mills in Pahang. The OPS 
collected was rinsed with clean water to remove the impurities and oil coatings 
from their surface. After rinsing, the OPS was placed outside the laboratory to allow 
the fibre contents to wither. A water-cement ratio of 0.3 was used for all mixes. 
Superplasticizer (SP) was kept constant at 1.2% of the cement weight. 

Pineapple Leaf Fibre. The pineapple leaf fibre (PALF) was extracted from its leaves 
through a conventional decorticator machine. Dry PALF was soaked into a 10 wt%
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Table 1 Mix proportions for all mixes 

Cement Coarse aggregate 
(OPS) 

Fine aggregate 
(Sand) 

W/C Superplasticizer 
(% of cement 
weight) 

Silica Fume 
(% of cement 
weight) 

520 kg/m3 330 kg/m3 960 kg/m3 0.3 1.2% 5% 

156 kg/m3 6.24 kg/m3 261 g/m3 

NaOH solution at 30 °C, maintaining a liquor ratio of 1:10. Fibres were kept immersed 
for 2 h into the alkali solution before washing it with fresh water several times to 
remove the alkaline solution. After washing, the fibres were dried in an oven at 80 °C 
for 24 h to remove the moisture content and lignin. The treated fibres were dried under 
the sun for several days. The fibres were then cut into pieces approximately 40 mm 
in length. 

2.2 Mix Proportions 

The mix proportions for all mixes are summarized in Table 1. The water-cement ratio 
used in this concrete mix design was 0.30. A dosage of 1.2% of Superplasticizer 
known as Sika ViscoCrete-2199, by cement weight was added. 

2.3 Test Methods 

Fibre volume fractions of PALF considered in this study include 0.5%, 1%, 1.5% 
and 2.0% percentage by weight of cement. Firstly, cement, sand and OPS were 
weighed and mixed for two minutes by using a concrete drum mixer. After that, 
the prepared cut-in-size PALF was spread evenly into the concrete drum mixer and 
mixed for two minutes. Finally, water and superplasticizer were mixed thoroughly 
for approximately 30 s before adding into the mixer and mixed for three minutes. 
After 24 h, the concrete specimens were demolded and cured in water. The dimension 
of the concrete cube considered in this study was 100 mm × 100 mm × 100 mm. 
Beam specimens were cast into the size of 100 mm width × 100 mm height with a 
total length of 500 mm whereas cylinder specimens were 100 mm in diameter with 
200 mm height in size. The targeted concrete strength in this study was 30 MPa. 
All the concrete specimens were tested at curing ages of 3, 7, 14 and 28 days. A 
compressive strength test was conducted at 28 days according to the BS 1881: Part 
116. Concrete specimens for splitting tensile strength and flexural strength were 
tested at 28 days according to ASTM C496 and ASTM 78, respectively.
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Fig. 1 Effect of PALF volume fraction on a concrete slump 

3 Results and Discussion 

3.1 Workability 

Figure 1 shows the effect of slump versus fibre volume fractions of PALF in the 
lightweight concrete mix. A decreased exponential curve was observed whereby 
the slump was reduced concerning the increase of PALF. This resulted in the low 
workability of concrete. The inclusion of PALF from 0%, 0.5%, 1.0%, 1.5% and 
2.0% decrease the workability. The slump result showed that adding PALF from 0%, 
0.5%, 1.0%, 1.5% and 2.0% decreased the workability to approximately 43.55%, 
67.74%, 83.87% and 100% as compared to the control mix. The control mix has the 
highest slump value which is 62 mm whereas the addition of 2.0% PALF volume 
fraction gives the lowest slump value. The decrease in workability could be due to 
the bonding of fibre-matrix in the concrete which restrained the flow of the concrete 
mix. 

3.2 Density 

Figure 2 shows the comparison of the relationship between the PALF volume frac-
tion versus hardened density at the oven-dried condition and demoulded density. 
According to ASTM C 567, LWC has an air-dry density not exceeding 2000 kg/m3. In  
this study, the oven-dry density and demoulded density of all OPS concrete mixes fall 
within the range of 1526–1731 kg/m3 and 1787–1853 kg/m3 respectively. Hence, this 
signifies that the concrete mixes can be considered as structural lightweight concrete. 
Normal weight concrete will have a density in the range of 2240–2400 kg/m3. The  
oven-dry density and demoulded density for all lightweight mixes are approximately 
29% and 21% lower than normal-weight concrete taken as 2300 kg/m3. Hence, there
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Fig. 2 Effect of PALF volume fraction on concrete hardened density 

are substantial cost savings by providing less dead load for lightweight concrete in 
this study. 

3.3 Compressive Strength 

Compressive strength results at 3, 7, 14 and 28 days are summarized in Table 2. The  
control concrete had a 28-day compressive strength of 41.7 MPa. It is noticeable 
that the compressive strength of OPS-LWC decreased at all ages with an increase 
in PALF volume fraction as shown in Fig. 3. The mixes from 0.50 to 2.00% fibre 
volume fraction decrease the compressive strength by 19.48%, 7.35% and 7.18% at 
3 days, 9.78%, 8.45% and 9.88% at 7 days, 10.53%, 6.07% and 9.92% at 14 days, 
10.58%, 6.22% and 6.39% at 28 days, respectively. Holm et al. [23] reported that 
the 7 days strength to 28 days strength ratio for high strength lightweight concrete 
normally is between 86 and 92%. Many researchers have proved that the use of 
fibre has a relatively low effect on the enhancement of compressive strength and 
may even decrease further [20]. In this study, the addition of PALF does not give 
significant improvement to the compressive strength. This may be due to the high 
water absorption of OPS and fibres. Water content may also affect the development 
of concrete strength as cement needs to react with water during the hydration process.

Table 2 Development compressive strength of OPS concrete in continuously moist curing 

No Description Compressive strength (MPa) 

3rd day 7th day 14th day 28th day 

1 Control 29.60 (71.0%) 33.80 (81.1%) 38.50 (92.3%) 41.70 

2 0.50% fibre 22.95 (67.8%) 25.97 (76.7%) 30.49 (90.1%) 33.84 

3 1.00% fibre 18.48 (61.1%) 23.43 (77.4%) 27.28 (90.2%) 30.26 

4 1.50% fibre 17.12 (60.3%) 21.45 (75.6%) 25.62 (90.3%) 28.38 

5 2.00% fibre 15.89 (59.8%) 19.33 (72.8%) 23.08 (86.9%) 26.57
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y = -8.729ln(x) + 29.165 
R² = 0.9839 

y = -8.742ln(x) + 33.166 
R² = 0.9846 

y = -9.31ln(x) + 37.909 
R² = 0.9869 
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Fig. 3 Effect of fibre volume fraction on compressive strength 

Furthermore, high fibre content increases the probability of fibre agglomeration, the 
uneven distribution of fibre in cement paste will affect concrete strength significantly 
[24].

3.4 Splitting Tensile Strength 

Figure 4 shows the correlation between the effects of fibre volume fraction and 
splitting tensile strength. In this study, the control concrete showed a splitting tensile 
strength of 3.12 MPa. The OPS concrete added with 1% PALF exhibited the highest 
strength of 3.28 MPa. The development of tensile strength could be due to the crack 
arresting ability of fibres, whereby the tensile stress was transferred across the fibres 
and inhibited the crack extension, giving rise to the splitting tensile strength of 
concrete [25]. Similar to the trend reported in the work of [25] that a decrease in
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Fig. 4 Effect of fibre volume fraction on splitting tensile strength
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splitting tensile strength was observed even lower than control concrete when the 
fibre was added beyond 1%. The reduction in strength is because of the balling effect. 
As the surface area of fibres increased, a larger amount of cement mortar was required 
to coat the fibres. As a result, the strength was reduced due to the large growth of 
porosity.

The splitting tensile strength of OPS concrete (control) and PALF fibre OPS 
concrete at 28 days was 3.12 and 3.28 MPa, respectively which is about 7.6% and 
10.84% of the compressive strength. This shows that the PALF fibre enhanced the 
splitting tensile to compressive strength ratio. In general, the splitting tensile strength 
of conventional concrete is about 8 to 14% of the compressive strength [26]. The 
splitting tensile strength of OPS and PALF reinforced OPS-LWC in this study falls 
in the range to that of conventional concretes. Normally, LWAC possesses a lower 
splitting tensile strength to compressive strength ratio than the conventional concrete 
at the same compressive strength, even with the addition of fibre [25, 27]. It can be 
regarded that the PALF reinforced OPS concretes had similar or even higher splitting 
tensile strength than normal concrete of the equivalent compressive strength. 

3.5 Flexural Strength 

Figure 5 plots the results of flexural strength versus fibre volume fraction. A linear 
increasing trend was observed from 0% up to 1% at 28 days curing, 4.805 MPa to 
6.55 MPa. A decrease in trend was observed at 1.5% and 2% with a flexural strength 
of 5.65 MPa and 5.317, respectively. The OPS concrete incorporating PALF with 
fibre volume fraction from 0.5% up to 2% showed flexural strength higher than the 
control mix, in the range of 6% up to 20%. Hence, it is evident that the improvement 
of flexural strength was governed by PALF. It was reported that the flexural strength 
of lightweight aggregate concrete is about 9–11% of 28-day compressive strength 
[23]. In this study, all PALF reinforced OPS concretes had ratios ranging 12–22%
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which were greater than the usual range for lightweight aggregate concrete. This 
indicates that PALF can improve considerably the flexural strength of OPS concrete.

4 Conclusions 

In this study, the oven-dry density and demoulded density of all OPS concrete mixes 
fall within the range of 1526–1731 kg/m3 and 1787–1853 kg/m which are in the range 
of structural lightweight concrete. The splitting tensile strength of OPS and PALF 
reinforced OPS-LWC in this study falls in the range to that of conventional concretes. 
Flexural strength to compressive strength ratio showed that all PALF reinforced OPS 
concretes had ratios ranging 12–22% which were greater than the usual range for 
lightweight aggregate concrete. Hence, this indicates that PALF fibre can improve 
significantly the flexural strength of OPS lightweight concrete. 
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Abstract The article discussed about pedal misapplication or pedal error among 
Malaysian drivers. The variability of driver’s foot movement could result in an error 
in foot placement. The farther the foot from the intended pedal, the larger the poten-
tial errors to occur while hitting the pedal. The goals of this research are to conduct a 
study to determine the Malaysian driver’s foot placement on pedal and the total emer-
gency braking response during the normal driving and emergency braking situation, 
and also to define the sources of foot placement errors and factors which contributing 
to the wrong pedal placement among Malaysian drivers. The scopes of this research 
are to develop a test setup to determine the foot placement on pedal by using video 
observation and measure the total emergency braking response by using force sensor, 
to determine the source of foot placement errors and to define the factors contributing 
to the wrong pedal placement. The study is limited to automatic transmission car, 
Malaysian drivers aged from 20 to 65 years old. In order to conduct the natural-
istic driving test, an instrumented car is prepared and equipped with some impor-
tant instruments such as cameras, force pressure sensor, light cue device, audio cue 
device and Arduino hardware. A study has been successfully conducted to determine 
the Malaysian driver’s foot placement on the pedal during the emergency braking. 
According to our research, 10% of the participants from the driving study conducted 
use both legs while driving and press the brake pedal using their left foot during 
emergency braking. It is dangerous for other drivers because the brake light can turn 
on at any time, causing other drivers to become distracted.
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Keywords Pedal error · Pedal misapplication · Sudden unintended acceleration 
(SUA) · Foot pedals · Naturalistic driving study 

1 Introduction 

One of the most common causes of death, disability, and hospitalization is from the 
road accidents. According to a research from Malaysia’s Department of Road Safety, 
there are about 30.2 million vehicles registered in the country over the last 10 years 
[1]. A total of 9355 deaths in Malaysian road accidents are reported between January 
2018 and December 2019, which motorcycle and passenger vehicle users account 
for the majority of deaths, accounting for 84% of all deaths [1]. Malaysian Institute 
of Road Safety (MIROS) has conducted a research and found that 80.6% of road 
accidents were caused by human error, 13.2% by road conditions, and only 6.2% 
were caused by vehicles [1]. 

One of the factors that lead to road accidents is when there are too many construc-
tion projects going on at the same time, the designs of urban infrastructure can be 
regarded barriers [2]. It can cause confusion to the drivers as they are unfamiliar 
with the route and it is possible for an accident to occur. Other than that, distracted 
driving is another factor that contributes to road accidents. It can happen in a variety 
of ways, including using and talking on a cell phone, which can cause mental distrac-
tion [3]. Also in Malaysian road accidents, overtaking, driving in the other lane, and 
tailgating are all contributory factors [4]. In Malaysia, speeding, running red lights, 
and drunken driving are all factors that lead to traffic accidents in Malaysia [5]. 

However, sudden unintended acceleration (SUA) is one of the serious issues, 
which causes injuries and deaths every year on the road. SUA is defined as an unin-
tentional, unexpected, and high-powered acceleration from a stationary or moving 
position that is accompanied by a loss of apparent braking effectiveness [6]. The 
unintended acceleration could also happened when a driver intends to press his/her 
right foot on the brake while shifting from Park (P) to a drive gear [drive (D) or 
reverse (R)] but ended up step on the accelerator pedal (full-throttle acceleration 
and cause a crash) [7]. Pedal error has been identified as a prominent factor in 
these types of accidents by a number of publications [7, 8]. Pedal misapplication 
events that resulting in crashed have been a matter of discussion for decades [9]. The 
designers have attempted to build various mixed brake-accelerator pedals in order 
to reduce the chance of the operator’s risk of pressing the wrong pedal [10]. There 
are several research areas that related to the pedal error study. A research in [11] in  
the United States of America (USA) aims to examine the factors, which might cause 
the pedal errors. In their study, they look into how do the pedal application types 
related with the foot placement on the pedal and investigates whether the error is 
related to the previous foot locations or not. Meanwhile, a study explored the effect 
of phone conversations and other potential interference on reaction time (RT) in a 
braking response [12]. A questionnaire survey was conducted among the elderly
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aged 65 years and above to explore key issues with the driving experiences of older 
compared with younger drivers [13]. 

The correlation between pedal operations (foot manoeuvres) and drivers’ work-
load by using the mechanism of workload on sloped segments of mountainous roads 
have been studied in [14]. The study performed naturalistic driving tests on two-lane 
mountainous roads in China. Another study looked at two types of accidents and 
their relative frequencies in order to figure out the fundamentals of pedal misap-
plications [7]. Besides, [9] use police-reported crash data (year 1994–2009) to find 
out about the crash characteristics and other circumstances that contributed to the 
pedal misapplication events. Another study compared the braking responses of active 
human emergency braking (control condition), cruise control (CC), and adaptive 
cruise control in the event of a vehicle collision (ACC) [15]. There is also a study 
where the researchers in [16] looked into the reasons behind an apparent increase in 
single-vehicle run-off-road crashes and a decrease in multi-vehicle on-road crashes 
as vehicles transitioned from conventional to ABS brakes. A publication that concen-
trate on the ergonomics topic (sitting position) is also found where the researchers 
conducted a research to see if the driver’s seating height affects the distance between 
the pedals [17]. The study looks into whether sitting lower or higher affects the 
accuracy of stepping on the pedals from the gas pedal to the brake pedal or not. 

Numerous studied have attempted to explain the construction of their test set 
up and apparatus. Two multi-modal driving testbeds (including both a real-world 
vehicle and a driving simulator) were introduced by describing two novel joint audio-
visual driving experiments and databases [18]. It was built to investigate the driver 
pedal misapplication error. Some researchers has discussed the creation of a basic 
device that includes a laptop computer and a three-pedal foot mouse for measuring 
response time (RT), accuracy, and flexibility of pedal application to visual stimuli 
[19]. Meanwhile, a research was conducted to obtain if simulators accurately depict 
real-world driving and how different parts of driving relate to each other [20]. Other 
than that, there is a study that investigated the trajectories of elderly drivers’ pedal 
movements while driving on the road in response to changing traffic signal conditions 
[21]. 

The common research approach that most of the researchers have done in their 
study to investigate the pedal error is by naturalistic driving method. Naturalistic 
driving study is a study that records details about the driver, the vehicle, and the 
surroundings using unobtrusive data collection and without the use of experimental 
controls in order to gain insight into driver behavior during normal excursions [22]. 

In this project, a naturalistic driving study was conducted to determine the 
Malaysia driver’s foot placement on pedal and the total emergency braking response 
during the normal driving and emergency braking situation. Other than that, this paper 
also emphasizes the sources of foot placement errors and factors which contributing 
to the wrong pedal placement among Malaysian drivers.
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2 Methods 

2.1 Participants 

Malaysian drivers with a valid driver’s license whom aged from 20 to 65 years old 
were invited to participate in this study. All of them are able to drive an automatic car 
transmission. There were 28 drivers who participated in this study and all of them 
have completed the study. There were 14 males and 14 females, which contribute to 
50% for both male and female respectively. The participants are grouped into few 
groups of ages such as 20–29 years old (89.29%), 30–39 years old (7.14%), and 
40 years old and above (3.57%). 

2.2 Apparatus 

The test car that is used to conduct this study is a 2015 Mazda 3. The car is equipped 
with important tools such as cameras, force sensor and lights cue device. However, 
the audio cue is produced by connecting the Bluetooth from a cellphone to the car 
audio system. 

Figure 1 shows the location of the cameras and force sensor that were placed inside 
the test car cabin. Two action cameras (1) were placed inside the car cabin. One of 
the cameras was placed under the car steering wheel to capture the movement of the 
driver’s foot from the top view. Another camera was placed on the car windshield 
in front of the driver to capture their face while they are driving. Force sensors (2) 
were attached on the brake pedal and accelerator pedal to measure the force then 
driver pressed the pedals. The data was processed by the data acquisition (3) that 
was connected to both of the sensors on the brake pedal and accelerator pedal. The 
light cue device (4) was placed on top of the car meter in front of the driver. The 
complete instrumented test car that was used in this study is as shown in Fig. 2. 

Fig. 1 Location of cameras 
(1), force sensors (2), data 
acquisition (3), and light 
braking cue device (4) that 
are equipped inside the test 
car cabin
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Camera 1  Light 
cue device  

Camera 2  

Force 
sensor 

Fig. 2 Test car setup 

2.3 Naturalistic Driving Study Flow 

After arriving at the test track (Pekan Speedway Circuit, Pekan), ID number was 
assigned and completion of a consent form, the participants were briefed and guided 
to the test car to begin the test. The first round is a trial lap, which has no braking cues 
as its purpose was only for the drivers to suit themselves with the car and the track 
before proceeding to the actual test. The second lap was called Lap 1: Light Cue 
and third lap was Lap 2: Audio Cue. The participants were required to drive around 
50–70 km/h due to safety reason. They were asked to press on the brake pedal every 
time they received a signal from the braking cue devices such as light cue device and 
audio cue. They did not need to brake until the car was completely stop instead, they 
only required to brake until the car speed dropped around 30–40 km/h and continued 
driving as usual by pressing the accelerator pedal. 

The light braking cue device produced red lights as an indicator for the driver 
to press on the brake pedal while driving. However, for Lap 2, the braking cue was 
produced by the audio that came from the car audio system. They were required 
to press on the brake pedal once they heard a signal sounded “BERHENTI” means 
to stop. After finishing all the laps, every participant was required to fill in and 
answer a set of questionnaire. It only required about 5–10 min to answer all of 
the questions which are regarding to the driving experience, pedal error experience, 
factors of accident and also feedback about the naturalistic driving test that they have 
completed.
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3 Result and Discussion 

3.1 Naturalistic Driving Test 

The questionnaire was distributed only for participants who participated in the natu-
ralistic driving test. They filled in the form and answered the questionnaire after 
they finished all the laps during the driving test. The total number of participants 
for naturalistic driving test is 28 participants. There were 14 males and 14 females, 
which contribute to 50% for both male and female respectively. The participants are 
grouped into few groups of ages such as 20–29 years old (89.29%), 30–39 years old 
(7.14%), and 40 years old and above (3.57%). 

Another characteristics that are taken into account is driving experience. Based on 
the total 28 participants, 17.86% of them have less than 2 years of driving experience, 
while 71.43% have 3–10 years, 7.14% with 11–20 years of driving experience, and 
only 3.57% have experience in driving for 21–30 years. In term of driving period in 
a day, 32.14% out of the total of participants drive for less than 1 h in a day, while  
50% drive for around 2–3 h, and 17.86% drive for about 4–5 h per day. It can be 
concluded that most of the participants drive for around 2–3 h per day. 

3.2 Driving Experience 

Figure 3 shows the statistics for driving experience by the participants for naturalistic 
driving test. It can be observed that only 53.57% from the total of 28 participants 
have experienced pedal error while driving. Based on the data, there are 14 partici-
pants (87.5%) out of 16 have experienced pedal error, have accidentally pressed on
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accelerator pedal instead of brake pedal. Meanwhile, the remaining 2 participants 
who contributes 12.5% never mistakenly pressed the accelerator pedal while wanted 
to press on brake pedal. However, 18.75% of the participants who have ever acciden-
tally pressed on accelerator pedal instead of brake pedal has caused road accident. 
Among 28 participants, 10.71% or 3 participants drive the automatic transmission 
car using both feet, while another 89.29% only use right leg to drive the automatic 
transmission car.

3.3 Pedal Error Condition 

Figure 4 shows the pedal error conditions that were experienced by 15 participants. 
Most of them have ever experienced pedal error during parking (36.36%), followed 
by during hard braking (18.18%), and after they got hit by another object (18.18%). 
Only 13.64% of them experienced pedal error during driving, cornering (9.09%), 
and the least condition of pedal error to occur is while avoiding animals (4.55%). 

3.4 Pedal Error Factors 

Based on Fig. 5, 30.43% of 15 participants are disturbed while driving and that has 
caused them to accidentally pressed on another pedal instead of the pedal which 
they wanted to press. However, some of the participants pressed on the wrong pedal 
because they were confused (34.78%) and surprised (34.78%). It can be concluded 
that the main factors of their pedal misapplication are because of confusion and 
shocked, therefore they accidentally pressed on the wrong pedal of their car.



68 M. Z. Baharom et al.

Fig. 5 Pedal error factors 
while driving 

30.43% 

34.78% 

34.78% 

Confused 

Interrupted 
Surprised 

3.5 Factors of Road Accidents 

Figure 6 shows the boxplot for the factors of road accident based on the ques-
tionnaire that were answered by the participants. Dangerous driving, changing lane 
dangerously and driving under influence have the highest mean of Likert scale score 
which were answered by 27 participants. Those factors are strongly agreed that they 
contribute to the factors of road accidents. However, the most disagree factors are 
safe driving and using turning indicator correctly. It can be seen that those factors do 
not contribute to road accidents. 

Fig. 6 Boxplot for road accident factors
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3.6 Participants’ Feedback for the Naturalistic Driving Study 

Figure 7 shows the percentage of participants’ feedback for the naturalistic driving 
test. The total participants of the test is 28 participants and all of them have answered 
all of these questions. Based on the data, 10.71% of the participants could not 
clearly see and understand the light cue during the test. However, there was a remark 
regarding to it, the difficulties to see the lights from the device was because of the 
LEDs were not too bright. In addition, the weather during the test was very sunny 
and the lights could not be seen clearly by the participants even the device was right 
in front of them. 

However, all of the participants clearly heard and understood the audio braking 
cue. Since the audio that was played by the audio system was in high volume and 
unavoidable to not to hear. Some of the participants (7.14%) felt pressured and 
stressed out while running the test. Some of them also were shocked by the cues 
given, for light braking cue, only 17.86% were surprised by the signal and 57.14% 
were surprised by the audio cue. The possible reason of feeling shocked during audio 
braking cues is because the volume of the audio was quite high. However, there was 
a remark by the participant to use the audio in lower volume and different tone of 
voice. It might be because after the second time hearing the cue, they did not feel 
shocked anymore to brake the car immediately. 
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3.7 Pedal Force Comparison 

The pedal force that are obtained from the force sensor used during naturalistic 
driving test will be discussed and compared. Based on the test that have been done, it 
is obtained that there are 3 participants whom drive using both legs. The force on the 
pedals that was recorded by the force sensor between one-legged driving behavior 
and two-legged driving behavior will be discussed. 

Comparison between one-legged and two-legged driving behavior. A participant 
with one-legged driving behavior and two-legged driving behavior are chosen respec-
tively in order to make a comparison regarding to the force applied during braking 
and accelerating in the study. 

Figure 8a shows the graph of analog reading versus time for one-legged driving 
behavior by participant 22 while Fig. 8b is the analog graph reading versus time for 
two-legged driving behavior by participant 6. According to the graphs, one-legged 
driving behavior shoes the reading for accelerate and brake are always contradict to 
each other. Meanwhile, for two-legged driving behavior, the reading for accelerator 
pedal and brake pedal are almost in similar trend except during braking. For two-
legged driving behavior, when the accelerator pedal is pressed, the brake pedal is 
also pressed. 

From the observation during the test, participants who drive by using both legs 
always place their feet on brake and accelerator pedal all the time. Based on the 
graphs, the force applied when the driver put their left foot on the brake pedal while 
right foot pressing the accelerator pedal is quite high. It is completely different 
compared to one-legged driving behavior because driver who uses one leg only 
place their right foot on the accelerator pedal and their left foot is on the footrest or 
on the floor. Hence, the analog reading for the brake pedal is null since there are no 
forces applied on the brake pedal while accelerating. 
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Comparison among one-legged driving behavior. In terms of the force applied 
during braking and accelerating, three participants with one-legged driving behavior 
are compared to one another. 

Figure 9 shows the graphs of analog reading versus time for 3 different participants 
in the naturalistic driving test. Based on the graphs shown, there are no obvious 
differences between those 3 participants. Since they used only one leg during driving, 
only one foot was on the pedal and another foot was either on the floor or on the 
footrest. Hence, the force for accelerator and brake pedal will always contradict 
to each other. For instance, when force is applied on the accelerator pedal, which 
means the driver only pressed on one pedal only, the brake pedal will have zero force 
value, and vice-versa. Therefore, it can be concluded that the driving behavior for 
all participants with one-legged driving behavior are similar to each other. 

Comparison among two-legged driving behavior. The force applied during 
braking and accelerating of all the naturalistic driving study participants who drive 
the automatic transmission car by using both feet are compared to one another. 
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Figures 10a, 11a, and 12a show the footage of the participants who used both legs 
while driving during the naturalistic driving test. Figures 10b, 11b, and 12b show the 
graphs of analog reading versus time for 3 different participants that used both leg 
during driving in the naturalistic driving test. These participants used their left feet 
to press the brake pedal and right feet for the accelerator pedal. However, there are 
slightly difference between all of them. Based on the data, the behavior of participant 
6 and 17 are similar, the analog reading for the accelerator pedal and brake pedal 
are almost in the same trend except during braking. When the accelerator pedal is 
pressed, the brake pedal is also pressed. 

However, for participant 10, the behavior for this participant is almost same with 
other participants who used only one leg during driving, but there are still significant 
forces applied on the brake pedal during accelerating unlike for one-legged behavior, 
there are no forces at all applied on the brake pedal during accelerating. It is because 
participants with one-legged behavior only use one feet at one time which means, 
there will be only one pedal with forces at a time. Thus, it can be said that participants 
with two-legged behavior cannot be predicted since there are variety of driving 
patterns. 

4 Conclusion 

In conclusion, this research reveals that there are two types of driving behavior, 
including one-legged and two-legged driving behavior. It can be obtained that drivers 
who drive using both of their feet are quite dangerous because the brake lights will 
always turn on due to the force applied on the brake pedal. Drivers with two-legged 
driving behavior always place their foot on the brake pedal even when accelerating, 
hence it is dangerous for other drivers because of the brake lights are always on and 
could be a distraction for them. 

It can also be observed the driver’s leg behavior based on the force that they 
applied on the car pedals during driving. In this research, the sources of foot placement 
errors and factors which contributing to the wrong pedal placement among Malaysian 
drivers are found. Several factors identified which influence the pedal error including 
interruption, confusion and surprised. Moreover, the factors that contribute to road 
accidents, such as driving under influence, changing lane dangerously, dangerous 
driving and not paying attention while driving also are obtained in this research. All 
of the factors are strongly agreed to become the main road accident factors. 
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Copper Coated Electrode by Fused 
Deposition Modelling (FDM) Process 

Nicolas Ng Yang Zu, Reazul Haq Abdul Haq , Mohd Fahrul Hassan , 
Mohd Nasrull Abdol Rahman , Said Ahmad , and Haslina Abdullah 

Abstract Electrode manufacturing significantly affects the machining cost and time 
of the Electrical Discharge Machine (EDM). Therefore, many researchers investi-
gated the metallization of 3D-printed electrodes for EDM as an alternative method to 
improve electrode manufacturing throughout the years. This study aims to investigate 
the metallization by Aluminum-carbon (Al-C) paste. Furthermore, the copper deposi-
tion of the metalized electrode was examined for different acidic bath concentrations 
and sample immersion duration. This particular electrode can be used in Electrical 
Discharge Machine (EDM). The electrode was fabricated by a Fused Deposition 
Machine (FDM). The material used to fabricate the electrode was Polyethylene 
Terephthalate Glycol (PETG). Aluminum-carbon (Al-C) paste is used for surface 
preparation as the first metallization step. This metallization method is environmen-
tally friendly as electroless metallization eliminates the etching process. The samples 
have dipped 5 wt% of copper sulfate CuSO4 and 15 wt% of sulfuric acid H2SO4 for 
24, 72 and 120 h for the copper deposition process. After the metallization, the char-
acteristics of each sample were evaluated by scanning electron microscope (SEM), 
electrical performance measurement and microscopic testing. The average resistance 
for 24, 72 and 120 h were 1.0 Ω, 0.7  Ω, and 0.23 Ω respectively. The standard devia-
tion was calculated for 24, 72 and 120 h, which were 0.5, 0.35 and 0.12 respectively. 
For the SEM observation, the presence of Cu on 24 h was not distinctly visible and 
the deposited Cu on the samples was 28.58%. For 72 h, the Energy Dispersive X-ray 
for the sample corresponds with 42.20% of Cu. Meanwhile, the growth of Cu depo-
sition was visible for 120 h, where the Cu deposition was 80.85%. The microscopic 
testing for the thickness of Cu coated on the samples was measured. The average 
thickness for 24, 72 and 120 h were 8.6+1.51 

−1.96 μm, 108+13.19 
−13.82 μm and 150+10.82 

−33.43 μm 
respectively. Based on the results provided from all the tests, the 120 h sample has
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better Cu deposition than 24 h and 72 h. From the results, the longer the samples 
dipped in the acidic bath, the more the Cu deposition occurred. 

Keywords FDM · EDM · Electrode · PETG ·Metallization 

1 Introduction 

Electrical discharge machining (EDM), in other words, is known as spark machining, 
spark eroding, die sinking, wire burning or in some cases, wire erosion is a method 
of metal fabrication by which electrical discharges (sparks) are used to obtain the 
desired form [1]. A series of rapidly repeated current discharges between two elec-
trodes, separated by a dielectric liquid and subject to an electrical voltage, remove 
material from the workpiece. The tool-electrode, or simply the tool or electrode, is one 
of the electrodes, while the other is called the workpiece-electrode, or piece of work. 
The method depends on not making physical contact with the tool and workpiece. The 
white layer has been named this resolidified/recast layer. It includes numerous pock-
marks, globules, cracks and micro-cracks, whose thickness and density depend on 
the conditions of the method. In addition to the molten workpiece surface, during the 
EDM process, electrode wear occurs, resulting in a shortage of machining precision 
in the workpiece geometry. Various aspects of the EDM process have been thor-
oughly investigated like types of EDM machines (Wire cut/Die-sinking), tooling, 
control circuits, the performance of the process under certain process circumstances, 
online machine control, etc. Studies on developing analytical process models for 
die-sinking EDM processes are critical in the current context [2]. 

Common electrode materials used for electrical discharge machining (EDM) are 
graphite and copper alloys due to their properties such as high melting temperature 
and excellent electrical and thermal conductivity. Electrodes produced from special 
powders using powder metallurgy technology have been used in recent years to 
modify EDM surfaces to improve wear and corrosion resistance. However, electrodes 
are usually produced at high temperatures and pressures, so manufacturing is costly. 
Metallization is a procedure in which, by offering a conductive coating on it a non— 
conductive substance such as plastic is made conductive. The mechanical properties 
of plastics were significantly improved after metallization [3]. 

Different types of plastics such as Polythene, Teflon, Polyethylene Terephthalate 
Glycol (PETG), Polylactic Acid (PLA), and acrylonitrile butadiene styrene (ABS), 
etc. can be metalized with different metals like copper (Cu), zinc (Zn), nickel (Ni), 
gold (Au), chromium (Cr) and silver (Ag), etc. Cu has been widely studied for metal-
lization, having high-quality electric conductivity and being remarkably inexpensive. 
Many plastics have been plated with Cu. Among these, electroless plating finds the 
most extensive usage in the metallization of plastic due to its simplicity and inexpen-
siveness. In this way, a thin metallic layer formed on oxidation-reduction processes 
on the activated plastic surface without the aid of an electrical potential. Therefore,
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Fig. 1 Procedure for 
electroless metallization of 
plastics [2] 

this study aims is to investigate the metallization of 3D-printed electrodes for EDM 
as an alternative method to improve electrode manufacturing 

Figure 1 Illustrates the procedure for electroless metallization of plastics are 
described below [4, 5]. 

Deposition occurs spontaneously on any surface in the electroless technique 
without additional electricity and processing abilities. However, it is more chal-
lenging to regulate the operation for film thickness and uniformity. In addition, a 
step-by-step process that involves a long term of chemical solutions that are compli-
cated to deposition needs to be applied. Some of these chemicals are environmentally 
harmful and expensive. Several researchers have suggested removing several routes 
or using less expensive and friendlier chemicals to address these limitations [6]. 

For part manufacture, fused deposition modeling (FDM) is used. FDM is one of 
the processes of rapid prototyping (RP) that produces the component directly from 
the computer-aided design (CAD) model of the part on the layer-wise deposition 
principle. This method uses heated thermoplastic filaments, which are extruded from 
the tip of a nozzle in a prescribed manner, unlike other RP processes, which require 
a variety of lasers, powders and resins. Elsewhere in the literature, the details of this 
process were provided [7]. 

2 Materials and Methods 

For this research, the material selected is Polyethylene Terephthalate Glycol (PETG). 
PETG was used in the form of a filament diameter of 1.75 mm. Next, the samples 
were fabricated by an FDM. The sample size is 15 mm in height and 9.7 mm in 
diameter. Metallization was the following step after the fabrication of the samples. 
In metallization, aluminum-carbon paste has been used for surface conditioning in 
the electroless process. After the surface conditioning, those samples are dipped in
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Fig. 2 Flowchart for electroless metallization of plastics 

the acid bath for 24, 72, and 120 h, consisting of 5 wt% of copper sulfate CuSO4 

and 15 wt% of sulfuric acid H2SO4. Once the samples are removed from the acid 
bath, they are tested with three tests to evaluate the copper coating performance on 
the samples. The three tests conducted were Electrical Performance Measurement, 
Scanning Electron Microscopy (SEM) and Microscopic Testing. Figure 2 shows the 
flowchart for electroless metallization of plastics. 

2.1 Materials 

For this research, the material which been selected is Polyethylene Terephthalate 
Glycol (PETG). Polyethene terephthalate glycol, commonly known as PETG, is a 
thermoplastic polyester that provides significant chemical resistance, durability and 
excellent formability. As for fabricating the sample, PETG was used in an FDM 
filament with a diameter of 1.75 mm.
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2.2 Fabrication 

In this research, the present work deals with the CAD model, conversation STL 
files, and PETG plastic EDM electrode fabrication via Fused Deposition Modeling 
(FDM). For this project, Raise 3D V2 Plus machine has been used to fabricate the 
samples. This machine is one of the FDM machines used to print 3D objects. The 
sample has been fabricated in a cylindrical shape with 15 mm in height and 9.7 mm 
in diameter. 

2.3 Metallization 

In metallization, aluminum-carbon paste has been used for surface conditioning in 
the electroless process. After surface conditioning, those samples are dipped in the 
acid bath for 24, 72, and 120 h, consisting of 5 wt% of copper sulfate CuSO4 and 
15 wt% of sulfuric acid H2SO4. The copper deposition on the samples is then tested 
after the metallization process. 

2.4 Chemical Treatment Route 

The weight of chemicals was measured with weight balance. First, the various 
constituents such as Al powder, C powder, enamel paint and distilled water were 
taken separately and in a weight ratio of 40:36:3:21 which were 10 g of aluminum 
powder, 0.75 g of carbon powder, 9 g of enamel paint and 5.25 g of distilled water. 
All the constituents were mixed in a 500 ml beaker with a glass rod. The mixture 
was continuously stirred with a magnetic stirrer for nearly an hour until it formed 
like paste. The paste was then carefully applied on PETG samples with a small fine 
brush. All of the pasted PETG parts were allowed to dry without moisture on the 
surface for the entire night at room temperature. The dried samples were scoured 
with 320-grit sandpaper to expose the aluminum over the surfaces. Then rinsed the 
samples were thorough with water and dried in an oven for pre-heat for 45 min in 45. 
After surface conditioning, those samples were dipped in the acid bath for 24, 72 and 
120 h. The Cu deposited PETG samples were taken out after the re-respective time 
duration and then rinsed with water and dried in an oven at 45 for 45 min. After the 
samples were taken out from the oven, the samples were tested for electrical perfor-
mance measurement. Then the samples were cut in half using a linear precision saw 
machine to observe the thickness of Cu deposition.
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2.5 Electrical Performance Measurement 

A digital multi-meter (VC830L) was used to measure the resistance of the metallized 
PETG parts at different points on the surface. The average resistance (R) value and 
the standard deviation (σ) have been calculated. The deposition process yields the 
lower average resistance value and a lower standard deviation among all of the listed 
methods where Ri is measured resistance value at the ith point, and the total number 
of points are n. Among all of the methods described, the deposition technique that 
provides the lowest average resistance value and the lowest standard deviation has 
been considered better. 

2.6 Surface characterization Scanning Electron Microscope 
(SEM) 

Scanning Electron Microscope (SEM), Hitachi SU-1510, was used to examine the 
appearance and elemental composition of the copper deposited on the PETG surfaces. 
This equipment was also used to analyze the altered surface layer, including deter-
mining the atomic elements in the layers by Energy Dispersive X-Ray analysis 
(EDAX). 

Microscope 

Microscopic testing was performed to analyze the material’s microstructural features 
under magnification. A material’s quality defines how well it will perform in a specific 
application. These properties are based on the structure of the material. Microscopic 
was used to measure the thickness of the copper-coated layer on the samples. An 
Eclipse LV150NL was used to measure the deposited copper layer on the PETG 
samples. 

3 Results and Discussion 

In this study, several testing was conducted such as scanning electron microscope 
(SEM), electrical performance measurement and microscopic testing to examine the 
mechanical properties of the samples coated with copper through metallization. After 
that, the testing results were compared with different duration samples, 24, 72 and 
120 h.
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3.1 Electrical Performance Measurement 

The digital multi-meter (VC830L) measures the resistance of the metallized PETG 
parts at different points on the surface. The resistance was measured at three different 
points on the sample’s surface. The average resistance (R) value together with the 
standard deviation (σ ) has been calculated. The results of the reading and calculation 
have stated in Table 1. 

The resistance for 24 h was 0.9 Ω, 1.1  Ω and 1.0 Ω. The average resistance for 24 h 
is 1.0 Ω. There was a minor change in the 72 h sample compared to 24 h sample. The 
average resistance for 72 h is 0.7 Ω meanwhile, the resistance values from the three 
different points was 0.6 Ω, 0.7  Ω and 0.8 Ω. For the 120 days sample, the readings 
were drastically different from the other two samples. The average resistance (R) is 
0.23 Ω and the resistance value were 0.2 Ω, 0.3  Ω and 0.2 Ω. The standard deviation 
(σ) was calculated by the formula given. The standard deviation for 24 , 72, and 120 
h was 0.5, 0.35, and 0.12. 

The conductivity of each sample can understand the growth and distribution of the 
copper on the samples. The more the hour samples were dipped in the acidic bath, the 
more the copper deposition happens on the samples. The excellent conductivity of 
resistance was obtained at 120 h. The resistance reading was taken at three different 
points to ensure the copper deposition was uniform. The readings were quite close 
and some of the reading was the same. So, the copper deposition was uniform in the 
samples. 

Copper sulfate CuSO4 and sulfuric acid H2SO4 baths were fit for creating conduc-
tive Cu layers on the PETG part to replace the conductive plastic surface with a non— 
conductive because of the large availability of hydrogen [8]. Copper ions are found to 
be highly stable on sulfuric acid because of the large availability of hydrogen. Further-
more, in sulfuric acid, rapid dissociation of the solution facilitates the production of 
copper ions. After a high number of ions have been produced, the resistance of the 
electrolytic solution to copper ion is transferred to the plastic substrate diminishes 
[2]. By the electrical performance measurement, it was observed that the conduc-
tivity and size of Cu crystals vary from point to point on the sample surface, which 
improves with an increase in deposition time. The 24 h deposition sample has a 
maximum resistance value at room temperature. In comparison, the 120 h deposition 
sample has a minimum resistance value. 

Table 1 Results of average 
resistance and standard 
deviation 

Deposition time (h) Average resistance 

(R) 
Standard deviation 
(σ ) 

24 1.0 0.5 

72 0.7 0.35 

120 0.23 0.12
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3.2 Scanning Electron Microscope (SEM) 

The copper deposition for 24 h was not visible because the growth of the copper 
all over the sample is visible except few places which been circled in the image 
Fig. 3a. The microcavities demonstrate uniformity and the size of the copper was not 
ideal. However, increasing the deposition time can increase the copper deposition. 
However, the EDS spectra are shown in Fig. 3b show that the copper peak is present 
and some other elements. The composition of Cu among these elements is 28.58 wt%. 
The copper peak’s presence and the copper peak’s height determine the appearance 
of copper with weight percentage. 

Meanwhile, Figure 4a shows the image of SEM after being dipped in the acid for 
72 h. There was some improvement compared to 24 hours sample. The growth and 
the copper deposition uniformity are more apparent than the 24 h. The SEM image 
of the sample has a few Cu particles dispersed in the part which have been circled in 
the image. The EDS spectra for the sample correspond with 42.20 wt% of copper. 
This shows that the growth of the copper on the 72 h sample has almost two times 
more than the 24 h sample. As shown in Fig. 4b, the EDS spectra indicate a medium 
copper peak at 1 keV and a small copper peak at 8 keV and 9 keV, indicating 100 % 
copper at the point where the spectra are taken. 

Figure 5a presents the image of SEM for the sample deposited for 120 h. As can 
be seen in the SEM image, the white spots indicate the copper deposition. There 
was a rapid growth of copper on the sample compared to 24 and 72 h samples. The 
SEM image of the sample has a few copper particles dispersed in the part which been 
circled in the image. The copper deposition on the samples is 80.85 wt% of copper 
found from the EDS spectra in Fig. 5b. The growth of copper deposition is visible. 
As shown, the EDS spectra indicate a slight copper peak at 1 keV and a minor copper

Fig. 3 a SEM image and b EDS image of 24 h sample
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Fig. 4 a SEM image and b EDS image of 72 h sample 

Fig. 5 a SEM image and b EDS image of 120 h sample 

peak at 8 keV and 9 keV, indicating 100 % wt% copper at the point where the spectra 
were taken.

The result obtained was 88.83 wt% Cu for the sample dipped in the H2SO4 

baths based on previous research. Even the metallization route was chromic acid. 
Meanwhile, the result obtained for 120 h in this experiment was 80.85 wt% [9]. The 
Cu crystal particles are also clearly viewed in the SEM image as the 120 h sample 
for this experiment. Copper deposition by using copper sulfate is highly soluble in 
sulphuric acid solution. Due to that, the copper deposition was increased when the
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time deposition increased [4, 9]. As the deposition time gradually increases, the size 
of Cu crystals increases. The formation of large uniform Cu crystals on samples 
metallic shining was observed when the deposition time was longer [10]. 

3.3 Microscopic Testing 

When the time duration of copper deposition increases, the copper’s thickness also 
increases. Figure 6 shows the image of the thickness of the copper for 24 h. The 
average thickness for 24 h sample is 8.6+1.51 

−1.96μm. The thickness for 72 h is approx-
imately average is 108+13.39 

−13.82 μm over the sample after increasing the time to 48 h 
compared to the previous sample. The image of the copper thickness for 72 h is shown 
in Fig. 7. The thickness average for 120 h is 150+10.82 

−33.43μm. The image of the thickness

Fig. 6 The thickness of the 
Cu  layer on 24 h sample  

Fig. 7 The thickness of the 
Cu  layer on 72 h sample
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Fig. 8 The thickness of the 
Cu layer on 120 h sample 

of 120 h sample taken from the microscope is shown in Fig. 8. By comparing all the 
sample thicknesses based on the time duration increase for copper deposition, the 
thickness of the copper increased rapidly.

The copper deposition thickness is directly proportional to the duration of copper 
deposition. This happens due to reducing the concentration of acidic bath and it 
slows down the reaction. Thus, the concentration of acidic baths decreases. This was 
observed in fading of blue color in the copper sulfate CuSO4and sulfuric acid H2SO4 

solution. When the concentration of the acidic bath decreases the copper ions in the 
solution decrease thus, the copper deposition has been slow [6, 10]. 

The growth of the copper is adequate to the time duration. Thus, the uniformity of 
copper distribution is not satisfactory. The copper gets deposited only at the site where 
the aluminum and carbon are exposed more during the surface preparation. The dried 
samples were scrubbed with sandpaper to expose the aluminum and carbon over the 
surface during the experiment. However, some micro surfaces were unreachable to 
expose to the copper during the scoured. So, the uniformity of copper deposition on 
the sur- face is not satisfactory but can be improved by electroplating. Increasing the 
deposition time can increase the copper deposition on the samples [11]. 

4 Conclusion 

The metallization of PETG parts has been studied by evaluating the performance 
of the samples with a scanning electron microscope (SEM), electrical performance 
measurement and microscopic testing. A better Cu deposition was observed on the 
120 h sample. By comparing the resistance of the sample, the slightest electrical 
resistance was measured on the 120 h sample. The growth and distribution of the Cu 
of the sample were better compared to the other two samples, where the resistance 
was more significant than 120 h sample. The more the hour samples were dipped in 
the acidic bath, the more the copper deposition happens on the samples.
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Furthermore, the SEM images validate that the 120 h sample has better copper 
deposition. The Cu deposition for 120 h sample is visible compared to 24 and 72 h 
samples. The copper deposition on the samples is 80.85% of copper found from the 
EDS spectra. 

Additionally, the microscopic testing proved that 120 h has better Cu deposi-
tion. The average thickness of Cu deposition on the samples was 150+10.82 

−33.43 μm. 
By comparing all the sample thicknesses based on the time duration increase for 
Cu deposition, the thickness of the copper increased rapidly. Based on the results 
provided from all the tests, the 120 h sample has better Cu deposition than 24 h and 
72 h. From the results, the longer the samples dipped in the acidic bath, the more the 
Cu deposition occurred. 
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FTIR Analysis of Plant-Based Cellulose 
as Adsorbents for Water Remediation 

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

Abstract Finding an effective, green adsorbent for removal of heavy metals is one 
of the main problems in water purification field. Cellulose has gain tremendous 
attention for its variability of purposes including heavy metal removal via adsorption. 
As a preliminary material study, Fourier Transform Infrared Spectroscopy (FTIR) 
would be a good step in analyzing the removal potential of an adsorbent. In this 
study, cellulose-based adsorbent extracted from Pandan leaves was subjected to acid 
hydrolysis after being pre-treated with alkali and bleaching treatment. The output 
material was then analyzed in this research using FTIR. The result showed that 
some components were removed after the treatments and the material has potential 
for future development as adsorbent for heavy metal removal due to presence of 
carboxyl group in the backbone. 

Keywords Cellulose · Green technology · Adsorbent 

1 Introduction 

Water pollution is a serious environmental issue, and the accumulation of chem-
ical compounds in water sources exceeds the World Health Organization’s (WHO) 
and Environmental Protection Agency’s (EPA) established thresholds (EPA). Heavy 
metals are among the most common pollutants in aquatic climates, and chronic expo-
sure adds to human health issues. Anthropogenic processes, such as mining, industry, 
and the use of metals and metal-containing compounds for residential and agricul-
tural reasons, are the major sources of water pollution [1]. Membranes and filters
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can be used to differentiate chemical species by allowing certain organisms to enter 
while blocking others. The microstructure and chemistry of a membrane’s substance 
determine its selectivity. Membranes with well-defined pores for size exclusion and 
tailored surface chemistry can be designed to selectively adsorb certain solutes [2]. 
Cellulose can be obtained from almost all plants, including Pandan leaves. Pandan 
leaves is not a seasonal plant and can be obtained easily in Malaysia. Using a plant 
that are available in abundance would be a cost-effective method if it turns out as a 
good adsorbent. 

Heavy metal species in water are very hazardous pollutants that can arise from both 
natural and anthropogenic sources. Heavy metals could form anionic and cationic 
species in water in a variety of ways. Identification of the dominating species and 
adjustment of the sorbent material’s surface chemistry to improve uptake ability, 
partitioning coefficient, and selectivity are usually required for effective heavy metal 
species uptake. The pH approach is a critical parameter that can affect absorption 
and selectivity significantly [2]. Heavy metal pollution is a major issue nowadays, 
having a negative effect on the environment, ecology, and humans. It poses a risk of 
contaminating the food supply. As a result, professionals from all around the world 
have concentrated their efforts on finding a solution to this urgent problem. Materials 
having a range of structural component between 1 and 100 nm are known as nano-
materials. Mechanical, electrical, optical, magnetic, adsorption, and high reactivity 
characteristics differ considerably from typical materials due to the nanoscale dimen-
sion of the nanomaterial. Utilizing nanomaterials in water treatment has gotten a lot 
of attention recently. Nanoparticles have been characterized as components having 
major implications for usage in modern water treatment systems, in order to improve 
and raise the effectiveness of water purification and to expand the availability of water 
by using sustainable and non-conventional sources. Recent advancements in this field 
provide potential for the next decade’s water resource networks to be developed. 

In this study, FTIR analysis of nanocellulose from Pandan leaves was done in 
order to assess the possibility of the material as an efficient adsorbent for pollutant 
removal. Nanotechnology enables low-cost, high-performance, and less dependent 
water treatment procedures for huge infrastructures as an alternative to conventional 
centralized frameworks. Aside from their persistence, one of the most significant 
benefits of employing nanoparticles for water treatment is that they may be utilised 
as a point-of-use technology, as opposed to traditional water treatment technolo-
gies that are intended for use in a centralized treatment facility. Nanomaterials have 
several benefits, including large specific surface areas, quick dispersion, high reac-
tivity, and the ability to absorb a variety of chemical compounds, heavy metals, and 
microbes. Unlike typical chemical disinfectants, hazardous disinfection by-products 
are unlikely to develop since they are not efficient oxidants [3].
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1.1 Heavy Metal in Wastewater 

In normal circumstances, the human body can manage small amounts of metals 
without creating severe health problems. Water pollution with heavy metals, on the 
other hand, has become a serious issue across the world. According to Fu and Wang 
[4], metals having an atomic weight of 63.5–200.6 and a specific gravity greater 
than 5.0 are classified as heavy metals. Water quality is threatened by both human 
industrial activity and trash dumped directly into water streams. Another researcher 
disclosed that just 1% of continental freshwater is accessible for daily use, and with 
global population increase, contaminant-free water shortages will eventually become 
the next worldwide issue [5]. The presence of hazardous contaminants in water puts 
the environment and all living species, especially marine life, in jeopardy. Unlike 
organic contaminants, heavy metals are not biodegradable and can cause serious 
health problems in people and animals. 

2 Adsorption 

Adsorption is the accumulation of a liquid solute or adsorbate on an adsorbent surface 
[6]. The two forms of adsorption are physical adsorption (physisorption) and chem-
ical adsorption (chemisorption). To discriminate between the two types of adsorp-
tions, the attraction between the sorbent surface and the adsorbate was assessed. 
Chemisorption is characterised by strong chemical bonds between molecules, 
whereas physisorption is characterised by natural contact between molecules and 
mild van der Waals forces. Adsorbents for metal removal have been explored using 
a variety of materials, including oxide-based adsorbent, carbon nanotubes, and 
graphene-based adsorbent [7]. Cellulosic-based adsorbent, on the other hand, has 
piqued the interest of academics all over the world due to its abundance and low 
cost, and has been proposed as a low-cost adsorbent [8, 9]. 

Metal binding was achieved by interactions with surface functional groups in 
polysaccharides such as cellulose, chitin, and alginate. The low cost, high specific 
surface area, simple handling, and affinity for adsorption against a wide spectrum of 
pollutants have prompted interest in the development of cellulose-based adsorbents 
for water remediation [10]. A variety of adsorbents have been used to remove toxic 
contaminants, and its processes were studied in numbers of research and reviews. To 
remove pollutants from water and wastewater, low-cost adsorbents such as biomass-
based activated carbon, agricultural waste peels, and industrial residues were used. 
There was also comparison of those natural adsorbents and commercial activated 
carbon in terms of efficiency. Other than cellulose, chitosan is regarded as one of 
largely studied adsorptive materials. The inclusion of amino and hydroxyl groups 
in the molecules aids several possible adsorption interactions between chitosan and 
pollutants (dyes, metals, ions, phenols, pharmaceuticals/drugs, pesticides, herbicides, 
etc.) [6].
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3 Methodology 

Pandan leaves was obtained from residential areas and dried in the oven. It was 
then grinded and undergo alkali treatment using 5 wt% of sodium hydroxide, NaOH 
solution at 125 °C for 120 min. Bleaching was done using sodium chlorite, NaClO2 

with few drops of nitric acid, HNO3 under condition of 100 °C for 240 min. Prior and 
after the bleaching treatment, the product was dialyzed until pH 7. Outcome from the 
step was a white-colored sample which was later dried in the oven for 24 h. Next, the 
sample was subjected to acid hydrolysis using ratio cellulose to acid of 5:100 (wt%) 
for 60 min at optimum reaction temperature of 45 °C and cold distilled water was 
added at the end to stop the reaction [11]. Suspensions was washed several times and 
centrifuged for 15 min. One of the analytical techniques that can efficiently detect the 
functional groups and chemical bonds that were found in adsorbent is FTIR. Thus, 
the sample was analyzed using the spectrophotometer and elaborated in next section. 

4 FTIR Result 

All samples have similar absorption bands in their FTIR spectra as observed in 
Fig. 1, indicating that their chemical compositions are equivalent. Graph below 
showed typical cellulose composition graph. Characteristics bands of hydroxyl, – 
OH stretching at 3000–3700 cm−1, 2915 cm−1 for stretching of C = C–H and 
symmetric bending of methyl group, CH2 was observed at 1425 cm−1. Other than 
that, at 1150 cm−1 is the stretching of C–O of primary –OH and 1040 cm−1 is C–O–C 
anti-symmetric bridge stretching [12, 13]. 

The peak at 1613 cm−1 nearly vanished after the raw material was treated with 
NaOH, and the intensity of the 1519 cm−1 peak was lowered after treated with 
NaClO2. This suggests that bleaching treatment removed some components other

Fig. 1 FTIR result
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than cellulose such as lignin and hemicellulose [14]. The pre-treatment serves the 
purpose of removing any amorphous regions and constituents other than cellulose 
from the structure, leaving particles with high crystallinity [15].

5 Conclusion 

The sample obtained after each treatment were observed using Fourier transform 
infrared spectroscopy. Typical cellulose composition was generated from the result 
and for removal of cationic heavy metal, presence of carboxyl group in the sample is 
anticipated. After the pre-treatment, FTIR graph have showed that there are presence 
of carboxyl group (negative ion) in the cellulose which indicates its possibility to effi-
ciently remove cationic pollutants (positive ion) from water. Although the efficiency 
percentage of the adsorbent cannot be determined, it can be concluded that this plant-
based material has potential to be adsorbent for heavy metal removal. Furthermore, 
the crystallinity of adsorbent, surface area and many other parameters need to be 
studied in order to determine the efficiency of adsorbent derived from Pandan leaves. 
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A Study on the Wear Resistance 
and Lubrication Properties of Mixed 
Engine Oils 

Khairulafizal Sultan Ali, Mohd Nadzeri Omar , Nasrul Hadi Johari , 
and Mohd Hasnun Arif Hassan 

Abstract Engine oils have traditionally served as the principal lubrication for 
combustion engines. With so many engine oils on the market, each has its unique 
set of ingredients and qualities that set it apart from the others. Customers are often 
influenced by the variety to switch between different types of engine oil. The wear 
resistance and lubrication properties of a few mixtures of different engine oil brands 
are investigated in this study. Three brands of engine oil were chosen and mixed in a 
1:1 weight ratio. The viscosity, coefficient of friction (COF), and wear scar diameter 
(WSD) of the mixtures were determined using the Four-ball tribotester and viscosity 
testing equipment at three testing periods. The results demonstrate that the mixtures 
act differently than pure oil. Even though the mixing yielded more viscous lubricants, 
which is preferred, the data reveal that the COF and WSD also increased. The mixing 
might cause chemical interactions between additives, causing the oil’s structure to 
change. According to this study, using pure oil is superior for extending the life of a 
combustion engine. 

Keywords Four-ball tribotester · Wear scar diameter · Coefficient of friction ·
Viscosity · Engine oil 

1 Introduction 

Engine oil serves as a lubricant in the internal combustion engine. The engine oil lubri-
cates the internal engine components, allowing for smooth movement and protecting 
against the constant interaction between the components [1–3]. The engine oil also 
acts as a coolant that regulates the temperature within the engine by absorbing the 
heat emitted [4]. 

The engine oil comes in a variety of grades to ensure that it performs correctly in 
a variety of engine situations. The SAE grade is the most often used. The grade is
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represented by numbers such as 10 W-30, 10 W-40, and 5 W-40 which is a measure of 
the engine oil’s suitability for usage in specific temperatures and conditions. The first 
figure reflects the flow of oil during winter, whereas the second number represents 
the flow of oil during regular operating conditions. 

In general, the selection of suitable engine oil is dictated by the efficiency [5], 
durability [6], and environmental aspects of the engine [7–9]. Engine oil with lower 
viscosity can help in minimizing power loss. However, at elevated temperatures, 
the viscosity of the oil reduces [10], hence the engine oil with a lower viscosity 
must be able to maintain its properties, especially its load carrying and protecting 
capacity. The viscosity of the engine oil also contributes to the lubrication regime, 
wearability, and coefficient of friction (COF). In this case, the Stribeck curve has 
been commonly used to describe the relationship [11]. Based on the Stribeck curve, 
the condition in the engine is located in between mixed to hydrodynamic lubrication 
regimes which the latter is the preferred condition [12]. According to Korcek et al., 
the hydrodynamic lubrication regime can be achieved through the low viscosity oils, 
however, the durability of these oils is a major concern [11]. 

Due to these reasons, additives have been added into engine oils to improve the 
engine oil performance to ensure the effective [11, 13]. Additives are synthetic chem-
ical ingredients that can increase a variety of engine oil properties. Most engine oil 
contains 15–30% oil additives right out of the bottle, and aftermarket oil supplements 
can be utilized to improve oil and engine performance even more. Commercially, 
manufacturers will emphasize the benefits of the additives, such as better protection, 
greater distance, environmentally friendly, and longer durability [14–16]. 

When the amount of engine oil is critically low, lubrication inside the engine is 
diminished, which can lead to engine failure. In this situation, customers are prone 
to using any engine oil to raise the amount once again. When using random engine 
oil, it might be of different grades, types, or brands. When different engine oils are 
blended, the additives inside the engine oils are also mixed, and a chemical reaction 
is possible, especially at high temperatures [17, 18]. There is relatively little evidence 
available in the literature that illustrates the effect of using different engine oils at the 
same time. In this study, the effect of the mixtures on wear resistance and lubricating 
qualities is studied. This study only focuses on engine oil mixtures of the same grade 
and type made by different manufacturers. 

2 Experimental Procedure 

2.1 Oil Samples 

For this study, three different brands of engine oil were used. The brands chosen were 
designated by the letters A, B, and C. Each of these oils has the same SAE10W-30 
grade and their physical characteristics are as shown in Table 1. The three different 
brands of engine oil were used to generate three distinct oil samples. The first sample
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Table 1 Physical 
characteristics of the selected 
engine oils 

Engine oil A Engine oil B Engine oil C 

SAE viscosity 
grade 

10 W-30 

Viscosity @ 
40 °C (cSt) 

75.1 69.05 66.9 

Viscosity @ 
100 °C (cSt) 

11.31 10.42 11 

Viscosity index 142 137 156 

Density @ 15 °C 
(g/cm3) 

0.878 0.87 0.85 

Flash point (°C) >200 228 238 

Pour point (°C) −36 −43 −42 

Fig. 1 a The weighting of 
the engine oil using a digital 
scale, and b the blending 
setup using the IKA RW20 
digital mixing machine 

(a) (b) 

is entirely made up of Brand A. This sample serves as a reference point for pure oil. 
The second sample comprised Brand A and Brand B, whereas the third sample 
contained Brand A and Brand C. The second and third samples are now referred to 
as the AB and AC mixtures, respectively. The mixtures were produced by combining 
the two oils in a weight-to-weight ratio of 1:1. Each oil was weighted at 100 g on a 
digital scale and blended using the IKA RW20 mixer machine, as shown in Fig. 1. 
The rotating speed of the mixing blades was 300 rpm, and the mixture was mixed 
for 15 s. 

2.2 Four-Ball Experiment 

The DUCOM TR-30L four-ball testing machine (see Fig. 2a) was utilised as per the 
ASTM D4172-B standard [19]. The subjected lubricant was filled into the ball pot,
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(a) (b) 

Fig. 2 a The DUCOM four ball tester TR-30L and b steel balls 

which contains a rotating steel ball and three securely held steel balls. In the presence 
of the subjected lubricant, the rotating steel ball will be pressed against the other three 
steel balls when the machine is operating. The speed (RPM), the load applied (N), 
temperature (°C), and duration of the operation (mins) are used to regulate the running 
condition. All of these parameters were fixed in this investigation. The speed was set 
at 1200 rpm, the load was 40 kg, the temperature was 75 °C, and the duration was set 
to 60 min. WINDOCOM 2010 software provides an interface for the analysis and 
logs of the data. 

The steel balls (see Fig. 2b) used in the four-ball testing machine have the following 
properties: Chrome alloy steel, made from AISI E-52100, 12.7 mm diameter, Extra 
polish (EP) grade 25, and Rockwell C hardness 64–66. Before each analysis, the 
steel balls were immersed with acetone to ensure the ball is clean from any dust or 
debris. 

2.3 Coefficient of Friction (COF) Analysis 

From the four-ball tester result, all the value of the friction torque is recorded and 
the friction coefficient, as calculated according to IP-239, is expressed as follows 

µ = 
FT 

√
6 

3Wr  
(1) 

where µ is the coefficient of friction, W is the applied load (kg), FT is the frictional 
torque (kg.mm) and r is the distance from the centre of the contact surface on the 
lower balls to the axis of rotation, which was measured to be 3.67 mm.
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Fig. 3 The setup of the WSD analysis using the HPM 

2.4 Wear Scar Diameter (WSD) Analysis 

After the four-ball testing, a high-power microscope (HPM) was utilised to measure 
the Wear Scar Diameter (WSD) on the steel ball as illustrated in Fig. 3. The HPM was 
set to high resolution to see the entire image. The program used to take the picture 
of the WSD is called “Isolation lite”. 

2.5 Viscosity Analysis 

The viscosity of all oil samples was determined using the Cole-Parmer Advanced 
Viscometer testing machine as depicted in Fig. 4. The viscosity of the oil samples 
was measured at temperatures ranging from 23 to 100 °C. It was accomplished 
by allowing the machine to operate in a step mode, during which the temperature

Fig. 4 Cole-Parmer 
advanced viscometer 
machine (EW-98965–46)
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Table 2 The experiment 
parameters used to determine 
the viscosity 

Experiment settings Experiment configuration 

Experiment type: STEP Density units: g/cm3 

STEP: 100 Viscosity units: centistokes (cSt) 

Duration: 30 min Temperature units: °C 

Time increment: 1 s 

was gradually increased over the period of 30 min. The experiment parameters and 
configuration are as shown in Table 2.

2.6 Testing Periods 

The wear resistance and lubrication properties of all oil samples were examined 
over three testing periods. The testing periods after mixing are 5 min, 1 week, and 
1 month. Between the testing periods, the oil samples were kept undisturbed in glass 
bottles. However, when the testing period arrived, the samples were returned to the 
mixing machine for re-blending. The same parameters were used for each re-blending 
process. The overall process of the experiment is as illustrated in Fig. 5. 

3 Results 

3.1 Wear Scar Diameter (WSD) 

The four-ball tribometer experiment yielded the WSD results. Figure 6 depicts the 
WSD results for all oil samples, whereas Fig. 7 depicts examples of the collected 
WSDs using the HPM. 

In general, the wear tendency rises as the mixture’s period increases. The AB 
mixture obtained the lowest WSD in the first testing period, which was 5 min after 
mixing, even lower than Brand A alone. It demonstrates that the oil from Brand B 
has an excellent lubricating performance. The presence of Brand C’s oil, on the other 
hand, raises the WSD for the AC mixture, indicating a poor lubricating process. The 
second and third testing periods show a similar pattern. 

However, when it came to the rate of increment, the AB mixture performed the 
poorest. In percentage terms, the WSD of the mixture increases by 22% after one week 
and by 72% after one month of mixing. In comparison, the AC mixture accounted 
for 8% and 24% of the WSD growth over one week and one month, respectively. 
According to the findings, Brand C’s oil provides better lubrication in terms of 
duration. Despite this, the WSD for the AB mixture is still lower than that of the AC 
mixture after 1 month of mixing. However, if a longer mixing period is considered,
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Fig. 5 The overall process 
of the analysis 

the WSD for the AB mixture can develop beyond the WSD for the AC mixture based 
on the increment rate. Taking the first week’s increment rate (22% for the AB mixture 
and 8% for the AC mixture), the WSD for the AB mixture will be approximately 
877.1 µm after eight weeks or two months, while the WSD for the AC mixture will 
be around 745.7 µm. 

It should be emphasised that the tests were carried out on a clean mixture. Between 
testing periods, the oil samples were left undisturbed. As a result, the findings 
achieved here were solely the product of the chemical interaction of the oils. Different 
WSD readings will be recorded in the regular use where the mixture is placed in the 
combustion engine due to other factors involved such as temperature, working loads, 
and contaminations [6, 20].
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5 MINUTES 1 WEEK 1 MONTH 
Brand A 335.5 335.5 335.5 
AB Mixture 317.8 389.5 548.9 
AC Mixture 454.7 489.8 562.2 
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Fig. 6 The mean value of WSD for all oil samples at respective testing period 

WSD (µm) 

Ball 1 Ball 2 Ball 3 

313.0 355.8 337.7 

Fig. 7 Samples of WSD image and measurement obtained using the HPM 

3.2 Coefficient of Friction (COF) 

The COF is one of the factors that contribute to wear development. The COF is 
a dimensionless parameter that is used to determine friction force for any motion 
condition. It occurs when two metal surfaces slide against each other, causing friction 
and pressure. In principle, a high friction value will contribute to a high COF value, 
which has a high potential to cause damage in mechanical operation. 

The COF values for all oil samples during the testing periods are shown in Fig. 8. 
In general, the COF value measured over time drops [11]. The AB mixture had a 
higher COF than the AC mixture for all of the testing periods. The most significant 
difference was seen during the first testing period when the COF for the AB mixture 
was 0.016 greater. The difference, however, decreases over time until it reaches just 
0.0012 at the end of the testing period. Furthermore, the decrement rate of the COF
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Fig. 8 The COF for all oil samples measured at respective testing period 

for the AB mixture is greater than that of the AC mixture over the mixing period. 
The decrement rate corresponds to the recorded WSD value. 

The drop in the COF readings of the oil mixtures, as indicated in Fig. 8, suggests 
that the mixtures have become more compatible with one another. The less sliding 
force is required, the lower the COF value. 

3.3 Viscosity 

Figure 9 depicts the viscosity of all oil samples at each testing period in response to 
temperature variations. In general, the viscosity of all oil samples decreases as the 
temperature rises [17]. This situation is evident because the viscosity of the samples 
is high at the room temperature 23 °C, ranging from 90 to 160 cSt. The viscosity of all 
oil samples then reduces from one point to the next as the temperature rises. It implies 
that viscosity and temperature are inversely related which is as found in Syahrullail 
et al. [21]. Figure 9a indicates that the AB mixture has the highest viscosity value of 
160 cSt at 23 °C, whereas the AC mixture has the lowest viscosity, even lower than 
Brand A alone, which is 90 cSt at the same temperature. The trend continued until 
80 °C when the AB mixture had a lower viscosity than Brand A alone. Figure 9a 
shows that the presence of Brand B’s oil increases the mixture’s viscosity, but the 
existence of Brand C’s oil decreases the mixture’s viscosity.
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Fig. 9 The relationship between the viscosity of the oil samples and temperature at respective 
testing period, a 5 min,  b One week, and c One month 

4 Discussion 

The effects of mixing different brands of engine oil on the characteristics of WSD, 
COF, and viscosity were investigated in this study. These three features were discov-
ered with respect to the mixing period. The research revealed that the WSD is propor-
tional to the mixing period. The longer the mixing duration, the greater the WSD for 
all oil samples. The COF, on the other hand, was inversely related to the mixing time, 
with a smaller COF reported at a longer mixing period. Meanwhile, the viscosity-
mixing period relationship differs for each oil sample. The viscosity of the AB 
mixture decreased with time, but the viscosity of the AC mixture increased with 
mixing time.
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Engine oil is used to lubricate the moving parts of an automobile engine. The 
viscosity of the engine oil is crucial in the formation of the so-called lubrication film 
at the surface of the moving components. A greater viscosity often results in a thicker 
lubricating film, which provides better protection between the components [22]. It 
was demonstrated (as shown in Fig. 6) that the AB mixture, which has the highest 
viscosity, had a smaller WSD than the AC mixture. 

Furthermore, a thicker lubricating film should provide a lower COF, implying 
that a smaller force is required for the components to move between one another 
[23]. The friction between the components is low in this situation, which minimizes 
the tendency for damage. Despite its increased viscosity, the AB mixture scored the 
greatest COF in the first testing period, as shown in Fig. 8. This anomaly might be 
caused by the unsettled composition in which the engine oils of Brand A and Brand 
B have not yet been thoroughly integrated. Instead of friction on a single lubricant, 
the four-ball must move across lubricants with varied characteristics, demanding a 
higher COF. This notion is corroborated by the findings of the second testing period, 
in which the COF value of the AB mixture decreased drastically, suggesting that the 
oils had thoroughly mixed. Also, the findings are consistent with those of Ezzat [24], 
Durak et al. [25] and Heredia-Cancino et al. [17] who found that the link between 
friction and wear is not necessarily straightforward. 

On the other hand, few works have been reported that link the amount of antiox-
idant additive in engine oil to the size of WSD. According to Farhanah [26], a high 
level of antioxidant additive correlates to a smaller WSD. It is related to the additive’s 
capacity to produce a protective film on the surface of the metal body. Moreover, 
Gangopadhyay underlined the need for antioxidation additives in avoiding oil oxida-
tion, which can contribute to greater wear [22]. While according to Rudnick [27], 
the antioxidant additive not only delays oxidation but also helps to stabilise and 
optimise lubrication performance. They stressed the need of maximising oxidation 
stability to minimise oil oxidation, which can increase friction and wear. This might 
explain the rapid increase in WSD for AB mixtures observed in this investigation. 
The combination of Brand A and Brand B oils induces chemical reactions that disrupt 
the condition and stability of the antioxidant additive, causing the mixture to oxidise 
[17, 18]. As a result, even though the viscosity is high, the WSD of the mixture 
increases. 

The mixing of different brands of engine oil, on the other hand, only impacted 
the relationship of viscosity over temperatures at the beginning of the mixing period. 
After a month, the relationship for all mixtures is equal, as illustrated in Fig. 9c. In 
reality, the effect may be reduced sooner owing to engine workload, which allows 
the different oils to be thoroughly mixed. However, Fig. 9c signifies that the viscosity 
of the mixtures at room temperature varies. As a consequence, it will have an impact 
on the engine’s protection and performance when it is started for the first time of the 
day.
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5 Conclusion 

The results of this investigation indicate that the AB mixture outperforms the AC 
mixture in terms of WSD and viscosity. The AB mixture was able to develop a 
more viscous lubricant, resulting in greater component protection. However, the AC 
mixture has a lower COF and provides greater long-term protection. Despite the 
benefits, as compared to pure oil, pure oil performs better in the WSD and COF. It is 
generally known that various additives exist in each engine oil; when these additives 
are combined, the chemical reaction that happens may destroy the efficiency of the 
additives and, to a certain extent, may damage the engine. This research only looks 
at a small portion of the problem, namely the influence on WSD, COF, and viscosity 
under constant speed and load. Further research on the products of the chemical 
process, as well as their characteristics at different speeds and loads, may give more 
insight into the influence of mixing. 
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18. Dörr N, Brenner J, Ristić A, Ronai B, Besser C, Pejaković V, Frauscher M (2019) Correlation 
between engine oil degradation, tribochemistry, and tribological behavior with focus on ZDDP 
deterioration. Tribol Lett 67(2):62 

19. Chouhan M, Thakur L, Sindhu D, Patel MK (2020) An investigation on the optimization of 
anti-wear performance of nano-Fe3O4 based ferro-magnetic lubricant. J Tribol 25:119–135 

20. Hu E, Hu X, Liu T, Fang L, Dearn KD, Xu H (2013) The role of soot particles in the tribological 
behavior of engine lubricating oils. Wear 304(1–2):152–161 

21. Syahrullail S, Wira JY, Wan Nik WB, Fawwaz WN (2013) Friction characteristics of rbd palm 
olein using four-ball tribotester. Appl Mech Mater 315(936–940):936 

22. Gangopadhyay AK, Carter RO, Simko S, Gao H, Bjornen KK, Black ED (2007) Valvetrain 
friction and wear performance with fresh and used low-phosphorous engine oils. Tribol Trans 
50(3):350–360 

23. Kovalchenko A, Ajayi O, Erdemir A, Fenske G, Etsion I (2005) The effect of laser surface 
texturing on transitions in lubrication regimes during unidirectional sliding contact. Tribol Int 
38(3):219–225 

24. Ezzat FMH (1993) The friction and wear of fresh and used engine oils during reciprocating 
sliding. Wear 169(2):167–172 
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Effect of Hot Cylinder Materials 
on Gamma-Type Stirling Engine 
Performance Using Solar Dish 
Concentrator 

Purbo Suwandono , Gigih Priyandono , Kushendarsyah Saptaji , 
and Akhmad Rizal Fanani 

Abstract The characteristics of Indonesia’s tropical climate by getting good sunlight 
throughout the year can be used as alternative and renewable energy. Stirling engine in 
general is a type of combustion motor that applies the principle of external combustion 
because the working system is done on the outside of the engine. The origins of the 
Stirling engine were discovered by a British scientist named Dr. Robert Stirling. This 
research using Parabolic Dish type powered by solar energy as a heat source. The 
Stirling engine is heated using solar energy from the Parabolic Dish. Hot cylinder 
as a displacer cover is varied by using different materials, namely stainless steel, 
copper, and glass. The results showed that hot cylinder material using glass gets the 
highest RPM of 131 RPM and indicated engine power of 0.0712 Watts. 

Keywords Stirling engine · Solar dish concentrator · Performance · Hot cylinder ·
Materials · Stainless steel · Copper · Glass · Displacer 

1 Introduction 

Indonesia is a country that has tropical climate characteristics that lie below the 
equator and through the east monsoon with the direction of gusts from parts of the 
Australian continent to the Asian continent, so that the Indonesian region experi-
ences a dry season and gets good sunlight throughout the year with potential around 
4.8 KWh/m2 [1]. Stirling engine in general is a type of combustion motor that applies 
the principle of external combustion because the working system is done on the 
outside of the engine. The origins of the Stirling engine were discovered by a British 
scientist named Dr. Robert Stirling in 1816 [2]. Engines of this type apply the system 
regenerating in a closed cycle, where there is a working fluid that undergoes a process
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of compression and expansion in a separate reservoir then distributed to move the 
power piston reciprocating [3]. Stirling engine is defined as a type of engine with 
a thermal regeneration system using closed cycles. The cycle is closed because the 
working fluid is permanently trapped in the system. Regeneration is interpreted by the 
use of heat exchangers internally, which can increase the efficiency of the machine [4]. 
Stirling engines are also referred to as engines with external combustion or external 
combustion [5]. A Stirling engine is a heat exchanger that operates on a closed cycle 
and is designed with the aim of converting the resulting heat energy into mechanical 
or motion energy. Stirling engine is an engine that utilizes heat energy that comes 
from outside its working cylinder. Various sources of heat can be used in operating 
Stirling engines such as heat derived from sunlight radiation, heating elements, and 
external combustion, but with a note there must be a significant temperature differ-
ence between the two cylinders in order to move the engine [6, 7]. In practice, the 
Stirling cycle that occurs is different from the theoretical cycle in which there are two 
phases including constant temperature and volume. In analyzing the thermodynamic 
elements present in the Stirling engine system, several theories are used. One of them 
was presented by Schmidt, so this theory came to be known as Schmidt Theory [8]. 

Parabolic Dish is a CSP Solar Power Concentrating System with a type of parabola 
that uses a concave-shaped mirror to concentrate sunlight onto the receiver located 
at the focal point of the mirror. Concentrated solar energy is absorbed by the receiver 
to heat the fluid to 750 °C [9]. The Parabolic Dish uses highly polished mirrors that 
are composed by parabolic and can reflect 90% of the light that hits it to direct and 
concentrate sunlight to the heat receiver in this case the Stirling engine. To get the 
solar heat energy that is greater and centralized at one point requires a concave-shaped 
solar concentrator coated with glass on the inside. Then the heat energy generated, 
is changed in the form of mechanical energy to operate the generator that will later 
generate electricity. 

From research related to the development of Stirling engines as power plants have 
been widely done, it is known that Stirling engines with gamma type have the highest 
efficiency at low operating temperatures. This is because the Stirling gamma type 
engine has a heat exchanger and cold exchanger area that is greater than the size of 
the piston so that the volume of the gas chamber to expand is relatively greater and 
the process of mechanical power transfer by gas becomes more efficient. Efficiency 
can be further improved if there is a significant temperature change between hot 
cylinder (displacer) and cold cylinder. Can cinar [10] has been concerned about 
the effect of variations in displacer material on low temperature different Stirling 
engines. The energy source of the study came from LPG. Two types of displacers have 
been studied using aluminum and MDF (Medium density fiberboard). The highest 
power is obtained using MDF type displacers with a power of 3.06 Watts. Where 
displacer uses aluminum emits power of 2.59 Watts. Higher torque was obtained at 
low speeds because of the increase of the cyclic heating and cooling periods. Many 
other studies have been about material variations in displacers but little research on 
material variations in displacer cylinders / hot cylinders. 

The study will examine the influence of several specimens of material used on 
Stirling engine hot cylinders using concentrated solar energy. The material used in
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this study has different properties so that the rate of heat transfer will also change 
which results in different Stirling engine efficiency. The types of materials that will be 
used include copper, stainless steel, and glass. Each of these materials has a different 
heat conductivity, so it is interesting to research which materials are able to improve 
the performance of the gamma type Stirling engine. 

2 Stirling Engine 

Parabola reflector made dish type with aluminum plate base material formed concave 
with a diameter of 1.2 m, then coated with a square-shaped mirrored glass with the 
size of each mirror box 1 cm2 glued using sealant fluid. The experimental apparatus 
can be seen at Fig. 1 which generally consists of a Stirling engine and a parabolic 
solar reflector. 

Stirling 
Support 

Stirling 
Engine 

Carbon 
Steel 

Glass  

Elipsoidal 
Head: 

Aluminium 

Fig. 1 Dish-type parabolic reflector 

Table 1 Dish-type parabolic reflector spesification 

No Part Material Description 

1 Elipsoidal head Aluminium Plate 2.3 t x 1000 x 1000 L 

2 Stiffener Carbon steel Flat Bar 50 t x 6 x 3078 L 

3 Mirror Glass Mirror 3.2 t x 20 x 20 L 

Support 

1 Striling support Stainless steel 

2 Parabolic support Aluminium Dia. 1.2 m
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Table 1 describes the specifications of the material used to make dish-type 
parabolic reflectors. 

The Stirling gamma-type engine works by utilizing alternative energy in the form 
of solar thermal radiation reflected by dish-type reflector parabolic to the end of the 
hot cylinder [11]. The selection of gamma-type Stirling engines is used because this 
type of engine has a heat exchanger and cold exchanger area that is greater than the 
size of the piston, so the volume of gas chambers to expand is relatively greater and 
the process of transferring mechanical power by gas becomes more efficient [12]. 
Focal point calculations are needed to obtain the optimal distance of the reflector 
parabola in reflecting solar radiation [13]. The focal point value used according to 
the design is 0.57 m. The closer or farther the placement of the reflector parabola to 
the Stirling engine by ignoring the focal point calculation, the radiation temperature 
at the end of the hot cylinder received by the gamma type striling machine tends 
to be lower because the heat is not focused on a single point and tends to spread 
in all directions. The heat energy received by the Stirling engine hot cylinder is 
then converted into motion energy through a closed regeneration system, where the 
working fluid in the system will undergo a process of compression and expansion in a 
convection-separated reservoir. This process causes changes in temperature, pressure 
difference, and volume which are then distributed to move the power piston. The 
resulting motion is translationally converted into rotational motion on the flywheel. 
The resulting motion energy is measured to get the result of the rotation speed in 
rpm and torque units and the calculation of the efficiency of each type of hot cylinder 
material produced. In this study, the use of three types of materials including copper, 
stainless steel, and glass with different conductivity was used to obtain research 
results related to the effect of conductivity that occurred in the hot cylinder of Stirling 
engines. 

Stirling engine modeling using solidworks software Fig. 2. Explain the design 
of Stirling engine and Table 2 explain about the materials used to make Stirling 
engines. The machining process is done with a system that makes it easy to replace 
hot cylinders. The machining process uses a lathe and a milling machine. 

The Stirling engine consists of a heater from solar dish concentrator, an expan-
sion chamber, a regenerator, a cooler fin and a compression chamber. The fluid 
used is air. To be able to plotting P-V diagram can be done the calculation process 
using Schmidt’s formula [14]. Schimidt’s formula can also calculate the power of 
the Stirling engine. VSE—Swept Volume Expansion, VSC—Swept Volume Compres-
sion, dx—Phase Angle between expansion and compression piston, VE—The expan-
sion momental volume and VC—The compression momental volume, VDC—Dead 
Volume of Compression Space, VDE—Dead Volume of Expansion Space and 
V—Total Momental Volume [15]. 

VE = 
VSE  

2 
(1 − cos x) + VDE (1) 

VC = 
VSE  

2 
(1 + cos x) + 

VSC 

2 
[1 − cos(x − dx)] + VDC (2)
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Hot Cylinder 

Displacer 
Heat Exchanger 

Cold Cylinder 

Piston 

Connecting Rod 

Flywheel 

Shaft 

Fig. 2 Gamma-Type stirling engine 

Table 2 Gamma-Type stirling engine specification 

No. Part Material Description 

1 Base frame Aluminium Plate 10 t x 80 x 140 L 

2 Support frame Aluminium Plate 10 t x 25 x 30 L 

3 Support frame Aluminium Plate 10 t x 25 x 40 L 

4 Hot cylinder Cooper Pipe OD 15 mm x 45 L 

5 Hot cylinder Stainless steel Pipe OD 15 mm x 45 L 

6 Hot cylinder Glass Pipe OD 15 mm x 45 L 

7 Displacer Stainless steel Round bar Dia 13 mm x 25 L 

8 Heat exchanger Aluminium Plate 2 t x 20 x 20 L 

9 Cold cylinder Aluminium Pipe OD 12 mm x 40 L 

10 Piston Brass Round bar Dia 8 mm x 12 L 

11 Connecting rod Stainless steel Plate 2 t x 5 x 40 L 

12 Shaft Stainless steel Round Bar Dia 6 mm x 20 L 

13 Flywheel Stainless steel Plate 4 t x 60 x 60 L 

14 Bolt Stainless steel Bolt M6 40 L
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V = VE + VR + VC (3) 

P—The Engine Pressure, Pmean—The mean Pressure, Pmin—The minimum pressure, 
Pmax—The maximum pressure, can be calculated using equation: 

P = 
Pmean 

√
1 − c2 

1 − c. cos(x − a) 
= 

Pmin(1 + c) 
1 − c. cos(x − a) 

= 
Pmax (1 − c) 

1 − c. cos(x − a) 
(4) 

t = TC 
TE 
—Temperature ratio, v = VSC 

VSE  
—Swept volume ratio, X DE  = VDE  

VSE  
—Dead 

volume expansion ratio, X DC = VDC 
VSE  

—Dead volume compression ratio, X R = VR 
VSE  

— 
Dead volume regenerator ratio, TC—Compression gas temperature, TE—Expansion 
gas Temperature, TR—Regenerator gas temperature. 

a = tan−1 v sin dx  
t + cos dx  − 1 

(5) 

S = t + 2t X  DE  + 
4tVR 

1 + t 
+ v + 2X DC + 1 (6)  

B =
√      
t2 + 2(t − 1)vcosdx + v2 − 2t + 1 (7)  

c = 
B 

S 
(8) 

WE (Joule)—indicated energy in the expansion space, WC (Joule)—indicated energy 
in the compression space, WI (Joule)—indicated energy per one cycle of the engine, 
LE (Watt)—indicated expansion power, LC (Watt)—indicated compression power, LI 

(Watt)—Indicated engine power, n—revolution per second can be calculated using 
following equation: 

WE =
∫ 

PdVE = 
PmeanVSE  πc. sin a 

1 + √
1 − c2 

(9) 

WC =
∫ 

PdVC = −  
PmeanVSE  πc. sin a 

1 + √
1 − c2 

(10) 

WI = WE + WC (11) 

L E = WEn (12) 

LC = WCn (13)
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L I = WI n (14) 

3 Stirling Engine Performance 

Table 3 shows the results of data capture that has been done from the three mate-
rial specimens. Stirling machine performance is recorded to only operate for one 
work with a different duration range. Referring to the ΔT temperature difference 
between temperature expansion stroke (hot cylinder) and compression stroke (cold 
cylinder) shows that the cause of Stirling engine stops working because the tempera-
ture difference has increased insignificantly and even tends to decrease even though 
the intensity of solar radiation received is getting greater. The decrease in tempera-
ture difference was influenced by cold cylinder conditions whose temperature was 
increasing. It should be in this part that the temperature is kept constant in colder 
conditions so that there can be a greater temperature difference. Indications of a lack 
of cooling fins cause the rate of heat transfer from the hot cylinder to the cold cylinder 
tends to occur on the outside of the engine surface by conduction. 

Using the above equation can be plotted the P-V cycle for Stirling engines. Figure 3 
shows that the P-V diagram for the materials using glass as hot cylinder. From the 
P-V cycle it can be seen that the highest pressure is at a phase angle of 20° of 118 kPa. 
The smallest pressure is at a phase angle of 200° of 86.6 kPa. The difference between 
maximum pressure and minimal pressure is quite low, this causes the performance 
of the Stirling engine to decrease. Stirling engine performance can be improved by 
increasing the difference in hot cylinder temperature with cold cylinder. 

From Table 4 it was found that hot cylinders using glass have the most indicated 
expansion power compared to other materials in the study. Thermal conductivity 
of the material affects indicated energy per one cycle of the engine and indicated 
expansion power. The smaller the thermal conductivity of the material will increase 
indicated expansion power, this is because the heat from sunlight quickly propagates 
into the cold cylinder, so that the ΔT temperature difference between temperature 
expansion stroke (hot cylinder) and compression stroke (cold cylinder) is getting 
smaller. This phenomenon is because glass material has an influence in storing heat

Table 3 Experimental result 

No. Material Thermal 
conductivity 
(W/m. C) 

Solar 
intensity 
(W/m2) 

Temperature (˚C) ΔT RPM 

Hot Cold 

1 Copper 379.0 194.8 175 60 115 106 

2 Stainless 
Steel 

16.0 185.3 155 52 103 124 

3 Glass 0.78 184.9 132 44 88 131
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Fig. 3 P-V cycle Stirling engine using glass material as hot cylinder 

Table 4 Comparison 
performance using different 
material as hot cylinder 

No. Material WI (Joule) LI (Watt) 

1 Copper 0.0048 0.0576 

2 Stainless steel 0.0043 0.0663 

3 Glass 0.0039 0.0712 

better in the hot cylinder area so that the rate of heat transfer that occurs is not quickly 
propagated by conduction on the outside of the Stirling engine, but tends to take place 
convectionally on the inside of the Stirling engine in accordance with the principle of 
work where the working fluid will be compressed or expanded in a separate reservoir 
then distributed to move the piston in a reciprocating movement.

Yaseen [16] stated that the selection of materials for displacer cylinders or in 
this study hot cylinder must have characteristics that are thermally insulated, low 
thermal conductivity and have a light weight. This is in accordance with the results 
of research that the material that has the lowest heat conductivity, namely glass has 
the higher rotation, indicated energy and indicated power higher than stainless steel 
and copper. 

4 Conclusions 

Gamma-type Stirling machines can convert solar energy into mechanical energy by 
using dish-type reflectors parabolic concentrated towards the end of the hot cylinder. 
The heat energy received by the Stirling engine hot cylinder is then converted into 
motion energy through a closed regeneration system, where the working fluid present 
in the system is compressed or expanded in a convection-separated reservoir. In this 
study, the material variation is carried out on the hot cylinder or displacer cylinder,
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where the materials used are stainless steel, copper and glass. The result of the study 
was that glass material got the highest rotation of 131 RPM while for stainless steel 
124 RPM and copper 106 RPM. The effect of thermal conductivity on Stirling engine 
hot cylinder materials using concentrated solar energy showed that the use of glass 
material with a heat conductivity of 0.78 W/m °C resulted in the highest indicated 
expansion power 0.0712 W. This is because the glass material is able to store heat 
better in the hot cylinder area so that the rate of heat transfer that occurs does not 
quickly propagate by conduction on the outside of the Stirling engine, but tends to 
take place convection on the inside of the Stirling engine. 
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The Analysis of Risk Factor Repetitive 
Motion in Manufacturing Activities 
Based on Ergonomics 

Nur Ezzatul Balqis Binti Mohd Zahari, Norazlianie Sazali, Zawati Harun, 
and Norsuhailizah Sazali 

Abstract The research of ergonomics in the glove manufacturing company was 
done in the production line. The workers performed most of the processes manually. 
Consequently, they were exposed to Musculoskeletal Disorders (MSDs) risk factors 
such as repetitive motion and awkward postures while working. In this case study, 
the Rapid Upper Limb Assessment (RULA) was used to determine the worker’s risk 
level of MSDs. It was based on a working assessment of video records and photos by 
the workers. The final RULA score found that the former changing process indicates 
the high risk of MSDs, investigating, and implementing change required. Besides, 
the final RULA score of glove rework scores a five. The score indicates a medium 
risk of MSDs, need further investigation, and change soon. Meanwhile, the glove 
packing process scored four which indicates a low risk of MSDs and changes might 
be needed. Other than, the Body Discomfort Survey was answered by the workers (n 
= 18), and the mean MSDs impact scores from the survey concluded that workers felt 
discomfort the most in the former changing (53,264.75), followed by glove rework 
(12,419.67), and glove packing (6313.33) process. The DELMIA software was then 
used to evaluate the improved body postures. The analysis provided the limitations 
of angular movement of body parts, allowing the manikin to bend at a minimum 
angle to fit the task while also reducing the final RULA score to an acceptable score. 

Keywords Musculoskeletal dsorders (MSDs) · Rapid upper limb assessment 
(RULA) · Body discomfort survey
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1 Introduction 

The study of Ergonomics is between the working environment and the workers. Other 
than that, the potential ergonomic risk factors around their workplace are crucial for 
the workers to concern and realize as the consequences are fatal, such as death 
and disability. The purpose of ergonomics is to minimize effort and limitations while 
using the product and ensure the design compliments the ability as well as strengthens 
the consumer. The most significant aspect of Ergonomics is injury prevention since 
it is scientifically looking for the least painful and least tiring manner to utilize 
muscles while working. Ergonomics then seeks to increase productivity by making 
work easier and faster to achieve. Repetitive motion, static posture, heavy lifting, 
forceful exercise, and exposure to excessive vibration are all examples of possible 
ergonomic risk factors [1]. 

According to the Canadian Centre for Occupational Health and Safety, muscu-
loskeletal diseases (MSDs) are a set of painful conditions of muscles, tendons, 
and nerves. Thus, Bursitis, Epicondylitis, Tendinitis, Carpal tunnel syndrome, and 
Tenosynovitis are some of the MSDs that can gradually develop with constant exces-
sive exertion [2]. MSDs can affect your quality of life in the short and long term if 
they are not resolved. Aside from that, conforming to The International Ergonomics 
Association defines ergonomics into three categories which are physical, cognitive, 
and organizational [3]. Therefore, physical ergonomics analyzes human anatom-
ical, anthropometric, physiological, and biomechanical functions related to phys-
ical activity. To design industrial and consumer products is the principle of phys-
ical ergonomics. As for cognitive, it is related to perception, memory, reasoning, 
and motor response [4]. The interaction may affect humans with systems of other 
elements. For example, involving several facets such as stress and workload with 
computer interaction. The concerned of organization economics is the optimiza-
tion of socio technical systems, as well as crew resources management, communi-
cation, work design, work system, working time design, teamwork, participatory 
design, community ergonomics, cooperative work, new work, programs, virtual 
organizations, telework, and quality management [5]. 

2 Literature Review 

In the workplace, the terms ergonomics and human factors are frequently used inter-
changeably. Workplaces have often been designed to effectively transfer items or 
service machinery. People who integrate at work have gotten less attention because 
they appear to be so adaptive. By that, since the number of injuries caused by repet-
itive motion, excessive force, and awkward postures has increased, ergonomics has 
become a key issue in workplace safety. Based on analysis and research, employing an 
ergonomic method to lower the amount of pain, musculoskeletal problem risk level, 
and optimize productivity [6]. The ergonomic approach to certain human interaction
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with the workplace and the assigned activities, ensure that machines or tools meet 
the needs of workers, and improve the performance of work together with deliver an 
approach understanding the behavior of workers when conducting risk assessments. 
For entirety, ergonomic approach goals are to reduce work related injury and illness 
and improve productivity and satisfaction among the workers in the workplace [7]. 

In the year of 1999, almost 1 million people took time out of work to treat 
and recover from work-related musculoskeletal pain or impaired function in the 
lower back or upper extremities. Besides, work-related musculoskeletal disorders 
(WMSDs) in the manufacturing industry are the crucial causes of sick leaves [8]. 
In fact, the cause of work-related musculoskeletal disorders is numerous but misun-
derstood. Biomechanical factors including repetitive motion, strenuous exercises, 
extreme joint postures, and psychosocial factors determine the most important part 
in work-related musculoskeletal disorders [9]. 

The main risk factor of work-related musculoskeletal disorders in two categories 
which are physical and psychosocial. Thus, pursuant to the (Global Burden of Disease 
Study 2012). The leading cause of physical disability worldwide is considered as low 
back pain. Estimated 540 million people are affected, it happens in similar proportions 
in all societies, interrupts quality of life and work efficiency, and is the most prob-
able cause for medical consultation. Even so, work-related musculoskeletal disor-
ders (WMSDs) can be prevented because ergonomics helps reduce muscle fatigue, 
increase productivity, and minimizes the possibility and severity of work-related 
MSDs. 

2.1 Rapid Upper Limb Assessment (RULA) 

The RULA method was designed to allow the analysis of the requirements on the 
upper limbs of the worker for the purpose of the risk screening of developing MSDs. 
This is caused by tasks with rising expenses on the upper body and relatively low 
demands upon the lower part provides an objective measure of the risks of MSDs. 
Many ergonomists around the world have used the RULA method. RULA method 
of use will be observed by positions of individual body segments, the greater the 
deviation from the neutral position, the higher the score for each body part. The 
postural loading throughout the body with extra attention to the neck, trunk, and 
upper limbs and assesses biomechanically is a screening tool of RULA. 

The research that used the RULA method [10]. The study was identifying the risk 
level of injury to musculoskeletal disorders (MSDs) during the production process 
at PT. Indana Paint. From the result, 30 awkward postures are identified, 12 working 
postures (40%) are at high risk, 11 working postures (36.7%) are at medium risk, 
and 7 working postures (23.3%) are at low risk. As well based on research data, 
some crucial concerns related to awkward postures on the part of workers, such as 
incorrect lifting techniques and working methods, manual handling of heavy drums, 
and a variety of working position heights.
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3 Methodology 

The industry’s Environmental, Health, and Safety (EHS) department has performed 
an initial Ergonomics Risk Assessment (ERA) for their workers. Subsequently, they 
discovered that advanced ERA could be used in the former changing, glove rework 
and glove packing. The researcher prefers RULA because the workers are concerned 
with sedentary work as well as to minimize the risk of MSD. 

3.1 Research Flowchart 

Referring to the flowchart in Fig. 1, this study starts from collecting qualitative data 
and quantitative data that are related to the research. The qualitative data must include 
observation, interview and recording while quantitative data using body discomfort

Fig. 1 Research flowchart
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survey. After that, followed by doing analysis using RULA Worksheet and DELMIA 
software to determine postural scoring and conduct ergonomic design. Lastly, suggest 
the improvement for the company to improve to meet the scores in DELMIA software 
while also lowering the level of MSDs.

4 Results and Discussion 

In the quantitative data type, the Body Discomfort Survey was used. Eighteen random 
workers answered the survey in the former changing, glove rework and glove packing. 
Moreover, age and work experiences of the workers does not affect the Muscu-
loskeletal Disorders (MSDs) impact scores for any process in this study. Besides, the 
MSDs effect score may be derived from the survey using formula Total Weighted 
Frequency x Total Weighted Severity x Total Weighted Productivity. Furthermore, 
based on the mean MSDs effect scores, it was determined that workers mostly uncom-
fortable in the former changing (53,264.75), followed by glove rework (12,419.67) 
and glove packing (6313.33). There is no range for good or bad, but it can be 
concluded that the highest number of mean MSDs impact score means that it has 
higher impact on the workers in the process. 

Other than that, the analysis was conducted using RULA worksheet. The RULA 
scores resulting in the former changing process received the final score of seven from 
the evaluations, indicating that the worker is at a high risk of MSDs and that they need 
to investigate and implement change as soon as possible. Consequently, the upper 
arm position obtains the highest score in the former changing process. Following, the 
RULA score result in the glove rework process received the final score of five from 
the evaluations, indicating that the worker is at a medium risk of MSDs and changing 
of body posture is required. The upper arm and wrist position received the highest 
score for this process, followed by the other body parts. Besides, the glove packing 
process received a score of four, indicating that the worker is at a low risk of MSD 
and that a change in body position may be required. The wrist position received the 
highest score for this process. 

Moreover, the DELMIA software is used to evaluate the body posture following 
improvement. As stated in Fig. 2, DELMIA software is used to analyze body posture 
once it has improved. The final RULA for the former changing process and glove 
rework process is reduced into three, as well as the glove packing process is reduced 
into two and this value indicates acceptable worker body posture. 

5 Conclusion 

Overall, the study achieves the study objectives. The study started with a Body 
Discomfort Survey to determine the level of discomfort reported by workers. 
According to the results, the former changing process has the highest mean MSDs
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Fig. 2 Result of DELMIA score 

effect score (53,264.75), followed by the glove rework process (12,419.67) and glove 
packing process (6313.33). Afterwards, an RULA worksheet is used to analyse the 
worker’s body position while performing manual work. The research showed that 
the former changing process obtained a final RULA score of seven. This score indi-
cates that the process is at a high risk of MSDs and that a change in body posture is 
required. Moreover, the final RULA score of glove rework obtained a five that indi-
cates it was at a medium risk-level of MSDs. Meanwhile, the glove process obtained 
a four, indicating a low risk of MSDs. 

Acknowledgements Authors would like to thank Ministry of Higher Education Malaysia and 
Universiti Malaysia Pahang for funding under grant RDU210314.
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The Development of Quick Response 
Manufacturing in Supply Chains 
Activities Based on Product Planning 
Control 

Siti Nursuhailah Md Suhaidin, Norazlianie Sazali, 
and Wan Norharyati Wan Salleh 

Abstract The research of Quick Response Manufacturing (QRM) in the production 
supply chain activities of an organization are based on product planning control. A 
supply chain with a poor flow for instance in the company’s logistics could cause the 
performance of the company. Inadequate preparation will result in mediocre quality, 
a loss of productivity and inefficiency. The objective of this thesis is to enhance 
the critical supply chain of a selected production line in the company by analyzing 
the existing data. From there, a simulation using software which is WITNESS, is 
conducted. The output from the simulation will be used in determining methods or 
solutions to enhance the supply chain related issues. The methods or solutions will 
be resulting in better efficiency, quality, and productivity. The data collected from 
the improvement will then be compared to the existing data to gauge whether the 
improvement contributes to the increase in efficiency and productivity of the selected 
line. The results from the simulation appear positive feedback, with an average of 
85% of the busy time on the proposed layout simulation compared to 66% on the 
current layout. Even though the differences are minor, they can be critical during 
peak hours. Finally, the result obtained between the current layout and improved 
layout proves that the implementation of Quick Response Manufacturing (QRM) 
can increase the productivity of Dunham Bush company at Kajang, Selangor. 
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1 Introduction 

Quick Response Manufacturing (QRM) framework was chosen for this project 
because it is conceptually close to Responsive Manufacturing. QRM is designed 
to work with high-mix, low-volume production systems with highly changeable 
demand and highly tailored orders [1]. Paired-Cell Overlapping Loops of Cards 
with Authorization (POLCA) is a hybrid push–pull of the Production Material Flow 
Control (PMFC) system that was built as part of the QRM for the strategy [2]. The 
POLCA mechanism is used to monitor material flow in the QRM system. POLCA’s 
uniqueness and constant work-in-progress (CONWIP) for managing work in process 
(WIP) in such a complex setting are shown why one would be an advantage over the 
other regarding to lead time, work in process, and throughput (TP) [1, 3]. 

QRM aims to minimize lead times in a company’s manufacturing supply chain [4, 
5]. QRM is described as the process of rapidly designing and manufacturing prod-
ucts in response to customer needs. Internally, it means shortening all job lead times, 
increasing performance, decreasing costs, and improving response times. With inven-
tory replenishment methods like the Toyota Kanban System (TKS), this is usually 
difficult to accomplish. Since existing companies such as Toyota Motor Corporation 
have embraced the Kanban method to take their manufacturing strategy to the next 
level [6]. The Kanban framework has increased its manufacturing quality and versa-
tility in response to customer needs. The Kanban method is a pull system approach 
to replenishing parts that have been consumed by customers. It authorizes output at 
a predetermined rate and a predetermined period [6]. 

Other than that, QRM has the potential to help in the improvement of lean manu-
facturing projects, especially in the case of high-variety and low-volume goods. 
Nonetheless, empirical research is needed to understand better this approach’s impact 
and contribution, especially its synergistic effect with lean manufacturing [7]. Suri 
believes that focusing solely on lead time is the best practice for many businesses or 
markets. These businesses are defined by a broad range of products manufactured 
in a single manufacturing system, customers that demand highly customized goods, 
and demand that is extremely unpredictable. 

There are two types of companies that often conduct QRM. The first type of 
business creates highly engineered products in small groupings. Another form of 
business that can profit from QRM does not need to engineer each item but has a 
large number of them with wildly fluctuating needs. QRM guarantees that everyone 
in the organization comprehends and participates in the procedure. Furthermore, both 
management and staff ought to be knowledgeable about the company’s production 
processes, particularly those that have an impact on lead times. Nonetheless, manu-
facturing procedures do not necessarily specify lead times. The sourcing of raw 
materials, which is a back-office element, will cause a lead time, and a portion of 
the QRM strategy will be to reduce lead times for non-manufacturing processes. As 
a result, the QRM will address every aspect of procurement, transportation, finance, 
and human resource management. As a company introduces QRM, it must be able 
to achieve a 95% decrease in lead times, a 30% drop in the price of the final product,
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a 60% improvement in on-time delivery reliability, and an 80% or more reduction in 
scrap and rework. The QRM will assist in improving the critical supply chain. 

2 Methodology 

This study starts by collecting data that are related to the research. The data that need 
to observe and record is the time taken for a forklift to go from the inventory area to 
the designated workstations on the selected production line, as well as the distance the 
forklift travelled. Following a review of the company’s issue, this study will conclude 
that a more thorough data collection is required if the data provided by the company 
is insufficient for an analysis to be performed using the WITNESS software. The 
software’s performance may be used to improve the company’s competitiveness, 
and the problem they discovered can be minimised. The simulation’s outcome will 
assist in the investigation of the company’s problem. Lastly, observe the result and 
compare the data to the existing configuration of the selected production line using 
the findings based on the outcome. The comparison of data will provide a clearer 
picture of what is being suggested and whether it is appropriate for the organization 
to incorporate in the future or to do additional research to boost results. 

3 Results and Discussion 

Figure 1 shows the flow for the company in the WITNESS software after entering the 
data that were collected during the observation. Figure 1 shows three sections in the 
inventory area which is the unpacking line, transportation and local part. These three

Fig. 1 Current layout with element flow in Dunham Bush company as shown in WITNESS software
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Fig. 2 Percentage of performance on the current layout of production department 

sections serve as feedback for a production line of 20 workstations that is continuous 
and interdependent. If there is a problem at one or more of the workstations, the 
company’s output of the product cannot reach their target for each day. The output 
quantity that the company gets for current data is only 27 units.

As shown in Fig. 2, there is only three colours appearing on the graph after running 
the simulation using witness software which is a percentage of idle for yellow colour, 
percentage of busy for green colour and percentage of blocked for purple colour. 
From the Fig. 2, there is more idle time at station ten (Brazing Sections), than at 
station eleven which is one of the Electrical sections, due to the longer takt time. Due 
to the meeting point of the Brazing and Electrical Sections, these two stations are 
considered vital, and if one of the stations takes a longer takt time, a blockage will 
result. Based on these findings, the takt time, distance travelled, and time spent from 
the inventory area to this vital station should be examined and, if possible, lowered 
to achieve a good outcome. 

According to the Fig. 2, the alterations in the Brazing Section not only increased 
the average percentage of busy time, but also generated a blockage at station seven 
which is 6.3%. The obstruction occurs as a result of a mismatch between the worksta-
tion’s takt time and the distance travelled by the forklift from the inventory section to 
the designated workstation. After running the witness simulation with current data, 
the value for the Electrical Section maintains 100% busy time on each workstation. 
This value means that was exceeding the QRM goal of 80% busy time. 

For the improvement, some changes have been done by rearranging the place-
ment of the previous inventory area and adding another inventory area at a vacant 
area in the company. Furthermore, an additional forklift is suggested to alleviate 
the blockage that formed in a few workstations as a result of the increased inven-
tory space. Figure 3 shows that there are two parts for inventory, an interface from 
WITNESS software, which will deliver on a valued route that has been set. On the 
left side at the bottom inventory should be routed to Brazing Section, while for the



The Development of Quick Response Manufacturing … 131

Fig. 3 Proposed improved layout for production department using WITNESS software 

upper on the left side inventory should be routed to Electrical Section. This action 
is being taken to improve the workstation’s efficiency and establish a better traffic 
flow for all inventory delivered through the workstation, even during peak periods. 
The output quantity increased from 27 to 32 units after the improvement. 

The result is given in Fig. 4, which shows that the workstations in the Brazing 
Section and Electrical Section, which total are 20 workstations, have produced a 
positive output when compared to the prior result. However, in this graph, there is 
the same color that appears in the current graph which is a percentage of idle for 
yellow color, percentage of busy for green color and percentage of blocked for purple 
color. These colors appear according to the process that takes place while producing 
the product. Following a review of the current situation and certain adjustments, the

Fig. 4 Percentage of performance on the improved layout in production department
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QRM’s goal of achieving a busy time of between 80 and 90% has been achieved in 
terms of the average percentage of line output, which is 85%. At 0.13% across all 
workstations, the blockage appears to be minor.

4 Conclusion 

As a result, the study is successful in achieving its goals. The research began with 
observational data to identify the issue that arose in the company. According to the 
results, the graph demonstrates a slight improvement and a setback on idle time, busy 
time, and blockage when the same strategy is used for improvement. When comparing 
the current layout of line production to the improved layout of line production, 
the percentage of idle time shows a significant increase in the Brazing Section. 
This is because of a blockage that occurred at station seven in the top inventory 
portion. Besides, the impact of Quick Response Manufacturing on supply chain 
activities has a positive feedback loop. The average percentage of busy time has 
increased from 65.72% in the current layout to 85% in the improved layout. When 
implementing QRM in Dunham Bush company’s production line, a thorough analysis 
of the workflow is needed to prevent any unwanted incidents in the future. 

Acknowledgements Authors would like to thank Ministry of Higher Education Malaysia and 
Universiti Malaysia Pahang for funding under grant RDU210314. 
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Rheological Characteristics 
and Optimization of Novel TiO2-POE 
Nanolubricant Using Response Surface 
Method (RSM) for Air Conditioning 
System Compressor Application 

Agus Nugroho , Rizalman Mamat, Zhang Bo, Wan Azmi Wan Hamzah, 
Mohd Fairusham Ghazali, and Talal Yusaf 

Abstract This study aims to determine the viscosity characteristics of TiO2-
Polyolester (POE) nanolubricant and optimize it for heat transfer applications in 
compressor air conditioning systems. A magnetic stirrer was used to mix TiO2 and 
POE lubricant for 30 min. The nanolubricant was then ultrasonicated with a probe 
for 120 min to stabilize the TiO2-POE nanolubricant. There were seven different 
types of samples examined in this study, with concentrations of 0, 0.05, 0.15, 0.25, 
0.35, 0.45, and 0.85 vol%. Rotational Rheolab QC was used to quantify viscosity 
from 30 to 90 °C. The viscosity of nanolubricant augmented as the proportion of 
nanolubricant increased. In contrast, when the test temperature rises, the viscosity 
drops. The greatest viscosity rise was 56.657% at 0.85 vol% at 80 °C, while the 
lowest viscosity increase was 0.029% at 0.05% at 30 °C. Based on the Response 
Surface Approach, optimization using the Multivariable Functions Optimization 
(MBFO) method with the Central Composite Design (CCD) type. The uncertainty 
analysis was also performed in this study. The most optimum dynamic viscosity is 
34.8098 mPa s. At a temperature of 60 °C, this condition was achieved in samples 
with a concentration of 0.45 vol%. 

Keywords Central composite design (CCD) · Response surface methodology 
(RSM) · Newtonian · Viscosity · TiO2-polyolester (POE) nanolubricant
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Nomenclature 

min Minute 
h Hour 
g Gram 
vol% Volume % 
TiO2 Titanium dioxide 
POE Polyolester 
PAG Polyalkylene glycol 
UV Vis Ultra violet visible 
T Temperature (°C) 
BMFO Multivariable functions optimization 
CCD Central composite design 
RSM Responses surface method 
TEM Transmission electron microscopy 
ANOVA Analysis of variance 

Greek symbols 

φ Volume concentration (%) 
ρ Density (kg/m3) 
μ Dynamic viscosity (mPa s) 

Subscripts 

L Lubricant 
P Nanoparticle 
nf Nanofluid 
bf Base fluid 

1 Introduction 

Friction and wear have long been recognized as the primary causes of damage to 
a moving component [1–3]. As a result, lubricants are developed to reduce friction 
and wear and tear on any two metal surfaces that come into contact. Conventional 
lubricants cannot provide optimal protection to the two metal contacts because their 
surfaces are not as smooth as they appear to our eyes. The roughness of the two metal 
contact surfaces make it possible for the two parts to be the source of friction and wear
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without even realizing it at the atomic level [4–6]. This phenomenon has inspired 
researchers to make lubricants that can overcome atomic-scale roughness, preventing 
friction and wear more effectively. Compared to conventional lubricants, evidence 
from the previous study shows that nanolubricant provides significant protection in 
preventing wear and lowering friction in the refrigeration system compressor [7– 
9]. Nanolubricant claims to be able to give atomic-level lubrication that traditional 
lubricants cannot give such protection [10–12]. 

Sharif et al. [13] adopted a two-step strategy to produce Al2O3/polyalkylene glycol 
(PAG) 46 nanolubricant in vehicle air conditioning compressors. The nanolubricant’s 
viscosity increased considerably at concentrations of 0.3 vol% and higher. Later, 
Zawawi et al. [14] adopted a two-step approach to produce Al2O3–TiO2/PAG46, 
with two concentrations of 0.02 and 0.1 vol%. The most significant increase in 
viscosity was 20.50% in the sample with a concentration of 0.1 vol%. Babarinde et al. 
[15] using a graphene-mineral oil nanolubricant in the refrigeration system escalate 
system performance. The findings show that the ideal concentration of graphene 
nanolubricant for 50 and 60 g charge is 0.02 vol%. In the meantime, the optimal 
refrigerant charge of 70 g graphene nanolubricant is between 0.06 and 0.07 vol%. The 
maximum value is used to determine optimization, which is based on experimental 
outcomes. 

Lingamdinne et al. [16] used a form of CCD based on the RSM to establish the 
optimal adsorption process of the new adsorbent iron-oxide-immobilized graphene-
gadolinium oxide (Fe-GO-Gd) nanocomposite adsorption. The highest desirability 
criteria are used to carry out optimization. Furthermore, Fazeli et al. [17] used the  
response surface method (RSM) to optimize the heat transmission and flow behavior 
of an MWCNT-CuO hybrid nanofluid at a concentration of 0.1 wt% in a plate heat 
exchanger application. 

In this assessment, a novel TiO2-POE nanolubricant was synthesized, and its 
properties and optimization were examined. A detailed experimental technique was 
conducted to investigate the fundamental rheological behavior. Using the Multivari-
able Functions Optimization (MBFO) approach with the CCD based on RSM, the 
interaction impacts of various process parameters on dynamic viscosity were thor-
oughly examined. An analysis of variance (ANOVA) analysis was used to examine 
and statistically confirm the relationship of dynamic viscosity on two independent 
process factors (volume concentration and temperature). The process optimization 
is conducted by using RSM with utmost desirability to determine the best conditions 
of independent variables that can yield in optimum dynamic viscosity.
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2 Experimental Methodology 

2.1 Nanolubricant Preparation 

Sigma Aldrich of the United States supplied TiO2 nanopowder with typical size of 
21 nm and a cleanliness of 99.5% for Transmission Electron Microscopy (TEM). 
SUNISO, a Belgian company, manufactures special electric compressor lubricants 
for air conditioning system compressors. Several previous researchers have advo-
cated a two-step approach for the synthesis of this nanolubricant. The magnetic 
stirring and ultrasonication processes can be changed according to the need to 
manufacture the best nanolubricant product using this method easily. 

Formula 1 was used to calculate the proportion of TiO2 nanopowder in POE 
compressor lubricant, as done by Nugroho et al. [18] in earlier studies. 

∅ = m p/ρp 

m p/ρp + ml /ρl 
× 100% (1) 

The preparation of nanolubricant begins by weighing the two materials, which are 
then blended for 30 min without being heated using magnetic stirring. This procedure 
aims to generate a homogeneous nanoemulsion of TiO2 nanopowder with POE lubri-
cant. Furthermore, the ultrasonication of the nanolubricant formulated for 120 min 
was used to prevent the formation of nanopowder augmentation in the lubricant as 
suggested by Nabil et al. [19]. Agglomeration phenomenon will occur due to the addi-
tion of nanopowder to this nanolubricant, which will encourage sedimentation. The 
presence of sedimentation will make the nanolubricant unstable [20, 21]. Figure 1 
illustrates the process of forming a nanolubricant using a two-step method. 

Fig. 1 Two-steps approach for nanolubricant preparation
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2.2 Viscosity Measurement 

The RheolabQC Rotational Rheometer instrument from Anton Paar, which refers to 
ISO 3219, was used to test viscosity in this investigation as suggested by Azima et al. 
[22]. RheolabQC was chosen because of its ability to combine high performance 
with ease of usage. Single point measurements, melting point determinations on 
flow curves, and analyses of complex viscosity features can all be done swiftly with 
Rheolab QC reported by previous researchers [23, 24]. The concept of this viscosity 
measurement is to deposit TiO2-POE nanolubricant in a 21 ml tube and rotate the 
tube from a motionless position to 1000 rpm. The measurement refers to DIN EN 
ISO 3219 standard. Each sample was measured three periods, with the middling 
value selected for further assessment. The TiO2-POE nanolubricant was examined 
at temperatures ranging from 30 to 90 °C. 

2.3 Uncertainty Analysis 

The use of formula 2 is used to determine the uncertainty analysis as suggested by 
Zawawi et al. [25]. The number of dynamic viscosity measurements on each sample 
at all measurement temperatures determines the standard deviation. The number of 
samples is defined by the number of executed measurements taken on each sample 
at each temperature, which is three. As a result, the determination of uncertainty 
analysis ii involves the use of 147 data sets. 

σ = 
standard deviation  o f  sample  range  √

number o f the sample 
(2) 

2.4 Optimization 

A CCD based on the response surface method is adopted in the optimization as 
suggested by previous researchers [26, 27]. The volume concentration and tempera-
ture of TiO2-POE nanolubricant are used as multivariable in this optimization study. 
These two factors will result in a dynamic viscosity response, which will be inves-
tigated to discover the optimum dynamic viscosity value. The optimum criteria in 
this study’s topic will be elaborated in more detail in the following sub-section. 
This optimization model used Multivariable Functions Optimization (BMFO). In 
BMFO, the first optimization results are adopted for re-optimization to discover the 
most optimum level of TiO2-POE viscosity. As a result, the optimization outcomes 
obtained are unbiased and detailed in the following sub-section.
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3 Results and Discussion 

3.1 The Impact of Volume Fraction on Dynamic Viscosity 
Analysis 

The viscosity of a lubricant is an indicator of its resistance to flow. In basic form, 
viscosity is a measurement of a fluid’s thickness or resistance to substances passing 
through it. Figure 2 depicts the influence of TiO2-POE nanolubricant volume concen-
tration on dynamic viscosity. Figure 2 shows that the dynamic viscosity value of 
TiO2-POE nanolubricant increases in response to escalation in the volume concen-
tration of TiO2-POE nanolubricant. On the graph, it can also be seen that while 
dynamic viscosity increases insignificantly, it increases significantly at the concentra-
tion volume of 0.85%. At a proportion volume of 0.05% and a temperature of 90 °C, 
the lowest dynamic viscosity value of TiO2-POE nanolubricant is 11,947 mPa s, 
while the most significant dynamic viscosity value is 130,148 mPa s at a volume of 
0.85% and a temperature of 30 °C. The dynamic viscosity value of POE lubricants 
was increased by 0.029–56.657%. 

Figure 3 depicts the escalation in dynamic viscosity as a dependent of the volume 
concentration of TiO2-POE nanolubricant. According to the graph, there is a trend 
of increasing dynamic viscosity linearly with the increasing TiO2-POE nanolubri-
cant concentration. At 80 °C, the increment in concentration volume increased by 
56.657% at 0.85 vol%. The sample with 0.05% volume concentration at 30 °C has 
the lowest dynamic viscosity escalation by 0.029% only. 

The chart depicts that dynamic viscosity of the nanolubricant increased with 
proportion. The Van der Waals effect amid molecules in nanolubricant are one of 
the possible physical structure triggering an increase in dynamic viscosity reported 
by Saedodin et al. [28]. Later, Ali et al. [29] stated in another study that increasing 
exchanges between nanopowder and oil molecules can promote to an increase in 
viscosity. Higher friction and viscosity result from greater particle internal collision; 
on the other hand, lower viscosity results from less internal collision. 

Fig. 2 The link between the 
volume of concentration and 
changes in dynamic viscosity
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Fig. 3 The correlation 
between the volume of 
concentration and the 
increase in dynamic viscosity 

3.2 The Impact of Temperature on Dynamic Viscosity 
Analysis 

Figure 4 depicts the influence of temperature on the dynamic viscosity of TiO2-
POE nanolubricant. According to Fig. 4 all samples exhibit the same trend, namely a 
decrease in dynamic viscosity with increasing temperature. The pattern of decreasing 
dynamic viscosity is consistent with that observed in pure POE lubricants, as reported 
by Kedzierski [30]. This is due to the fact that as the temperature increases, the energy 
level of the liquid molecules rises, as does the distance between the molecules. This 
reduces the intermolecular attraction between them, bringing down the viscosity. The 
cohesive force inclines to decline, resulting in an upsurge in the rate of molecular 
exchange between fluid layers, increasing the interaction between layers. As the 
temperature rises, so does the kinetic energy or heat, and the molecules become 
more dynamically moving. The atomic bonding power is reduced, and thus if we 
continue to heat the nanolubricant, the kinetic energy will drain the atomic bonding 
inside the nanolubricant and then potentially cause the molecules to escape and 
become vapor. This phenomenon leads to the viscosity decline [31]. 

Fig. 4 The relationship 
between temperature and 
changes in dynamic viscosity
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3.3 Optimization Using Response Surface Method (RSM) 

Table 1 displays the results of the Quadratic model’s analysis of variance (ANOVA). 
The model’s F-value is 117.67, which is substantially greater than 0.0001. This 
value indicates that the model in this variant analysis is a significant one. Other 
conditions were also confirmed with a p-value is lower than 0.0001 as reported 
by Thriveni and Mahanthesh [32]. The significance of each component was also 
determined using the F-value and p-value. A p-value of less than 0.05 indicates a 
significant model condition. The larger the degree of the F-value and the lower the 
p-value, the more noteworthy the relevant coefficient term is. In this scenario, the 
A-volume concentration and B-temperature model terms were significant, with F 
values of 222.04 and 227.40, respectively, for each model. The dynamic viscosity 
of TiO2-POE nanolubricant is significantly affected by volume concentration and 
temperature, as shown in Table 2. The correlation coefficient of regression (R2) of  
0.9849, which corresponds precisely with the adjusted R2 of 0.9766, confirms this

Table 1 Output ANOVA from model quadratic 

Sources Sum of squares df Mean square F-value p-value Remark 

Model 1995.90 5 399.18 117.67 <0.0001 Significant 

A. Volume 
concentration 

753.26 1 753.26 222.04 <0.0001 

B. 
Temperature 

771.46 1 771.46 227.40 < 0.0001 

AB 1.77 1 1.77 0.5214 0.4886 

A2 408.78 1 408.78 120.50 <0.0001 

B2 4.04 1 4.04 1.19 0.3034 

Residual 30.53 9 3.39 

Lack of fit 30.53 3 10.18 

Pure error 0.0000 6 0.0000 

Car total 2026.44 14 

Model 1995.90 5 399.18 117.67 <0.0001 Significant 

Table 2 Coefficient of 
regression 

Parameters Value 

Standard deviation 1.84 

Mean 30.52 

CV % 6.03 

R-squared 0.9849 

Adjusted R2 0.9766 

Prediction R2 0.8660 

Adequate precision 38.7271
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Fig. 5 TiO2-POE nanolubricant viscosity diagram 

result. The results of this model have a high level of consistency, ensuring that they 
are accurate and reliable. The adjusted R2 of 0.9766 is in reasonable agreement with 
the predicted R2 of 0.8660. The difference of less than 0.2 in this circumstance. 
Because the value is more than 4, adequate precision of 38.7271 is desirable.

Concerning temperature and volume fraction variables, Fig. 5a displays the ratio 
of normal probability to studentized residuals of TiO2-POE nanolubricant. The prox-
imity of data to a line can be used to examine the design model’s suitability. The 
ratio of internally studentized residuals to predicted is shown in Fig. 5b. 

The data values are acceptable under the characteristics defined by the red line. 
Following that is indicated the ratio of studentized residuals to statistics quantity. The 
results are within the specified range, indicating that the designed model performed 
satisfactorily despite the lack of a procedure as reported by [33] Esfe et al. The 
viscosity increases in all portions of Fig. 5 by following the color gradient from blue 
to red, from 11.947 mPa s to 130.148 mPa s. The experimental and predicted points 
are clustered along the normality line in Fig. 5a, confirming the analytical system’s 
consistency. On the other hand, residues are dispersed randomly across the baseline, 
with no evident tendency, as seen in Fig. 5b. 

The proximity of the predicted and present work findings values is confirmed 
in Fig. 6. As a result, based on all three plots, it is reasonable to conclude that 
the quadratic equation is sufficiently reliable to establish a relationship between 
the examined conditions and the variables considered in the dynamic viscosity of 
TiO2-POE nanolubricant. 

Figure 7a depicts the output contour of BMFO TiO2-POE nanolubricant utilizing 
CCD in the volume concentration range of 0.35–0.55%. The color gradient from 
blue to red depicts changes in the samples’ dynamic viscosity. The most optimum 
point in this study is point 7 in the middle. It is the meeting point of the sample 
with a concentration of 0.45 vol%, which is 34.8098 mPa s at a temperature of 
60 °C. Figure 7b depicts a three-dimensional diagram showing viscosity’s optimum 
in-range favorability as a temperature and volume fraction function.
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Fig. 6 Correlation between 
predictions and present work 
findings 

Fig. 7 Dynamic viscosity of TiO2-POE nanolubricant a 2D and b 3D contour plotting 

The color gradient and curve of the graph surface show changes in the dynamic 
viscosity of the samples [34]. The blue color in the lower position denotes the lowest 
dynamic viscosity value, while the red color on the upper surface denotes the most 
significant level of the dynamic viscosity sample. Quadratic analysis with polynomial 
models generated the curved surface shape. This model has a high level of agreement 
and is used to optimize TiO2-POE nanolubricant.
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Fig. 8 Optimization 
solution for TiO2-POE 
nanolubricant 

Table 3 Summary of uncertainty measurement of dynamic viscosity 

No Thermo-physical 
properties 

Measured value Equipment 
accuracy 

Uncertainties, u (%) 

Min Max Min Max 

1 Viscosity (mPa.s) 11.891 120.148 0.01 0.017 0.021 

3.4 Optimization Solution 

The dynamic viscosity value that is considered the most optimum based on the output 
of the optimization process of TiO2-POE nanolubricant samples is 34.8098 mPa.s 
with desirability of 1000. At a temperature of 60 °C, this condition can be accom-
plished by applying TiO2-POE nanolubricant at a concentration of 0.45 vol% as 
depicted in Fig. 8. 

3.5 Uncertainty Analysis 

The findings of dynamic viscosity measurements are compared to the accuracy of 
the methods used to determine the level of uncertainty analysis. As a result, Table 3 
provides a summary of the uncertainty analysis. 

As a result, based on the uncertainty value, the dynamic viscosity value can be 
claimed to be in the range of 0.017 ≤ µ ≥ 0.021 mPa s. 

4 Conclusion 

In this study, a novel TiO2-POE nanolubricant was synthesized for its rheological 
characteristic and its optimization. TiO2-POE nanolubricants’ dynamic viscosity was



144 A. Nugroho et al.

elevated by 0.029–56.657%. A linear escalation in dynamic viscosity as the TiO2-
POE nanolubricant concentration increases. At 0.85 vol% and 80 °C, the rise in 
concentration volume was 56.657%. At 30 °C, the sample with a volume concen-
tration of 0.05% had the smallest dynamic viscosity escalation of only 0.029%. The 
characteristic rheological condition was optimized using the RSM with a central 
composite design (CCD) type by adopting the Multivariable Functions Optimiza-
tion (MBFO) method. The correlation effects analysis depicted that the dynamic 
viscosity is straightly proportional to the volume concentration and temperature test. 
The ANOVA test identified a quadratic model that strongly reflects the interplay 
of individual independent variables on response prediction and resulted in a high 
coefficient of determination viscosity. According to the RSM model, the optimum 
desirability of 1.000 can be attained at 34.8098 mPa.s. The optimal conditions of 
volume proportion and temperature of 0.45 vol% and 60 °C, respectively. As a 
result, the maximum amount of TiO2-POE nanolubricant that should be used in an 
air conditioning system is 0.45 vol%. 
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Stability for Residential Air Conditioning 
System Application 
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Abstract The paper aims to expound on the comprehensive experimental investiga-
tion of the stability of TiO2-Polyolester (POE) nanolubricant. A magnetic stirrer was 
used to disperse TiO2 nanopowder into POE lubricant for 30 min. The six samples 
were then subjected to various ultrasonication treatments lasting 40-, 60-, 80-, 100-, 
and 120-min. Stability analysis was performed in three stages: visual observation, 
Ultra Violet (UV) visible spectrophotometric analysis, and measurement of the abso-
lute zeta potential. The results showed that sample without ultrasonication treatment 
had substantial agglomeration as compared to other samples. The absorbance ratio 
of the sample without ultrasonication treatment is 0.33. The absorbance ratio value 
escalated as the duration of the ultrasonication treatment on the sample increases. 
After ultrasonication treatment for 40–120 min, the absorbance ratio increased by 
34–117%. The samples treated with 120 min of ultrasonication showed the highest 
level of stability, as evidenced by the high absorbance ratio and zeta potential values 
of 0.95 and −80.48 mV, respectively. As a result, the findings suggests that TiO2-
POE with ultrasonication treatment for 120 min could generate the excellent stability 
compared to other samples in this experiment.

A. Nugroho (B) · R. Mamat · Z. Bo 
School of Mechanical Engineering, Ningxia University, Yinchuan, China 
e-mail: ir.agusnug@gmail.com 

A. Nugroho · R. Mamat · W. A. Wan Hamzah 
College of Engineering, Universiti Malaysia Pahang, 26600 Pekan, Pahang, Malaysia 

T. Yusaf 
School of Engineering and Technology, Central Queensland University, Rockhampton 4702, 
Australia 

M. F. Ghazali 
Centre for Research in Advanced Fluid & Processes, Universiti Malaysia Pahang, Lebuhraya Tun 
Razak, 26300 Gambang, Kuantan, Pahang, Malaysia 

F. Khoerunnisa 
Department of Chemistry, Indonesia University of Education, Bandung, Indonesia 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
N. H. Johari et al. (eds.), Proceedings of the 2nd Energy Security and Chemical 
Engineering Congress, Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-19-4425-3_15 

147

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-4425-3_15\&domain=pdf
http://orcid.org/0000-0002-5287-9534
mailto:ir.agusnug@gmail.com
https://doi.org/10.1007/978-981-19-4425-3_15


148 A. Nugroho et al.

Keywords TiO2-POE nanolubricant stability · Interlude ultrasonication · UV 
visible spectrophotometry · Zeta potential 

Abbreviations 

min Minute 
abs Absorbance 
OFAT One factor at a time 
Std. Dev Standard deviation 
POE Polyolester 
Anova Analysis of variance 
UV Ultraviolet 
A Initial Absorbance 
Ao Final Absorbance 
Ār Absorbance Ratio 

Greek symbols 

ζ Absolute zeta potential (mV) 
Ø Concentration 
P Density 

Subscripts 

l Refers to lubricant 
p Refers to nanoparticle 

1 Introduction 

Choi and Eastman [1] pioneered the use of nanofluids for heat transfer applications. 
Several researchers then developed nanolubricants, a novel subclass of nanofluids 
based on lubricants. Numerous investigations have discovered that nanolubricants 
can significantly increase heat transfer in heat transfer equipment. Nanolubricants 
can be used in air conditioning system equipment, engine lubricants, vacuum pump 
cooling lubricants, and vehicle air conditioning systems. In the majority of these 
systems, the first step toward increasing the heat transmission rate is to increase
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the thermal conductivity of the poor lubricant. The inclusion of nanoparticles to the 
lubricant improves heat conductivity due to the nanoparticles’ uniform dispersion in 
a colloid. 

Zawawi et al. reported that dispersing Al2O3-SiO2 to Polyalkylene Glycol (PAG 
46) can increase the thermal conductivity of nanolubricant by 2.41% at 0.1 vol%. 
A two-step approach was used to make the Al2O3-SiO2/PAG 46 nanolubricant. 
An ultrasonic bath is utilized for 2 h to prevent nanolubricant aggregation and 
sedimentation. 

Furthermore, Kedzierski [2] reported a 12% escalation in heat transmission by 
adding CuO to POE synthetic lubricants at a mass concentration of 2%. CuO was 
combined with magnetic stirring and ultrasonically treated for 24 h to synthesize 
stable nanolubricants. The light scattering approach was employed to determine the 
stability of the nanolubricant. Later, Adelekan et al. [3] reported that adding TiO2 

in a domestic refrigerator can elevate the coefficient of performance (COP) by 12%, 
hitting a maximum of 2.8 at a 40 g of refrigerant charge. Compared to mineral 
oil/LPG refrigerants, this enhancement in COP is attributable to amplify in the heat 
transmission rate in the refrigeration system, which stimulates an increase in cooling 
capacity. 

In terms of stability, Li et al. [4] reported that ultrasonication treatment for 60 min 
can improve the stability of Al2O3-ethylene glycol nanofluids. The ultrasonication 
treatment that lasted more than 60 min did not lead to a significant increase in the 
stability of the nanofluids. Dhanola and Garg [5] reported that Al2O3-SiO2/PAG 46 
nanolubricant can be adopted in automotive air conditioners at a concentration of 
less than 0.1%. After 30 days storages, the zeta potential of the elements 1:2, 1:3, and 
1:4 dropped by 41%, 20%, and 55%, respectively. Mahbubul et al. [6] reported that 
longer sonication effectively reduces nanoparticle sedimentation, resulting in more 
excellent nanofluid stability. Lin et al. [7] reported that a 60-min ultrasonication 
treatment improved the stability of TiO2-NM56 nanolubricant for air conditioning 
systems. Chen et al. [8] discovered the effects of mixing time and sonication period 
on the thermal conductivity and stability of an aqua Al2O3/paraffin mixture. The 
results show that the best sonication time is 3 h 15 min. 

This study utilized visual observation for 30 days, UV visible spectrophotometry, 
and absolute zeta potential to evaluate the effectiveness of sonication period on the 
stability of the six TiO2-POE nanolubricants samples. The results of the experimental 
evaluation were then used to discover the appropriate sample. According to the 
findings, the duration of sonication has a significant effect on the stability of TiO2-
POE nanolubricant. The absorbance ratio has escalated as the period of the ultrasonic 
treatment on the samples increased. Zeta potential measurement then performed to 
verify the TiO2-POE nanolubricant’s stability.
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2 Experimental Method 

2.1 Nanolubricant Preparation 

The nanoparticles are mixed in a POE lubricant to synthesize a nanolubricant. POE 
lubricants are supplied by a Belgian multinational firm under the SUNISO brand. 
The primary nature of POE lubricant is listed in Table 1. Sigma-Aldrich in Saint 
Louis, Missouri, USA, manufactured TiO2 nanopowder form with a typical particle 
size of 21 nm and a purity of 99.5% for this purpose. Table 2 summarizes the 
fundamental properties of TiO2 nanoparticles. TiO2-POE nanolubricant was synthe-
sized using two-steps approach as suggested by Zawawi et al. [9]. The initial stage 
employs magnetic stirring to disperse TiO2 nanoparticles into POE lubricant without 
warmer. The nanolubricant was sonicated using an ultrasonic homogenizer UP400S 
produced by Hielscher Germany. An ultrasonic homogenizer’s objective is to supply 
more energy than a conventional ultrasonic bath as reported by Modarres-Gheisari 
et al. [10]. The findings will result in an increase in the homogeneity of the nanolubri-
cant while decreasing the sonication period. The use of an ultrasonic homogenizer is 
particularly successful at preventing the agglomeration and sedimentation of nanolu-
bricants as reported by previous researchers [11–14]. Additionally, Sofiah et al. [15]

Table 1 POE lubricant’s 
physical and thermal 
properties 

Properties Value 

Absolute viscosity at 40 °C 70.1 mPa.s 

Absolute viscosity at 100 °C 9.1 mPa.s 

Density at 15 °C 0.960 g/cm3 

Viscosity Index 105 

Flash point 252 °C 

Table 2 TiO2 nanopowder’s 
physical and thermal 
properties 

Properties Metric 

Morphology Spherical shape 

Molar mass 79.87 g/mol 

Average diameter 21 nm 

Representative color White 

Melting point 1843 °C 

Dielectric constant (1 MHz) 85 

Thermal conductivity at 25 °C 11.7 Wm/K 

Density 4 g/cm3 

Dielectric strength 4 kV/mm  

Dielectric strength 4 kV/mm
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Fig. 1 Graphical process of TiO2-POE nanolubricants preparation using a two-step method 

and Sujith et al. [16] proposed characterizing the geometry and morphology of dry 
TiO2 nanopowder using a Transmission Electron Microscopy (TEM).

The ultrasonic with probe device’s parameters are 400 W, 24 kHz, 50% amplitude, 
and 0.5 cycles. Six samples were used in this investigation, all of which had the 
same 0.02 vol% concentration volume. A 30-min stirring with various sonication 
treatments was done on the samples for 0, 40, 60, 80, 100, and 120 min. Each 
sample will be discussed in further depth in the results and discussion. The method 
of TiO2-POE nanolubricant synthesis is depicted in Fig. 1. 

The synthesis of nanolubricant is separated into four stages. The first phase 
involves calculating the required lubricant and nanoparticle mass. Equation 1 is used 
to determine the volume fraction ratio of nanoparticles to lubricants [12]. 

∅ = m p/ρp 

m p/ρp + ml /ρl 
× 100% (1) 

where the nanoparticle volume fraction % is symbolized by Ø; the TiO2 nanopowder’s 
mass is noted as mp; the lubricant’s mass is ml; density of TiO2 nanopowder is ρn; 
and POE lubricant’s density is symbolized by ρl. 

The two-step nanolubricant preparation procedure is depicted in Fig. 1. Second, 
after weighing, the nanoparticles are blended using a magnetic stirrer in the lubri-
cant. Following that, the formed nanolubricant is subjected to a designated time 
of ultrasonication. Unlike other types of nanofluids, TiO2-POE nanolubricants were 
synthesized by an intermittent ultrasonication method. This interlude ultrasonication 
technique is a progressive procedure in which the ultrasonication process is repeated 
every 40-min with a 15-min break in between. The 15-min time period is meant to 
achieve complete immersion of the POE lubricant in the nanoparticles. Fourth once, 
they are ready, the samples were stored in an experimental tube for further visual 
analysis. As observed by Al-Anssari et al. [17] this immersion increases the wetta-
bility of the nanoparticles, resulting in a more essential contact between the TiO2 

nanoparticle molecules and the lubricant. Additionally, a 15-min pause allowed the 
nanolubricant to cool gradually, preventing damage to the interaction between the 
TiO2 nanoparticles and the lubricant, as illustrated in Fig. 2.
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Fig. 2 Graphical process of interlude ultrasonication method 

2.2 TiO2-POE Nanolubricant Stability Analysis 

The stability of the TiO2-POE nanolubricant was determined using a direct visual 
approach, an absorbance value was measured by a spectrophotometer, and the abso-
lute value of the zeta potential. These three evaluations are interconnected, as estab-
lished by previous researchers. Visual inspection is used to detect sedimentation and 
aggregation of the generated nanolubricant [18]. UV vis will be utilized to authenti-
cate the visual inspection’s findings. The absorbance ratio of the nanolubricant was 
examined on the first day after it was synthesized. The absorbance ratio was deter-
mined for a period of 30 days. The results of the absolute zeta potential analysis 
will verify the results analysis of the highest absorbance ratio values as reported by 
Redhwan et al. [19]. The zeta potential on the day 30th was measured only on the 
nanolubricant with the highest absorbance ratio value as suggested by Sharif et al. 
[20]. 

3 Result and Discussion 

3.1 TiO2 Nanoparticle Characterization 

The Tecnai™ Spirit TWIN Transmission Electron Microscopy (TEM) was employed 
in this investigation. The TEM was used to characterize TiO2-POE nanolubri-
cants and to examine the morphology of TiO2 dispersed in the POE lubricant in 
ambient temperature state. The TEM results of the TiO2-POE nanolubricant char-
acterization at a concentration of 0.02 vol% are shown in Fig. 3. The crystal struc-
ture and microstructure differences between the materials were further investigated 
using TEM analysis on a concentration selected for TEM investigation. The TEM 
film reveals a porous and spherical structure of nanopowder. The image demonstrates 
a distinct lattice fringe, which confirms the nanostructure’s strong crystallinity. The 
image exhibits concentric circles caused by the nanostructure’s polycrystallinity. 
Because the grain boundaries of each crystal grain are oriented in several directions 
rather than just one, TiO2 nanopowder is a polycrystalline material [21–23]. The
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Fig. 3 TiO2 nanoparticles 
morphology in 14,500 
magnifications 

TEM image reveals that the grain sizes of TiO2 nanopowder are on average 21.0 nm, 
which is consistent with the manufacturer’s claimed size. 

3.2 TiO2-POE Nanolubricant Visual Analysis 

Visual inspection is the initial stage in determining the stability of the TiO2-POE 
nanolubricant. Figure 4 depicts the results of 30 days of observations. The first 
visible observations were made on the first day of nanolubricant synthesis, and the 
last visible observations were made on the 30th. Figure 4a illustrates the nanolubri-
cant synthesized in the observation tube. Six nanolubricant tubes depict nanolubricant 
samples that were ultrasonicated for 0, 40, 60, 80, 100, and 120 min using the inter-
lude method, as stated in the methodology. The nanoparticles in the POE lubricant 
were consistently dispersed in all nanolubricant samples. At this point, there was no

Fig. 4 TiO2-POE nanolubricant visual observation comparison a day 1 and b day 30
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Fig. 5 TiO2-POE nanolubricant absorbance value comparison a day 1 and b day 30 from all  
samples 

evidence of agglomeration or sedimentation in any of the samples. This occurrence 
demonstrates that each sample has generated a stable nanolubricant.

Figure 4b depicts the findings on day 30 after the nanolubricant had been in the 
monitoring tube for 30 days. The nanolubricant samples that were not ultrasonicated 
experienced severe damage, as evidenced by sedimentation in the observation tube 
(shown in the figure by the turquoise ellipse). This phenomenon indicates that the 
nanolubricant agglomerates significantly. The agglomeration in nanolubricant will 
promote in sedimentation. This phenomenon is affected by two major causal vari-
ables. The first aspect is the van der Waals forces, which drive amplification between 
nanoparticle molecules [24]. The second aspect is the nanopowder’s density, which 
is superior to lubricants, causing the nanoparticles to always fall to the bottom of the 
tube due to gravity effect. The augmentation of nanoparticles will accelerate the sedi-
mentation process in the nanolubricant sample as reported by previous researchers 
[25] As a result, for unstable nanolubricants, the sedimentation and agglomeration 
rates will be higher if the nanolubricant is stored in a storage monitoring tube for a 
longer period of time. 

According to observations on day 30, agglomeration and sedimentation had 
occurred in all samples. However, e ach sample has a different level of agglomeration 
and sedimentation than the others. The increment in ultrasonication treatment was 
able to reduce the visibility of agglomeration and sedimentation in the sample, as 
seen visually. This phenomenon is clearly visible in Fig. 5’s turquoise ellipse (b). 

3.3 TiO2-POE Nanolubricant Absorbance Ratio Analysis 
by Means of UV Visible Spectrophotometry 

Absorbance measures the amount of light that a sample can absorb in a cell cuvette. 
The absorbance of the nanolubricant sample is directly related to its density. Prin-
cipally, the light source releases a predetermined amount of UV light across the 
sample. The sample absorbs light in the cell cuvette, and the results of the light
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absorption measurement using absorbance units are displayed on the screen. This is 
how absorbance is measured using UV visible spectrophotometry [26]. To ensure 
the precision of measuring absorbance values, sample handling with cuvette cells is 
essential. Measurements are taken correctly only twice for each sample. First, at the 
first day just after sample have been prepared and then second, after all samples are 
stored for 30 days. 

A 3 ml sample of TiO2-POE nanolubricant was inserted in each quartz cuvette cell 
for this experiment as suggested by Kalmár et al. [27]. In addition, the cuvette cell 
sample is inserted into the UV visible spectrophotometry slot, which has a measuring 
range of 500–900 nm. When comparing the absorbance measurement findings from 
day 1 to day 30, it can be seen that all samples have a declining trend, as formerly done 
by Huo et al. [28]. The sample comparison point was determined at 516 nm since it 
yielded a substantial absorbance level and merited to be compared as a determination 
of the absorbance ratio on the first and 30th days. This condition was applied to all 
samples to ensure that they were all compared at the same point. 

Figure 5 illustrates the absorbance measurement results for all tests performed on 
days 1 and 30. Using UV visible spectrophotometry, both images show that UV light 
successfully absorbed the nanoparticles in the nanolubricant sample. The findings of 
the scanning spectrum from 500 to 900 nm demonstrate this phenomenon. Several 
fluctuating spectrum peaks may be seen in the two plots. The addition of nanopar-
ticles to the nanolubricant is depicted by the peak of the spectrum. The addition of 
nanoparticles to the nanolubricant sample enhances agglomeration formation [29]. 
Figure 5a, b show that nanoparticle augmentation is becoming more predominant in 
all samples. This is evidenced by the increasing number of spectral peaks. 

Sample TiO2-POE 0 min on Fig. 5a shows an untreated sample. The graphic 
illustrates that there are considerable spectral fluctuations in almost every region 
of the graph. Particularly for TiO2-POE 0 min sample on Fig. 5b depicts a similar 
scenario that occurred on day 30. This event demonstrates that nanoparticles are 
augmented in almost every region of the nanolubricant along the cuvette cell. As a 
result, this condition can be justified by the fact that the nanoparticles in the POE 
lubricant are not properly dispersed, as determined by UV visual examination. 

Furthermore, based on this finding, the absorbance ratio value can be adopted to 
quantify the stability level of TiO2-POE nanolubricant, as proposed by Khdher et al. 
[30]. The absorbance ratio ( Ār) is calculated by comparing the initial absorbance (A) 
to the final absorbance (Ao) produced by Eq. 2. 

Ar = 
A 

A0 
(2) 

Figure 6 depicts a comparison of absorbance values in sample 1. Sample 1’s 
nanolubricant was synthesized using only a magnetic stirrer for 30 min, with no 
ultrasonication treatment. Figure 6a illustrates that, despite the fact that the nanol-
ubricant was freshly generated, many nanoparticle augmentations can be clearly 
seen from 500 to 900 nm. Figure 6b shows increased spectral fluctuations across all 
regions, as well as a decrease in spectral height because nanoparticle augmentation
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Fig. 6 TiO2-POE nanolubricant absorbance value comparison as dependent of ultrasonication 
period of 0 min between a day 1 and b day 30 

occurs throughout the lubricant region. This sample has an absorbance ratio of 0.25. 
Figure 7 illustrates a comparison of the sample’s absorbance value after a 40-min 
ultrasonication treatment. On day 1 and 30, the amount of fluctuating spectrum in 
the graph decreases. The absorbance ratio was increased by 34% after a 40-min 
ultrasonic treatment to 0.58 absorbance unit. 

The nanoparticles’ The Van der Walls force is applied the TiO2 nanoparticles 
to clump together. The Van der Waals force is applied by the dipoles of the TiO2 

nanoparticle molecules in this nanolubricant. The dipole is formed by the electron 
dispersion in the molecule. Molecules with a high concentration level become nega-
tive dipoles, attracting molecules with a low concentration level, such as positive 
dipoles and uncharged dipoles. This procedure is currently being carried out in the 
nanolubricant region, which includes the nanoparticles. When numerous nanopar-
ticle molecules fuse together, the Van der Waals effect results in an agglomeration 
as recorded by Tiwari et al. [31]. 

Figure 8 illustrates the comparison of the absorbance value of the sample TiO2-
POE nanolubricant with ultrasonication treatment for 60 min. Figure 8a shows a rela-
tively steady spectrum in the wavelength range of 660–900 nm, then high spectrum 
fluctuations begin to occur in the region of 500–650. This condition demonstrates 
that there is an augmentation of nanoparticles so that UV rays can be up to greater.

Fig. 7 TiO2-POE nanolubricant absorbance value comparison as dependent of ultrasonication 
period of 40 min between a day 1 and b day 30
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Fig. 8 TiO2-POE nanolubricant absorbance value comparison as dependent of ultrasonication 
period of 60 min between a day 1 and b day 30 

This is also validated by raising the absorbance value. In Fig. 8b there is a general 
decline in the absorbance value. Significant spectrum fluctuations occurred in the 
500–700 nm area. This reveals that the augmentation of nanoparticles increases so 
that they become aggregation and sedimentation. This criterion verifies the prior 
visual judgment and is displayed in Fig. 5. The ultrasonication treatment for 60 min 
on the TiO2-POE nanolubricant sample was able to produce an absorbance value of 
4.09 on the first day and an absorbance value of 2.79 on the 30th day.

Figure 9 depicts a comparison of the absorbance value of the TiO2-POE nanolubri-
cant sample after 80 min of ultrasonication treatment. Figure 9a depicts a more stable 
spectrum than Fig. 8a, including in the wavelength range of 600–900 nm, before 
high spectrum fluctuations appear in the range of 500–590 nm. This case shows 
that nanoparticles have been augmented, allowing UV rays to penetrate deeper [32]. 
Increasing the absorbance value also confirms this. The absorbance value decreases 
overall in Fig. 8b. Significant fluctuations in the spectrum occurred in the 500– 
700 nm range. The ultrasonication treatment on the TiO2-POE nanolubricant sample 
for 60 min generated an absorbance value of 3.81 on the first day and declined to 
2.84 on the 30th day. 

Figure 10 displays a comparison of the absorbance value of the TiO2-POE nanolu-
bricant sample after 100 min of ultrasonication treatment. In contrast to the previous

Fig. 9 TiO2-POE nanolubricant absorbance value comparison as dependent of ultrasonication 
period of 80 min between a day 1 and b day 30
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Fig. 10 TiO2-POE nanolubricant absorbance value comparison as dependent of ultrasonication 
period of 100 min between a day 1 and b day 30 

visual profile, the spectrum in Fig. 10a is substantially steadier than in Fig. 9a. The 
graph increased smoothly and practically without a noticeable shift in the spectrum 
in the 575–900 nm range. This circumstance is justified by the fact that the nanopar-
ticles are well dispersed in the POE lubricant. UV light from spectrophotometry 
can be well absorbed as reported by Munkhbayar et al. [33]. However, there is a 
little spectrum variation in the 500–575 nm band. Figure 10b shows that there is no 
overall significant change in all region, although there is an increase in spectrum 
fluctuation in the 500–575 nm range. This demonstrates an increase in the augmen-
tation of nanoparticles in this range, resulting in agglomeration and sedimentation. 
Figure 5b depicts this sedimentation event. However, in general, this sample performs 
far better than the prior sample. The ultrasonication treatment for 100 min on the 
TiO2-POE nanolubricant sample yielded an absorbance value of 3.82 on the first day 
and diminished to 3.52 on the 30th day.

Figure 11 depicts a comparison of the absorbance value of the sample TiO2-POE 
nanolubricant after 120 min of ultrasonication treatment. In contrast to the previous 
graphic profile, the spectrum in Fig. 11a is substantially steadier than in Fig. 10a. 
The graph increases continuously and practically without notable spectrum shifts 
between 550 and 900 nm. Although there are modest oscillations at 870–875 nm,

Fig. 11 TiO2-POE nanolubricant absorbance value comparison as dependent of ultrasonication 
period of 120 min between a day 1 and b day 30
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Fig. 12 TiO2-POE 
nanolubricant absorbance 
ratio as a dependent of 
ultrasonication duration 

this does not have a substantial impact on the overall performance of this sample 
stability.

Furthermore, this circumstance is justified by the fact that the nanoparticles are 
well disseminated in the POE lubricant. There are small spectral changes between 
500 and 550 nm. Figure 11b shows that there is no overall significant change in 
all region, although there is an increase in spectrum variations in the 500–550 nm 
range. This demonstrates an increase in the augmentation of nanoparticles in this 
range, resulting in agglomeration and sedimentation [34]. Figure 5b depicts this 
sedimentation event. There was no significant drop in absorbance in this sample, 
although there was a substantial rise. The ultrasonication treatment for 120 min on 
the TiO2-POE nanolubricant sample resulted in an absorbance value of 4.21 on the 
first day and 3.98 on the 30th day. This sample has the greatest absorbance value 
and ratio, which can be justified. As a result, when compared to other samples, the 
sample with 120-min of ultrasonication treatment is the most stable. The absorbance 
ratio of the sample was increased by 117%, or 0.95, after 120 min of ultrasonication 
treatment as shown in Fig. 13. 

As shown in Fig. 12, the duration of the nanolubricant’s sonication treatment 
causes an increase in the absorbance ratio. The absorbance ratio value for the greatest 
sonication duration, 120-min, was 0.95, whereas the absorbance ratio value for the 
shortest sonication period, 100-min, was 0.92. Because the increase in absorbance 
ratio is minor, ultrasonication treatment of the TiO2-POE sample for more than 
120-min is not required. This graph illustrates how sonication can contribute in the 
prevention of agglomeration and sedimentation in nanolubricants as experimented 
by Xian et al. [35]. As a result, by ultrasonicating the nanolubricant for an appropriate 
amount of time, the nanolubricant’s stability can be increased [36]. The best ultra-
sonication duration in this investigation for achieving the highest level of stability 
for TiO2-POE nanolubricant was 120-min.
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Fig. 13 TiO2-POE 
nanolubricant absorbance 
ratio enhancement as 
dependent of ultrasonication 
period in various samples 

3.4 TiO2-POE Nanolubricant Zeta Potential Analysis 

The purpose of the zeta potential assessment on TiO2-POE nanolubricant is to deter-
mine the sample’s stability. The zeta potential is a significant degree of the stability of 
the nanolubricant dispersion because it determines the potential variance amongst the 
dispersing medium and the steady fluid layer associated to the dispersed particles. 
The absolute value of the TiO2-POE sample’s zeta potential following a 120-min 
ultrasonication treatment is shown in Fig. 13. The absolute zeta potential value was 
−80.48 mV on day 1 and −80.48 mV on day 30. The absolute zeta potential value 
declines as sample storage duration rises, according to the graph. The consequent 
decrease in the absolute value of the zeta potential, on the other hand, is quite minor. 
Nanofluids with an absolute zeta potential of −80.48 mV are outstanding nanofluids 
with great stability since they are in the−60 to −100 mV range as stated by Mahbubul 
et al. [6]. The negative absolute zeta potential of TiO2-POE nanolubricant as shown 
in Fig. 14 reflects the surface charge of TiO2 nanopowder [37]). 

4 Conclusion 

Based on a comprehensive experimental evaluation of TiO2-POE samples, several 
key points can be drawn: 

To examine the stability of TiO2-POE in an experimental context, visual inspec-
tion, UV Visible spectrophotometry, and zeta potential were adopted. The results 
of these three methodologies all confirm one another. When compared to the other 
samples, Sample 6 exhibits the least amount of sedimentation after 30 days. This 
conclusion is supported by the fact that, when compared to the other samples, sample 
6 had the greatest absorbance ratio of 0.95. On days 1 and 30, absolute zeta potential
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Fig. 14 TiO2-POE 
nanolubricant absolute zeta 
potential from sample 6 

values of−86.58 and −80.48 mV were utilized to validate the absorbance ratio results 
in this sample. This observation qualifies the TiO2-POE nanolubricant in sample 6 as 
a nanolubricant with an outstanding level of stability since it has an absolute value of 
zeta potential in the range of 60–100 mV. As a result of the findings of the nanolubri-
cant’s stability in this study, TiO2-POE with ultrasonication treatment for 120-min 
is an excellent candidate for use in residential air conditioning systems. 

Future experimental may be needed by changing the ultrasonication setting 
to achieve the similar TiO2-POE nanolubricant’s stability to using a shorter 
ultrasonication period. 
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Abstract The UV visible spectrophotometry technique is one of the methods for 
determining a nanolubricant’s stability standard. The absorbance level of a nanol-
ubricant is determined by spectrophotometry. This method measures how well the 
nanolubricant absorbs UV rays from a light source. In this study, one factor at a time 
(OFAT) based on surface response was adopted to determine the effect of wavelength 
selection on the absorbance ratio of FAl2O3-POE nanolubricant. The FAl2O3-POE 
sample was prepared using a two-steps approach. The sample was ultrasonicated for 
100 min using a homogenizer. UV visible spectrophotometry analysis was performed 
on day 1 and 15 to determine the absorbance ratio. Sixteen runs were performed using 
a quadratic design to acquire experimental data were fitted. The ANOVA analysis 
discovered that the experimental statistics were well suited to the polynomial model, 
with an R2 value of 0.9951 and a model F-value of 1316.47. The findings suggest 
that the optimum wavelength is 375 nm with an absorbance value of 0.935473 and 
a desirability level of 1.0. 
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Abbreviations 

min Minute 
abs Absorbance 
MO Mineral oil 
OFAT One factor at a time 
Std. Dev Standard deviation 
POE Polyolester 
Anova Analysis of variance 
UV Ultraviolet 
A Initial Absorbance 
Ao Final Absorbance 
Ār Absorbance Ratio 
FAl2O3 Functionalized Al2O3 

Greek symbols 

ζ Absolute zeta potential, mV 
Ø Concentration 
P Density 

Subscripts 

l Refers to lubricant 
p Refers to nanoparticle 

1 Introduction 

The biggest challenge with any colloidal suspension known as a nanolubricant, 
whether water-based or oil-based, is its stability [1–3]. Several researchers are 
working to increase the nanolubricant’s stability on a regular basis so that the nanol-
ubricant used in the system can offer superior heat transfer [4–6]. A nanolubricant’s 
stability level can be determined using the UV visible spectrophotometry approach. 
UV rays are emitted throughout the nanolubricant area, and the nanoparticles scat-
tered in the lubricant absorb them [7]. Absorbance refers to a nanolubricant’s capacity 
to absorb UV light. On the first and second days, the absorbance of the nanolubricant 
sample was measured.
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Marcucci Pico et al. [8] prepared diamond-POE nanolubricant using two-steps 
approach for use in air conditioning systems. The spectrophotometric technique was 
used to determine the stability of the nanolubricant. The samples were tested in the 
190–1100 nm region to evaluate the level of UV absorption by the nanolubricant. 
The sample was placed in a polystyrene cuvette and measured at a wavelength of 
400–700 nm. Sedimentation was seen in the sample after it had been stored for 
one week. Sharif et al. [9] prepared SiO2/PAG nanolubricants for automobile air 
conditioning systems. The spectrophotometric method, which measures the UV rays 
emitted into a sample of SiO2/PAG nanolubricants, is used to determine the level of 
stability of SiO2/PAG nanolubricants. The optimal absorbance ratio is determined 
by comparing the absorbance values displayed at the spectral wavelength of 313 nm. 
Later, while Rajendran et al. [10] reported that spectrophotometry approach is a very 
effective method for assessing the stability of nanolubricants based on the ratio of 
the nanolubricant spectrum peaks. The stability of the Ni-MoS2-gear nanolubricant 
was determined by comparing spectral peaks in the 300–600 nm region using a 
spectrophotometer. This technique is claimed to be the best for determining the 
optimal absorbance of an experimental sample. Mello et al. [11] reported using 
a spectrophotometer to compare the spectral peaks of Cu-polyalphaolefin (PAO) 
absorbance values in the region of 200–1100 nm to measure stability. There is a 
significant spectral fluctuation in the range of 200–400 nm. Therefore, this region 
considers the most optimum region to analyze. The data show that the sample with 
the Toluene dispersant has the highest spectral. 

There is a strong relation between wavelength selection and the absorbance ratio 
to estimate nanolubricant’s stability. Based on the spectrophotometric wavelength 
determination on the absorbance ratio, this study revealed the optimum absorbance 
ratio. The most optimal absorbance ratio was determined by measuring one element 
at a time using response surface methods. Based on the quadratic design of OFAT, 
the data reveal that spectrophotometric wavelength determination has a substan-
tial impact on the absorbance ratio of TiO2-POE nanolubricant. The most ideal 
wavelength is determined using several OFAT-proposed solution conditions and the 
highest desirability with maximum absorbance. 

2 Experimental Method 

2.1 Nanolubricant Preparation 

To synthesize a nanolubricant, the nanoparticles are combined with a POE lubricant. 
POE lubricants are manufactured by SUNISO, a Belgian multinational corporation. 
For this purpose, Sigma-Aldrich in Saint Louis, Missouri, USA, produced TiO2 

nanopowder with a typical particle size of 21 nm and a purity of 99.5%. Hielscher 
Germany’s UP400S ultrasonic homogenizer was used to sonicate the nanolubricant. 
The goal of an ultrasonic homogenizer is to provide more energy than a traditional
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ultrasonic bath. The discoveries will improve the nanolubricant’s homogeneity while 
reducing the sonication time [12]. The use of an ultrasonic homogenizer is very 
effective in preventing nanolubricant agglomeration and sedimentation [13–15]. The 
ultrasonic device has the following specifications: 400 W, 24 kHz, 50% amplitude, 
and 0.5 cycles. In this study, six samples were used, all of which had the same 
0.02 vol % concentration volume. After a 30-min stirring period, the nanolubricant 
was ultrasonicated for 100 min. 

2.2 UV Visible Spectrophotometry Analysis 

The UV visible spectrophotometry approach was used to predict the stability of 
the FAl2O3-POE nanolubricant [16]. Spectrophotometry spectrums from days 1 to 
15 were studied. The absorbance ratio was calculated over a 15-day period. The 
absorbance ratio will forecast nanolubricant stability by looking at the maximum 
absorbance ratio values. 

2.3 Optimization 

This study employs the OFAT strategy, with only one element to be investigated using 
Design Expert 7.16’s statistical calculation of the response surface method (Stat-
Ease Inc., Minneapolis, MN, USA) [17–19]. The developed model was statistically 
investigated using the analysis of variance (ANOVA) method. The superiority of the 
fit of the polynomial model equivalence was evaluated using the R2 and adjusted R2 

coefficients. As proposed by earlier studies, the F-test and p-values were employed 
to validate the numerical and coefficient of determination significance [18–20]. 

Furthermore, the maximum absorbance value, the shortest wavelength spectrum, 
and the highest attractiveness value were used to determine the optimization condi-
tion. Based on the OFAT suggestion and the actual peak spectral, this proposed 
solution will be selected [21]. 

3 Result and Discussion 

3.1 TiO2-POE Nanolubricant Absorbance Ratio Analysis 
Using UV Visible Spectrophotometry 

Figure 1 shows a comparison of the absorbance values of FAl2O3-POE nanolubricant 
at a concentration of 0.02 vol % after 100 min of ultrasonication. The two photos 
show each of the five spectral positions optimized with OFAT. The absorbance result
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Fig. 1 FAl2O3-POE nanolubricant absorbance comparison a day 1 and, b day 15 from the assessed 
sample 

Table 1 Independent variable on FAl2O3-POE OFAT study 

Factor Name Units Type Low 
actual 

High 
actual 

Low 
coded 

High 
coded 

Mean Std. 
dev 

A Wavelength nm Numeric 300.00 600.00 −1.000 1.000 450.000 79.550 

on the first day after the sample was made is shown in Fig. 1a, and the absorbance 
result after 15 days of storage is shown in Fig. 1b. The difference between the two is 
the fluctuation in the value spectrum of each absorbance value calculated by Design-
Expert software at many places. Table 1 lists the independent variables in the OFAT 
optimization, Table 2 lists the response parameters, and Table 3 lists the optimization 
process’ experimental data. 

Furthermore, the absorbance ratio value can be used to determine the stability 
degree of FAl2O3-POE nanolubricant based on this discovery, as proposed by 
Redhwan et al. [22]. The absorbance ratio ( Ā) is calculated by comparing the baseline 
absorbance (A) to the final absorbance (Ao) calculated by Eq. 1. 

Ar = A 
A0 

(1) 

3.2 Analysis of Variant (ANOVA) 

The results of the ANOVA for the response surface quadratic model investigation are 
summarized in Table 4. The statistical results based on the ANOVA are presented 
in Table 4. The model is significant since it has a p-value of 0.0001, an F-value 
of 1316.47, and a 0.05 p-value. F-values and p-values were used to establish the 
importance of each component. The more significant the relevant coefficient terms 
are, the higher the degree of the F value and the lower the p-value. In this case, models
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Table 3 Experiment result 
for optimization 

No Run Wavelength Absorbance ratio 

1 7 300 0.943820225 

2 12 300 0.943820225 

3 11 375 0.931487297 

4 16 525 0.880537581 

5 13 600 0.813084112 

6 4 600 0.813084112 

7 6 450 0.911504425 

8 5 450 0.911504425 

9 9 450 0.911504425 

10 14 450 0.911504425 

11 15 450 0.911504425 

12 3 450 0.911504425 

13 8 450 0.911504425 

14 1 450 0.911504425 

15 10 450 0.911504425 

16 2 450 0.911504425 

Table 4 ANOVA response summary 

Source Sum of squares df Mean square F value p-value Remark 

Model 0.021 2 0.011 1316.47 <0.0001 Significant 

A-Wavelength 0.018 1 0.018 2247.79 <0.0001 

A2 3.135E-003 1 3.135E-003 385.15 <0.0001 

Residual 1.058E-004 13 8.140E-006 

Lack of fit 1.058E-004 2 5.291E-005 

Pure error 0.000 11 0.000 

Car total 0.022 15 

A-wavelength and A2, with F values of 2247.79 and 385.15, respectively, are equally 
significant [23].

This finding is supported by a coefficient of determination (R2) of 0.9951, which 
agrees well with an adjusted R2 of 0.9943. The results of this model are exact and 
consistent because it has a high replication rate [24, 25]. A shallow pure error value 
of 0.000 is indicative of this condition. In this study, the coefficient of determination 
has a substantial value, showing that the absorbance ratio assessment is positively 
influenced by wave-length determination as shown in Table 5. 

The adequacy of the regression model was determined using residuals and resid-
uals vs predicted plots, as shown in Fig. 2a and b. The current work findings and
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Table 5 Coefficient of 
determination 

Parameters Value 

Standard deviation 2.853E-003 

Mean 0.90 

CV % 0.32 

Press 1.596E-004 

R-squared 0.9951 

Adjusted R2 0.9943 

Prediction R2 0.9926 

Adequate precision 103.229 

Fig. 2 a Normal plot of residuals; b correlation amid residuals and predicted the plot of present 
work findings 

estimated points are clustered along the normality graph, as shown in Fig. 2a, demon-
strating the analytical system’s consistency. The residue, on the other hand, are 
randomly spread throughout the reference line with no discernable pattern, as seen 
in Fig. 2. Figure 3 confirms that the anticipated value is close to the actual value.

Fig. 3 Correlation amid 
predicted and the actual plot 
of present work findings
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Fig. 4 Aplot of  a absorbance ratio as the dependent of wavelength determination and, b wavelength 
criteria based on the desirability of OFAT optimization 

Based on the graphs, the quadratic model can be justified in establishing a satisfac-
tory correlation between the researched limits and the variable [26–28]. The variable, 
wavelength determination, influenced the change in absorbance ratio.

3.3 OFAT Optimization Solution 

The relationship between the absorbance ratio and wavelength is depicted in Fig. 4a. 
The shorter the wavelength, the higher the absorbance ratio, as indicated in the 
graph. 600 nm has the lowest absorption, while 300 nm has the greatest. The highest 
desirability value determines the appropriate wavelength in Fig. 4b. Table 6 lists 
OFAT’s 32 solution conditions in numerical order. 

As a result, the maximum desirability value, 1.0, is found in in various wavelength 
range as shown in Table 6. The solution number two is the selected one as shown 
in bold in Table 6. However, according to this analysis criteria, the best wavelength 
determination value is 360 nm, with an absorbance ratio of 0.935473, as shown in 
Fig. 5. The selected optimum wavelength has good agreement with the actual spectral 
as shown in Fig. 1. This result is in line with what has been described in the literature 
[28–30]. 

4 Conclusion 

Based on the findings, it is plausible to conclude that in UV visible spectrophotom-
etry studies, the absorbance value increases as the wavelength level decreases. The 
ANOVA results suggest that the quadratic model’s response is a reliable model for 
explaining the importance of the positive relationship between wavelength deter-
mination and optimum absorbance ratio outcomes. The regression coefficient R2
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Table 6 Solution condition 
proposed by OFAT 

Number Wavelength Absorbance ratio Desirability 

1 450 0.911867845 1 

2 360 0.935473 1 

3 525 0.87811478 1 

4 600 0.813386962 1 

5 375 0.929064496 1 

6 568.32 0.845431512 1 

7 352.08 0.933227467 1 

8 546.06 0.863688479 1 

9 325.89 0.938267641 1 

10 357.54 0.932231955 1 

11 329.97 0.937439454 1 

12 417.42 0.920525095 1 

13 570.81 0.84318093 1 

14 423.93 0.918988308 1 

15 494.28 0.894866159 1 

16 435.63 0.916001407 1 

17 478.95 0.901590504 1 

18 523.32 0.879156194 1 

19 387.48 0.926740057 1 

20 592.74 0.821406532 1 

21 465.3 0.90679629 1 

22 488.31 0.897602577 1 

23 430.44 0.917364542 1 

24 320.1 0.939480592 1 

25 303.6 0.943234764 1 

26 342.42 0.935021699 1 

27 491.19 0.896301867 1 

28 507.33 0.888321431 1 

29 396.24 0.925037381 1 

30 459.75 0.90872333 1 

31 471.78 0.904410824 1 

32 526.77 0.877000761 1

0.9951 validates this synthesis, which is supported by a substantial F test result 
of 2154.24. The adjusted R2 value of 0.9943 matches the R2 value very well. The 
maximum absorbance value with the highest high desire approaching the value 1 is 
used to determine the ideal wavelength. As a result, OFAT analysis proposes that 
the optimum wavelength in the UV visible spectrophotometry FAl2O3-POE study
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Fig. 5 Ramps plotting of optimum absorbance ratio as the dependent of wavelength determination 

be found in the region of 360 nm with an absorbance value of 0.935473 and desir-
ability level of 1.0. Future studies are needed to conduct analysis tests on other 
concentration.
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Surface Modification for Dispersion 
Stability of Novel FAl2O3-POE 
Nanolubricant Using Functional SiO2 

Agus Nugroho, Rizalman Mamat, Zhang Bo, Wan Azmi Wan Hamzah, 
Mohd Fairusham Ghazali, and Talal Yusaf 

Abstract The presence of a hydroxyl group on the surface of Al2O3 is respon-
sible for the low level of stability of Al2O3-based nanolubricant. This paper aims 
to illustrate how the SiO2 functionalization approach can be used to modify the 
surface of Al2O3 nanoparticles. The effects of four different functionalization treat-
ments on Al2O3 on the dispersion stability of FAl2O3-Polyolester (POE) nanolubri-
cant were found to be significant. There are four samples with SiO2:Al2O3 ratios 
of 15:85, 30:60, 45:55, and 50:50%, respectively. Each sample was mechanically 
stirred for 120 min for adsorption process. Then, each sample received a sub-inter 
critical annealing treatment at 120 °C in the furnace for 180 min, after which the 
samples were chilled using the gradual cooling approach to avoid thermal shock on 
the FAl2O3 nanoparticle surface. Newly synthesized FAl2O3 was dispersed in POE 
lubricant for 30 min with a magnetic stirrer and then ultrasonicated for 100 min 
to prevent agglomeration. On day 1 and day 15, dispersing stability was examined 
using the UV visible spectrophotometry method to verify the wettability of FAl2O3 

nanoparticles enhancement. The results reveal that increasing the SiO2 ratio in the 
functionalization process enhances the dispersion stability of FAl2O3-POE nanol-
ubricant. The findings suggest that FAl2O3-POE sample with a 50:50 ratio has the 
best dispersion stability, as shown by the highest absorbance ratio value of 0.945. 
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Abbreviations 

H Hour 
min Minute 
abs Absorbance 
POE Polyolester 
UV Ultraviolet 
A Initial Absorbance 
Ao Final Absorbance 
Ār Absorbance Ratio 
TEM Transmission Electron Microscopy 

Greek symbols 

Ø Concentration 
ρ Density 

Subscripts 

l Refers to lubricant 
p Refers to nanoparticle 

1 Introduction 

Nanolubricant, a sub-class of nanofluid, is an advanced lubricant when it is compared 
to conventional lubricants [1–3]. It is said to have significantly improved heat-transfer 
and tribology characteristics [4, 5]. However, the essential criterion for any nanol-
ubricant is its stability, nanolubricants will not be able to work optimally without 
proper stability. Only when the nanoparticles are adequately dispersed in a lubricant 
can the nanolubricant be stable. 

Aluminum oxide (Al2O3) is a sort of nanoparticle that is frequently employed 
by researchers as a nano solid material in the formation of nanolubricants [6–8]. 
Al2O3 was chosen because it possesses unique properties such as hardness, chem-
ical stability, electrical insulation, high thermal conductivity, and low density when 
compared to metal-based nanoparticles. Al2O3 has a lot of potential as a nano solid 
material for making nanolubricants as a replacement for conventional lubricants 
because of this basic character.
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However, considering Al2O3 is a metal oxide-based nano solid material, it contains 
a hydroxyl group on the surface [9–11]. Al2O3 has hydrophilic characteristics due to 
the presence of hydroxyl groups on its surface, making it difficult to disperse well in 
oil-based fluids. The poor stability level of Al2O3-based nanolubricant is affected by 
this behavior. As a result, several active efforts are required to change the surface of 
Al2O3 from hydrophilic to hydrophobic in order to improve the dispersion stability 
of Al2O3-based nanolubricant. 

Rahimi et al. [12] employed amine as a functional material in order to change 
the surface of the MWCNT. The MWCNT’s surface character is changed from 
hydrophobic to hydrophilic through surface modification. The findings suggest that 
the dispersion of amine-MWCNT increased when water was used as the host fluid. 
The optimum concentration of amine addition in MWCNT is 0.05 wt%. Motokuro 
et al. [13] adopted the functionalization approach of cationic indium species and 
tertiary amine groups to modify the surface of SiO2–Al2O3. Ion exchange and 
silane coupling reactions are used to carry out the functionalization process. Later, 
Yang et al. [14] adopted silane coupling agents on Al2O3 by adding γMethacryloxy 
propyl tri-methoxy silane, γGlycidoxy propyl triethoxy silane, γMercapto propyl 
tri-methoxy silane, and γAmino propyl triethoxy silane to adjust the surface of 
Al2O3. The findings reveal that a carbolic nanolayer forms on the Al2O3 surface. 
Wang et al. [15] modified the surface of Al2O3 and CaCO3 at ambient temperature 
without heating using chloroform as a solvent and fatty acid as a fatty acid. The 
hydrophobic character of Al2O3 and CaCO3 can be activated by the presence of 
these two modifiers. 

There is a significant influence between the functional material (SiO2) and the 
functionalized material (Al2O3). This paper aims to elaborate the surface modi-
fication process of Al2O3 using the SiO2 functionalization method. This method 
allows SiO2 as a functional material to patch to the Al2O3 surface and form a 
nanolayer without damaging the surface of each nanoparticle through adsorption 
process. The SiO2 adsorption process using ethanol 95% as solvent agent on Al2O3 

affects the surface properties of Al2O3. Changes in the surface properties of Al2O3 

were identified by increasing the dispersion stability of the FAl2O3-POE nanolubri-
cant experimentally. The results of increasing the dispersion stability of FAl2O3-POE 
nanolubricant were verified by proving the value of the absorbance ratio using a 
spectrophotometer. 

2 Experiment 

2.1 Materials 

The physical parameters of the Al2O3 and SiO2 nanoparticles employed in this exper-
iment are listed in Table 1. Figure 1a and b show the respective structures that are 
similar to Al2O3 and SiO3 (b). The lubricant used in this experiment was an electric
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Table 1 Physical properties of Al2O3 and SiO2 nanoparticle 

Nanoparticle Size 
(nm) 

Morphology Density 
(g/cm3) 

Thermal 
conductivity 
(W/m.K) 

Melting 
point 
(°C) 

Color Refractive 
index 

Al2O3 13 Spherical 3.9 35 2020 White 1.768 

SiO2 21 Spherical 2.65 1.3 1830 White 1.458 

Fig. 1 Compound structure 
of a Al2O3 and, b SiO2 

Table 2 Physical properties 
of POE lubricant 

Properties Value 

Absolute viscosity at 40 °C 70.1 cSt 

Absolute viscosity at 100 °C 9 cSt  

Density at 27 °C 0.9601 g/cm3 

Flash point 252 °C 

Color Clear 

Table 3 Physical properties of ethanol 95% 

Name Molecular 
weight 

State Vapor 
density 

Boiling 
point 
(°C) 

Melting 
point 
(°C) 

Color Evaporation 
rate 

Ethanol, 
95% 

46.07 Liquid 1.59 78.5 −114.1 Colorless 3.3 

compressor lubricant for an air conditioning system that was provided from Belgium 
and was of the type Polyolester (POE). Table 2 summarizes the typical characteristics 
of this lubricant. The mechanical stirring process of nanoparticles uses 95% ethanol 
as solvent. Properties of 95% ethanol indexed in Table 3. 

2.2 Functionalized Al2O3 Synthesis Procedure 

Mechanical stirrer method was adopted to synthesize functionalized Al2O3 (FAl2O3) 
in this study. Al2O3 and SiO2 nanoparticles were dispersed in ethanol 95% using 
a magnetic stirrer for 30 min separately in the same proportion. Al2O3 and SiO2 

nanoparticles were mixed for 120 min without being heated continuously using a 
magnetic stirrer for adsorption process for adsorption process of SiO2 to Al2O3. The  
adsorption process of SiO2 on Al2O3 will adjust its polarity. The use of 95% ethanol
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Fig. 2 Functionalization procedure of Al2O3 using SiO2 

as a solvent will boost the adsorption process without giving significant negative 
impact to both nanoparticles character [16–18]. 

In addition, the solution is left in the beaker for 12 h to provide the two nanoparti-
cles with an immersion time effect, which improves their wettability. After that, the 
solution is heated in a furnace using the super sub-inter critical annealing process 
[19]. The pre-heat treatment process includes room temperature to the heat treatment 
temperature of 120 °C is 15 min, 180 min to hold the heat treatment temperature at 
120 °C, and 30 min to cool down to room temperature. The heat treatment process 
in this state aims to dry the new synthesized FAl2O3 and reduce the hydroxyl group 
surrounding the Al2O3 and SiO2 because these two compounds are oxide-based 
nanoparticle. The gradual cooling technique is intended to protect the functionalized 
Al2O3 nanoparticle surface from thermal shock [20–22]. Figure 2. depicts the func-
tionalization method adopted in this study. The same process was used to synthesize 
FAl2O3 in the following ratios: 15–85, 30–70, 45–65, and 50–50%. 

2.3 FAl2O3-POE Nanolubricant Preparation 
and Characterization 

A two-step approach was used to prepare the production of FAl2O3-POE nanol-
ubricant, which included dispersing FAl2O3 into POE lubricant for 30 min using 
a magnetic stirrer without heating. After that, the sample was ultrasonicated for 
100 min to prevent agglomeration and sedimentation. The ultrasonication employed 
is Hielscher Germany’s UP400S ultrasonic type. With a cycle of 0.5, the ultrasoni-
cation device is set at 50% amplitude. In this experiment, four samples were used,
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each with a different proportion of FAl2O3 and a concentration of 0.02 vol%. The 
morphology of FAl2O3 dispersed in POE lubricant was studied using Transmission 
Electron Microscopy (TEM). 

For FAl2O3-POE nanolubricant preparation. This experiment used four different 
ratios of Al2O3:SiO2, namely 15:85, 30:70, 45:55, and 50:50 vol%, respectively. 
Calculation of the concentration volume using Eq. 1. Where Ø is volume fraction 
%; the TiO2 nanopowder’s mass is noted as mp; the lubricant’s mass is ml; density 
of TiO2 nanopowder is ρn; and POE lubricant’s density is ρl. 

Ø = m p/ρp 

m p/ρp + ml /ρl 
× 100% (1) 

2.4 UV Visible Spectrophotometry 

The UV visible spectrophotometry method works by absorbing UV light by the 
FAl2O3-POE nanolubricant compound, which then generates a distinct spectrum. 
From time to time, the amount of absorbance value of nanolubricant is determined 
by this varied spectrum. 

The level of dispersion stability of the FAl2O3-POE nanolubricant was used to 
determine the indicator of increased wettability of FAl2O3 at POE. On each sample, 
the dispersion stability can be assessed using UV visible spectrophotometry. Further-
more, measuring the absorbance of FAl2O3-POE molecules on days 1 and 15 is used 
to determine the absorbance ratio. Figure 3 depicts a schematic of the principle of 
measuring the absorbance of FAl2O3-POE nanolubricant compounds. 

Fig. 3 Schematic UV visible spectrophotometry principle
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3 Result and Discussion 

3.1 FAl2O3 Characterization 

Figure 4 shows a TEM picture of an FAl2O3 sample that was ultrasonically treated for 
120 min at varied composition ratios. TEM images of sample FAl2O3-POE nanolu-
bricant with Al2O3:SiO2 ratios of 15:85, 30:70, 45:55, and 50:50 is shown in Fig. 4a, 
b, c and d. Al2O3 and SiO2 are homogeneously combined into a new nanoparticle unit, 
as shown in the diagram. As depicted in the TEM image, SiO2 physically surrounds 
Al2O3 and induces the formation of a new grain unit. 

In this study, the Tecnai™ Spirit TWIN Transmission Electron Microscope (TEM) 
was used as suggested by previous researchers [23–25]. Under ambient tempera-
ture conditions, TEM was utilized to characterize FAl2O3-POE nanolubricants and 
examine the morphology of FAl2O3 dispersed in POE lubricants. TEM analysis was 
used to explore differences in crystal structure and microstructure between materials 
at the concentrations chosen for TEM examination. The porous and spherical struc-
ture of the nanopowder is seen in the TEM images. The image displays prominent

Fig. 4 TEM image of FAl2O3-POE nanolubricant with a 15:85, b 30:70, c 45:55, and d 50:50 
Al2O3 and SiO2 ratio
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lattice edges, confirming the spherical nanostructure’s remarkable crystallinity. The 
polycrystallinity of the nanostructures of the two nanoparticles causes concentric 
circles in the crystal structure of FAl2O3-POE, as seen in the picture. The FAl2O3 

nanopowder is a polycrystal-line material because the grain boundaries of each crystal 
grain are orientated in several directions rather than just one.

3.2 FAl2O3-POE Absorbance Ratio Analysis 

The absorbance samples of the FAl2O3-POE nanolubricant were measured on day 1 
and day 15. Figure 5 displays the findings of an FAl2O3-POE absorbance sample with 
a 15:85 ratio. There are a number of fluctuating spectra in the two images. In Fig. 5a 
spectrum fluctuations mostly occur at a wavelength of 430–290 nm. This demon-
strates the high level of UV ray absorption by the sample in this area when emitted 
by the spectrophotometer. UV light absorption is significant in this region, indicating 
that there are numerous nanoparticle agglomerations. The sample measurement on 
day 15 shows the similar trend, with the number of spectrum changes increasing as 
reported by previous researchers [26–28]. Spectral variations still have the dominant 
position at a wavelength of 430–290 nm. 

An increase in the amount of nanoparticle agglomeration in the nanolubri-
cant induced a considerable increase in the number of spectrum peaks in the 
sample measurement on day 15. Sedimentation on the nanolubricant in the form 
of nanolayers can absorb significantly more UV light [29]. As a result, the display 
depicts the increased absorption of UV radiation as an increase in the number of 
variations in the spectrum peak. 

The ratio of the peaks of the absorbance spectrum in each sample is used to 
determine the absorbance ratio. Spectral peaks at 292 nm were chosen and compared 
on absorbance measurements taken on day 1 and day 15 to determine the absorbance 
ratio [30, 31]. In comparison to a number of other peaks, the wavelength of 292 nm 
is the highest. 

Fig. 5 Absorbance value of FAl2O3-POE with ratio 15:85 on a day 1 and, b day 15
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Absorbance studies on FAl2O3-POE nanolubricant samples with a functionaliza-
tion ratio of SiO2:Al2O3, 30:70 is shown in Fig. 6. The spectrum peak of 292 nm 
was chosen as the wavelength peak that was compared on both day 1 and day 15 
absorbance ratio tests. The number of fluctuations in the spectral peak in Fig. 6a 
is less than that in Fig. 6b. This behavior suggests that the FAl2O3 nanoparticles 
in the POE are well dispersed, with minor aggregation in the nanolubricant area 
that receives UV light from the spectrophotometer. In Fig. 6b, on the other hand, 
agglomeration begins to develop, resulting in a large rise in the number of spectra. 
On day 1, the absorbance of this sample was 2386 nm, but by day 15, it had dropped 
to 1816 nm. The absorbance value of the second sample on day 15 is higher than the 
first sample’s absorbance value of 0.916 nm as depicted in Fig. 7. 

The FAl2O3-POE sample, which has a functionalization ratio of SiO2:Al2O3 of 
45:55, shows fewer spectrum variations than the two prior samples. A considerable 
value is seen at a wavelength of 292 nm, thus the absorbance value in that area is 
appropriate for comparison with the absorbance values in the next measurement. The 
FAl2O3-POE nanolubricant in this sample can be justified as having a more stable 
dispersion than the two previous samples. The phenomenon of dispersion stability is 
evidenced by the slight increase in fluctuations in the spectral peaks and the low level 
of decrease in the spectral peaks at 292 nm. This demonstrates that functionalization

Fig. 6 Absorbance value of FAl2O3-POE with ratio 30:70 on a day 1 and, b day 15 

Fig. 7 Absorbance value of FAl2O3-POE with ratio 45:55 on a day 1 and, b day 15



188 A. Nugroho et al.

Fig. 8 Absorbance value of FAl2O3-POE with ratio 50:50 on a day 1 and, b day 15 

at a level of 45:55 can offer a significantly improved surface coating effect on Al2O3. 
This Al2O3 surface coating effect modifies the character of the surface of Al2O3 

nanoparticles, promoting higher wettability of the nanoparticles’ surface to oil [32].
This increase in nanoparticle surface wetness promotes higher bonding of oil 

molecules with Al2O3 molecules, allowing nanoparticle agglomeration to last longer 
[33–35]. On day 1, the absorbance value in the third sample was 3499, and on day 
15, the absorbance value was 3079, resulting in an absorbance ratio of 0.879. 

The fourth sample has a SiO2:Al2O3 ratio of 50:50, which means that the propor-
tions of each are equal. The absorbance spectrum value in Fig. 8a is noticeably 
smoother than the prior sample. In the 400–1100 nm wavelength region, there is 
essentially no significant variation. The spectrum has a decreasing pattern that is 
nearly identical to the previous sample, and the graph peaks at a wavelength of 
292 nm, with a value of 3793 absorbance units. Then, on day 15, the absorbance 
value dropped to 3583. Based on these two absorbance values, the drop in absorbance 
is relatively small, resulting in a high absorbance ratio value of 0.945. 

Figure 8b shows that there is a small amount of nanoparticle aggregation in the 
nanolubricant due to the low number of spectrum variations. The nanoparticles in 
the POE lubricant were well dispersed despite the nanolubricant having been kept 
for 15 days. This phenomenon can be highlighted by the fact that the adsorption 
process of functionalization of SiO2 with the method shown in Fig. 2 has resulted 
in a major change in character on the surface of Al2O3 [36]. SiO2 nanoparticles 
have formed a layer on the surface of Al2O3 that increased its wettability properties 
[37–39]. FAl2O3’s wettability increment effect strengthens the bond between Al2O3 

molecules in solid materials and POE molecules in liquid materials. FAl2O3’s with 
higher wettability nature is proven experimentally by its high absorbance ratio, which 
means it has the best dispersion stability of all the samples due to SiO2 adsorption 
as reported by Metin et al. [40]. Figure 9 shows the recapitulation of the absorbance 
ratio for all samples using FAl2O3 nanoparticles in various ratio.
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Fig. 9 Absorbance ratio of FAl2O3-POE nanolubricant using various FAl2O3 ratio 

4 Conclusion 

The surface of Al2O3 is adjusted using a functionalization approach in this paper. 
Since of its silicon concentration, SiO2 was chosen as a functional solid material 
because it can induce a wettability effect enhancement on the surface of Al2O3. The  
adsorption method in this functionalization treatment was able to activate the Al2O3 

surface’s wettability properties. The hydroxyl group on the surface of both nanopar-
ticles was adjusted during the functionalization process. TEM study demonstrated 
that SiO2 physically surrounds Al2O3 and forms a new grain unit. Experimental 
results of FAl2O3 dispersion into POE lubricants have validated this synthesis. The 
experimental results demonstrate that as the proportion of SiO2 as functional mate-
rial increases, the stability of FAl2O3-POE dispersion increases. The fifth sample 
FAl2O3-POE, which has a SiO2:Al2O3 ratio of 50:50, has the greatest absorbance 
ratio, which is 0.945. As a result, the FAl2O3-POE sample with a SiO2:Al2O3 ratio 
of 50:50 can be justified as the sample with the best dispersion stability. The use of 
SiO2 as a modifier material on Al2O3 to improve the dispersion stability of FAl2O3-
POE nanolubricant was shown to be effective. This approach has been shown to 
be effective in changing the surface polarity character of Al2O3. In comparison to 
other typical methods such as silane, amine coupling agents, and chemical surfactant, 
this approach is also more economical to support industrialization of nanolubricant 
production. 

Acknowledgements This study was supported by the Helan Mountain Scholarship program from 
Ningxia University, China. The authors like to extend their appreciation to Universiti Malaysia 
Pahang (UMP) for funding provided by the dedicated internal fund RDU190336 and the FRGS 
award RDU 1901112. 

Conflicts of Interest The authors declare no conflict of interest.



190 A. Nugroho et al.

References 

1. Adelekan DS, Ohunakin OS, Oladeinde MH, Jatinder G, Atiba OE, Nkiko MO, Atayero AA 
(2021) Performance of a domestic refrigerator in varying ambient temperatures, concentrations 
of TiO2 nanolubricants and R600a refrigerant charges. Heliyon 7:e06156 

2. Yogesh J, Dinesh Z, Sandeep J (2021) Performance investigation of vapor compression refrig-
eration system using R134a and R600a refrigerants and Al2O3 nanoparticle based suspension. 
Mater Today Proc 44:1511–1519 

3. Choi TJ, Kim DJ, Jang SP, Park S, Ko S (2021) Effect of polyolester oil-based multiwalled 
carbon-nanotube nanolubricant on the coefficient of performance of refrigeration systems. Appl 
Therm Eng 192 

4. Keklikcioglu O, Ozceyhan V (2022) Heat transfer augmentation in a tube with conical wire 
coils using a mixture of ethylene glycol/water as a fluid. Int J Therm Sci 171:107204 

5. Rashidi M, Sedaghat A, Misbah B, Sabati M, Vaidyan K (2021) Experimental study on energy 
saving and friction reduction of Al2O3-WBM nanofluids in a high-speed Taylor-Couette flow 
system. Tribol Int 154:106728 

6. Saranya S, Al-Mdallal QM (2021) Computational study on nanoparticle shape effects of 
Al2O3-silicon oil nanofluid flow over a radially stretching rotating disk. Case Stud Therm 
Eng 25:100943 

7. Bharadwaj G, Sharma A, Rawat M, Singhal P (2020) Analysis of energy storage system by 
using aluminum oxide nanofluid (Al2O3) with paraffin wax. Mater Today Proc 

8. Anish W, Sunil J, Sadasivuni KK (2020) Viscosity of Al2O3-water nanofluids. Mater Today 
Proc 21:681–683 

9. Huang L, Yang Z, Zhang Z, Jin L, Yang W, He Y, Ren L, Wang H (2020) Enhanced surface 
hydroxyl groups by using hydrogen peroxide on hollow tubular alumina for removing fluoride. 
Microporous Mesoporous Mater 297:110051 

10. Poli E, Ouk T-S, Barrière G, Lévèque G, Sol V, Denes E (2019) Does low hydroxyl group 
surface density explain less bacterial adhesion on porous alumina? Orthop Traumatol Surg Res 
105:473–477 

11. Digne M, Sautet P, Raybaud P, Euzen P, Toulhoat H (2002) Hydroxyl groups on γ-alumina 
surfaces: a DFT study. J Catal 211:1–5 

12. Rahimi K, Riahi S, Abbasi M (2020) Effect of host fluid and hydrophilicity of multi-walled 
carbon nanotubes on stability and CO2 absorption of amine-based and water-based nanofluids. 
J Environ  Chem  Eng 8  

13. Motokura K, Ito Y, Noda H, Miyaji A, Yamaguchi S, Baba T (2014) Surface functionaliza-
tion for synergistic catalysis: silica-alumina-supported cationic indium and organic base for 
cyanoethoxycarbonylation. ChemPlusChem 79:1053–1058 

14. Yang Y-C, Jeong S-B, Kim B-G, Yoon P-R (2009) Examination of dispersive properties of 
alumina treated with silane coupling agents, by using inverse gas chromatography. Powder 
Technol 191:117–121 

15. Wang Y, Eli W, Zhang L, Gao H, Liu Y, Li P (2010) A new method for surface modification 
of nano-CaCO3 and nano-Al2O3 at room temperature. Adv Powder Technol 21:203–205 

16. Kim B-J, Cha S-H, Kong K, Ji W, Park HW, Park Y-B (2018) Synergistic interfacial reinforce-
ment of carbon fiber/polyamide 6 composites using carbon-nanotube-modified silane coating 
on ZnO-nanorod-grown carbon fiber. Compos Sci Technol 165:362–372 

17. Cao L, Sinha TK, Tao L, Li H, Zong C, Kim JK (2019) Synergistic reinforcement of silanized 
silica-graphene oxide hybrid in natural rubber for tire-tread fabrication: a latex based facile 
approach. Compos B Eng 161:667–676 

18. Xie Y, Wang X, Hou L, Wang X, Zhang Y, Zhu C, Hu Z, He M (2021) Graphene cova-
lently functionalized by cross-linking reaction of bifunctional pillar organic molecule for high 
capacitance. J Energy Storage 38:102530 

19. Kapoor I, Lan Y, Rijkenberg A, West G, Li Z, Janik V (2020) Correlative analysis of interaction 
between recrystallization and precipitation during sub-critical annealing of cold-rolled low-
carbon V and Ti–V bearing microalloyed steels. Mater Sci Eng A 785:139381



Surface Modification for Dispersion Stability … 191

20. Li B, Yan Y, Jin X, Geng Y, Wang S, Cao M, He X, Li N, Zhuang Y (2021) Microstructure 
and mechanical and thermal shock properties of hierarchically porous ceramics. Ceram Int 
47:24887–24894 

21. Lutpi HA, Mohamad H, Abdullah TK, Ismail H (2021) Effect of ZnO on the structural, physio-
mechanical properties and thermal shock resistance of Li2O–Al2O3–SiO2 glass-ceramics. 
Ceram Int 

22. Tian Z, Lu J, Feng X, Wang J (2021) Effect of grain size and orientation degree on thermal 
shock resistance of BN-matrix textured ceramics under cyclic thermal shock. J Eur Ceram Soc 
41:441–446 

23. Tiwari AK, Pandya NS, Said Z, Chhatbar SH, Al-Turki YA, Patel AR (2021) 3S (Sonication, 
surfactant, stability) impact on the viscosity of hybrid nanofluid with different base fluids: an 
experimental study. J Mol Liq 329:115455 

24. Clauser AL, Giulian R, McClure ZD, Sarfo KO, Ophus C, Ciston J, Árnadóttir L, Santala 
MK (2020) Orientation and morphology of Pt nanoparticles in γ-alumina processed via ion 
implantation and thermal annealing. Scripta Mater 188:44–49 

25. Zawawi N, Azmi W, Redhwan A, Sharif M, Sharma KV (2017) Thermo-physical properties 
of Al2O3-SiO2/PAG composite nanolubricant for refrigeration system. 80:1–10 

26. Zhang T, Zou Q, Cheng Z, Chen Z, Liu Y, Jiang Z (2021) Effect of particle concentration on 
the stability of water-based SiO2 nanofluid. Powder Technol 379:457–465 

27. Sofiah AGN, Samykano M, Shahabuddin S, Kadirgama K, Pandey AK (2020) An experimental 
study on characterization and properties of eco-friendly nanolubricant containing polyaniline 
(PANI) nanotubes blended in RBD palm olein oil. J Therm Anal Calorim 

28. Cacua K, Murshed SMS, Pabón E, Buitrago R (2020) Dispersion and thermal conductivity of 
TiO2/water nanofluid. J Therm Anal Calorim 140:109–114 

29. Baek S, Shin D, Kim G, Lee A, Noh J, Choi B, Huh S, Jeong H, Sung Y (2021) Influence of 
amphoteric and anionic surfactants on stability, surface tension, and thermal conductivity of 
Al2O3/water nanofluids. Case Stud Therm Eng 25:100995 

30. Sharif M, Azmi W, Redhwan A, Mamat R, Yusof T (2017) Performance analysis of SiO2/PAG 
nanolubricant in automotive air conditioning system. Int J Refrig 75:204–216 

31. Nugroho A, Bo Z, Mamat R, Azmi WH, Najafi G, Khoirunnisa F (2021) Extensive examination 
of sonication duration impact on stability of Al2O3-polyol ester nanolubricant. Int Commun 
Heat Mass Transfer 126:105418 

32. Fratoddi I (2017) Hydrophobic and hydrophilic Au and Ag nanoparticles. Breakthroughs and 
perspectives. Nanomaterials (Basel) 8 

33. Gbadamosi AO, Junin R, Manan MA, Agi A, Oseh JO, Usman J (2019) Effect of aluminium 
oxide nanoparticles on oilfield polyacrylamide: rheology, interfacial tension, wettability and 
oil displacement studies. J Mol Liq 296:111863 

34. Motokawa T, Makino M, Yamamoto K, Takase H, Nagano S, Enomoto-Rogers Y, Iwata T, 
Kawaguchi T, Sakaguchi M (2017) Chemical surface modification of aluminum oxide nanopar-
ticles with graft copolymer of aluminum oxide and poly(isobutyl vinyl ether) mechanochemi-
cally synthesized in vacuum at low temperature. Adv Powder Technol 28:266–279 

35. Agustin AR, Tamura K (2021) Surface modification of TiO2 nanoparticles with terephthalic 
acid in supercritical carbon dioxide. J Supercrit Fluids 174:105245 

36. Desmet C, Valsesia A, Oddo A, Ceccone G, Spampinato V, Rossi F, Colpo P (2017) 
Characterisation of nanomaterial hydrophobicity using engineered surfaces. J Nanopart Res 
19:117 

37. Zhao L, Du Z, Tai X, Ma Y (2021) One-step facile fabrication of hydrophobic SiO2 coated 
super-hydrophobic/super-oleophilic mesh via an improved Stöber method to efficient oil/water 
separation. Colloids Surf A 623:126404



192 A. Nugroho et al.

38. Sephra PJ, Baraneedharan P, Sivakumar M, Thangadurai TD, Nehru K (2018) CuO/SiO2 
modified amine functionalized reduced graphene oxide with enhanced photocatalytic and 
electrochemical properties. SN Appl Sci 1:73 

39. Klippel N, Jung G, Kickelbick G (2021) Hybrid inorganic-organic fluorescent silica nanopar-
ticles—influence of dye binding modes on dye leaching. J Sol-Gel Sci Technol 

40. Metin CO, Baran JR Jr, Nguyen QP (2012) Adsorption of surface functionalized silica 
nanoparticles onto mineral surfaces and decane/water interface. J Nanopart Res 14:1246



Absorbance Ratio Optimization 
as a Function of TiO2-POE 
Nanolubricant Spectrophotometric 
Wavelength Using the Quadratic Design 
on One Factor at a Time 

Agus Nugroho, Rizalman Mamat, Zhang Bo, Wan Azmi Wan Hamzah, 
Talal Yusaf, Mohd Fairusham Ghazali, and Fitri Khoerunnisa 

Abstract Errors in the UV visible spectrophotometry analysis’ selection of spec-
tral peaks can lead to errors in the nanolubricant stability analysis. Despite the fact 
that the spectral peak results are compared at the same peak, it is critical to identify 
the correct spectral to avoid errors in the nanolubricant stability analysis results. In 
this study, one factor at a time (OFAT) based on surface response was adopted to 
determine the effect of wavelength selection on the absorbance ratio of TiO2-POE 
nanolubricant. The TiO2-POE sample was prepared using a two-steps approach. The 
sample was ultrasonicated for 100 min using a homogenizer. UV visible spectropho-
tometry analysis was performed on day 1 and 15 to determine the absorbance ratio. 
Sixteen runs were performed using a quadratic design to acquire experimental data 
were fitted. The ANOVA analysis discovered that the experimental statistics were 
well suited to the polynomial model, with an R2 value of 0.9970 and a model F-value 
of 2154.24. The findings suggest that the optimum wavelength is 500 nm with an 
absorbance value of 0.901239 and a desirability level of 1.0. 
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Abbreviations 

min Minute 
abs Absorbance 
MO Mineral oil 
OFAT One factor at a time 
Std. Dev Standard deviation 
POE Polyolester 
Anova Analysis of variance 
UV Ultraviolet 
A Initial absorbance 
Ao Final absorbance 
Ār Absorbance ratio 

Greek Symbols 

ζ Absolute zeta potential (mV) 
Ø Concentration 
P Density 

Subscripts 

l Refers to lubricant 
p Refers to nanoparticle 

1 Introduction 

The main issue with any colloid, whether water-based or oil-based, known as a 
nanolubricant, is its stability [1–4]. Several researchers continue to improve the 
stability of nanolubricant regularly so that the nanolubricant applied to the system 
can provide maximum heat transfer performance [4–6] and tribological effects [7–9]. 
The UV visible spectrophotometry technique can determine the stability level of a 
nanolubricant. UV rays are emitted throughout the nanolubricant area to be absorbed 
by the nanoparticles dispersed in the lubricant [10]. Absorbance is the ability of a 
nanolubricant to absorb UV light. The absorbance of the nanolubricant sample was 
assessed on the first and the predetermined day.
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Sharif et al. [11] prepared SiO2/PAG nanolubricants for automobile air condi-
tioning systems. The spectrophotometric method, which measures the UV rays 
emitted into a sample of SiO2/PAG nanolubricants, is used to determine the level 
of stability of SiO2/PAG nanolubricants. The optimal absorbance ratio is deter-
mined by comparing the absorbance values displayed at the spectral wavelength 
of 313 nm. Later, Zawawi et al. [12] created Al2O3–SiO2/PAG hybrid nanolubri-
cants at a concentration of 0.1%. Before applying the nanolubricant to the vehicle’s 
air conditioning system, stability must be determined to ensure that the nanolubricant 
can provide optimal performance. The UV visible spectrophotometry method was 
used to predict the stability level of Al2O3–SiO2/PAG nanolubricant. On day 1 and 
day 30, observations and spectrophotometry spectrum analysis were performed at 
315 nm wavelength on day 1 and day 30. 

Meanwhile, Rahman et al. [13] optimized the spectrophotometric function of the 
N-bromosuccinimide colloid using the surface response method. The absorbance 
at 513 nm was used to monitor the oxidation of methyl orange by unreacted N-
bromosuccinimide. The absorbance was drafted versus the acetazolamide proportion 
resulting in a linear contour, and the correlative regression model was generated. 
This technique is claimed to be the best for determining the optimal absorbance 
of an experimental sample. Jatinder et al. [14] created a TiO2-mineral oil (MO) 
nanolubricant using a two-step approach for domestic refrigerators. The samples 
were prepared at concentrations of 0, 0.2, 0.4, and 0.6 g/L. The stability of TiO2-
MO nanolubricant was determined using UV–visible spectrophotometry. Finally, 
observations and analyses were carried out at the peak of the 290 nm spectrum. This 
area is the most optimum point. 

This study aims to discover the optimum absorbance ratio based on the spectropho-
tometric wavelength selection on the absorbance ratio of TiO2-POE nanolubricant 
statistically by means of one factor at a time. One factor at a time based on response 
surface methodology was performed to measure the most optimum absorbance ratio 
of TiO2-POE nanolubricant based on the quadratic design. It is essential to validate 
that the spectral peak determination based on experimental results of UV visible 
spectrophotometric readings is consistent with the statistical method. The findings 
of the study can be used to determine the wavelength spectrum determination over the 
next UV visible spectrometry nanolubricant analysis to prevent any bias result. 

2 Experimental Method 

2.1 Nanolubricant Preparation 

The nanoparticles are mixed in a POE lubricant to synthesize a nanolubricant as 
suggested by Redhwan et al. [15]. POE lubricants are supplied by a Belgian multina-
tional firm under the SUNISO brand. Sigma-Aldrich in Saint Louis, Missouri, USA, 
manufactured TiO2 nanopowder form with a typical particle magnitude of 21 nm
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and a cleanliness of 99.5% for this purpose. The nanolubricant was sonicated using 
an ultrasonic homogenizer UP400S produced by Hielscher Germany. An ultrasonic 
homogenizer’s objective is to supply more energy than a conventional ultrasonic bath. 
The findings will increase the homogeneity of the nanolubricant while decreasing 
the sonication period [16]. The adoption of an ultrasonic homogenizer is particularly 
successful at preventing the agglomeration and sedimentation of nanolubricants. The 
ultrasonic device’s parameters are 400 W, 24 kHz, 50% amplitude, and 0.5 cycles. 
Six samples were used in this investigation, all of which had the same 0.02 vol% 
concentration volume. A 30-min stirring was applied, and then the nanolubricant 
was subjected to ultrasonication for 100-min. 

2.2 UV Visible Spectrophotometry Analysis 

The stability of the TiO2-POE nanolubricant was predicted by adopting the UV 
visible spectrophotometry method. Spectrophotometry spectrums were analyzed 
from day 1 and day 15. The absorbance ratio was determined for 15 days. 
The absorbance ratio will predict the nanolubricant stability through the highest 
absorbance ratio values, as reported by Redhwan et al. [17]. 

2.3 Optimization 

The OFAT approach is used in this study, with only one factor to be studied based 
on the statistical calculation of the response surface method with Design Expert 
7.16 (Stat-Ease Inc., Minneapolis, MN, USA). The analysis of variance (ANOVA) 
approach was used to examine the generated model statistically. The R2 and adjusted 
R2 coefficients were used to examine the superiority of the fit of the polynomial 
model equivalency. The F-test and p-values were used to validate the significance 
of the numerical and coefficient of determination, respectively, as suggested by the 
previous researchers [18–20]. 

Furthermore, the optimization condition was determined based on the highest 
absorbance value, the shortest wavelength spectrum, and the highest desirability 
value.
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3 Result and Discussion 

3.1 TiO2-POE Nanolubricant Absorbance Ratio Analysis 
Using UV Visible Spectrophotometry 

Figure 1 depicts a comparison of the absorbance values of TiO2-POE nanolubricant 
with a concentration of 0.02 vol% after 30 min of mixing and 100 min of ultrason-
ication. Each of the five spectral locations optimized with OFAT is depicted in the 
two images. Figure 1a shows the absorbance result on the first day after the sample 
was made, whereas Fig. 1b shows the absorbance result after 15 days of storage. The 
difference between the two is the variation in the value spectrum of each absorbance 
value at several points determined by Design-Expert software. Table 1 summarizes 
the independent variables involved in the OFAT optimization, Table 2 shows the 
response parameters, and Table 3 shows the experimental data for the optimization 
process. 

Fig. 1 TiO2-POE nanolubricant absorbance comparison a day 1 and b day 15 from the assessed 
sample 

Table 1 Independent variable involved OFAT study 

Factor Name Units Type Low 
actual 

High 
actual 

Low 
coded 

High 
coded 

Mean Std. 
dev 

A Wavelength nm Numeric 500.00 800.00 −1.000 1.000 650.000 79.550 

Table 2 Response parameters involved OFAT study 

Response Name Units Type Analysis Min Max Mean Std. dev Model 

Y1 Absorbance 
ratio 

nm ratio Polynomial 0.75 0.9 0.815 0.0419524 Quadratic
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Table 3 Experiment result for optimization 

No Run Wavelength Absorbance ratio 

1 7 500 0.9 

2 16 500 0.9 

3 2 575 0.86 

4 15 725 0.78 

5 11 800 0.75 

6 3 800 0.75 

7 9 650 0.81 

8 8 650 0.81 

9 4 650 0.81 

10 5 650 0.81 

11 13 650 0.81 

12 6 650 0.81 

13 12 650 0.81 

14 14 650 0.81 

15 1 650 0.81 

16 10 650 0.81 

Furthermore, as proposed by Zawawi et al. [21], the absorbance ratio value can be 
used to assess the stability level of TiO2-POE nanolubricant based on this discovery. 
By comparing the baseline absorbance (A) to the final absorbance (Ao) given by 
Eq. 1, the absorbance ratio ( Ār) is estimated. 

Ar = A 
A0 

(1) 

3.2 Analysis of Variant (ANOVA) 

Table 4 summarizes the results of the ANOVA for the response surface quadratic 
model study. Table 4 presents the statistical results based on the ANOVA. The model 
is significant because it has a p-value of 0.0001, less than 0.05, and an F-value of 
2154.24. The significance of each component was also determined using F-values 
and p-values [22–24]. The bigger the degree of the F value and the lower the p-value, 
the more significant the relevant coefficient terms are [25–27]. Models A-wavelength 
and A2, with F values of 4205.08 and 103.40, respectively, are similarly significant 
in this scenario. 

The coefficient of determination (R2) of 0.9970, which has a good agreement with 
the adjusted R2 of 0.9965, supports this conclusion. This model has a high replication
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Table 4 ANOVA response summary 

Source Sum of squares df Mean square F value p-value Remark 

Model 0.026 2 0.013 2154.24 <0.0001 Significant 

A-wavelength 0.026 1 0.026 4205.08 <0.0001 

A2 6.317E−004 1 6.317E−004 103.40 <0.0001 

Residual 7.942E−005 13 6.109E−006 

Lack of fit 7.942E−005 2 3.971E−005 

Pure error 0.000 11 0.000 

Car total 0.026 15 

Table 5 Coefficient of 
determination 

Parameters Value 

Standard deviation 2.472E−003 

Mean 0.82 

CV % 0.30 

Press 1.085E−004 

R-squared 0.9970 

Adjusted R2 0.9965 

Prediction R2 0.9959 

Adequate precision 141.192 

rate, ensuring that the results are precise and consistent. This condition is indicated 
by a shallow pure error value of 0.000. The coefficient of determination indicates 
a significant value in this investigation, indicating that wavelength determination 
positively influences the absorbance ratio assessment [22, 28, 29] as shown in Table 
5. 

The regression model’s appropriateness was determined using residuals and resid-
uals versus predicted plots as depicted in Fig. 2a, b. The present work findings and 
estimated points are clustered along with the normalcy graph as shown in Fig. 2(a), 
confirming the analytical system’s consistency [30, 31]. As illustrated in Fig. 2, the  
residual, on the other hand, are scattered uncertainly through the reference line with 
no discernible pattern. Figure 3 approves the predicted value’s closeness to the actual 
value. Based on the graphs, it can be justified that the quadratic model is satisfacto-
rily reliable to establish the relationship between the investigated boundaries and the 
variable. The variable influenced the change in absorbance ratio, namely wavelength 
determination.
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Fig. 2 a Normal plot of residuals; b correlation amid residuals and predicted the plot of present 
work findings 

Fig. 3 Correlation amid predicted and the actual plot of present work findings 

3.3 OFAT Optimization Solution 

Figure 4a depicts the relationship between absorbance ratio and wavelength. As 
shown in the graph, there is a trend that the shorter the wavelength, the higher the 
absorbance ratio. The wavelength with the lowest absorbance is 800 nm, while the 
wavelength with the highest absorbance is 500 nm. In Fig. 5b, the optimal wavelength 
is determined by the highest desirability value. As a result, the graph shows that the 
highest desirability value, 1.0, is in the 500 nm range. This investigation reveals that 
the best wavelength determination value is in the 500 nm range, with an absorbance 
ratio of 0.901239, as shown in Fig. 5. This finding is consistent with what has been 
published in the literature [32–34].
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Fig. 4 Aplot of  a absorbance ratio as the dependent of wavelength determination and b wavelength 
criteria based on the desirability of OFAT optimization 

Fig. 5 Ramps plotting of optimum absorbance ratio as the dependent of wavelength determination 

4 Conclusion 

The prepared TiO2-POE nanolubricant sample was analyzed experimentally using 
UV visible spectrophotometry. Based on the findings, it is reasonable to conclude 
that there is an increasing absorbance value with decreasing wavelength level in 
UV visible spectrophotometry measurements. The results of the ANOVA analysis 
show that the response of the quadratic model is a reliable model for explaining 
the significance of the positive effect between the wavelength determination and the 
optimum absorbance ratio results. This synthesis is backed by a significant F test 
result of 2154.24 and validated by the regression coefficient R2 0.9970. The adjusted 
R2 value of 0.9965 agrees well with the R2 value. The optimum wavelength is deter-
mined based on the maximum absorbance value with the highest high desirability 
approaching the value 1. As a result, OFAT analysis suggests that the optimum wave-
length be determined in the UV visible spectrophotometry TiO2-POE analysis in the 
range of 500 nm with an absorbance value of 0.901239 and desirability level 1.0. 
Future studies are needed to conduct analysis tests on other types of nanolubricants. 
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Abstract This project aims to investigate the effects of capillary size and shape 
toward the brain tissue poroelastic properties model using asymptotic expansion 
homogenization (AEH). Applying AEH to the existing poroelastic governing equa-
tions (GE) results in a new GE consists of 6 macroscale equations and 4 microscale 
cell problems. The cell problems are solved on a microstructure geometry of brain 
tissue with capillary embedded to obtain effective parametric tensors, namely the 
capillary and interstitial hydraulic conductivity (K and G), capillary and intersti-
tial homogenous Biot’s coefficient (αc and αt ), Young’s modulus (E) and Poisson’s 
ratio (v). By varying the tortuosity, the percentage difference of K is 97.98%, shows 
that it is highly affected by tortuosity. The percentage difference of G is 0.25% 
implying that tortuosity insignificantly affecting G. Meanwhile, αc and αt decreases 
and increases with tortuosity, respectively. The percentage difference of E and v are 
0.14% and 0.03% respectively, implying that both parameters does not affected by 
tortuosity. Besides, K is exponentially increases with the increase of radius. On the 
other hand, G decreases as the radius increases. Meanwhile αc and αt increases and 
decreases, respectively as radius increases. The percentage differences of E and v 
are 18.26% and 14.55% respectively, suggesting that they are significantly affected 
by the radius. In conclusion, capillary shape and size have significant impact on the 
simulation of human brain. Thus, both characteristics should be precisely empha-
sized in the development of the geometry so that accurate parameters can be obtained 
to solve macroscale equations in future. 
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1 Introduction 

Stroke is described as a damage to the brain tissues due to the abnormalities in the 
blood supply to the brain, which gradually leads to brain tissue damage and death 
[1]. It is ranked as one of top five leading causes of death and also a major cause of 
permanent disability in the world [2]. Based on the report by World Stroke Organiza-
tion, one in six people will have stroke in their lifetime, and more than 13.7 million 
suffer stroke every year resulting in 5.8 million people die [3]. In Malaysia, stroke 
is the third leading cause of mortality, which comprised about 9.8% of total death 
[4], causes a significant economic burden to the country [5]. The Global Burden of 
Disease Report (2016) projects stroke to be the second leading cause of mortality by 
2040 [6]. 

With the latest advancement in medical technology, various treatments have been 
proposed to treat stroke. However, there are issues regarding the effectiveness of 
applying these treatments to patients. For example, apart from the thrombolytic 
recombinant tissue plasminogen activator (rtPA), there is no effective drugs that can 
be given to patients soon after stroke onset to minimize the subsequent neurological 
problems [7]. About 50 drugs have reached clinical trials but failed due to their 
toxicity and lack of demonstrable efficacy. In fact, even rtPA can only be used to 
treat selected patients and not without risk. These problems are mainly due to lack 
of understanding of the formation and recovery process of ischaemic stroke during 
treatment [8]. 

In order to understand the mechanism of ischaemic stroke formation, several 
animal studies have been performed [9]. Rodent stroke models have been widely used 
in ischaemic stroke research due to their advantages, including low cost, logistical 
ease, and simple ethical standards [10]. However, stroke models using small animals 
have significant differences from humans in term of physiological and pathophys-
iological characteristic [11]. Alternatively, large animals were proposed to be used 
since they are analogous to humans in genetic background, behavioral characteristics, 
concurrent complications, risk factors for cerebrovascular diseases and anatomical 
structure of brain tissues and blood vessels [12]. However, large animal models also 
have many disadvantages such as high maintenance costs, with lacking of physi-
ological information, involving complicated ethical issues, and stroke models are 
also relatively more difficult to prepare [13]. Therefore, mathematical models are 
usually developed as an alternative solution to test hypotheses related to a particular 
biological processes in ischaemic stroke. 

There are many mathematical models that have been developed to simulate 
different parts of the brain covering a wide range of length scales [14–18]. For 
example, Payne developed models of the whole brain [14], whereas Su et al. created 
artificial capillary networks that mimic statistical data obtained from human statis-
tical data obtained from human cerebral tissue sample [15]. On the other hand, 
Cloutier et al. [16] and Orlowski et al. [17] focus on modelling the biochemistry 
of cell metabolism. Meanwhile, Mokhtarudin et al. has developed a brain model to 
study the formation of brain oedema after ischaemic stroke reperfusion treatment
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[18]. In their model, the brain is assumed as a homogenized structure where the 
blood pressure is constant throughout the brain, while the shape and size of brain 
capillaries are assumed to be similar all over the brain. However, in actual brain, 
there are complex network distribution of brain capillaries with positive skewness 
distribution [19]. 

Histogram of the experimental data has been converted into a discrete form of 
capillary distribution by Su et al. in order to do a direct comparison with simulation 
models, which reported that the vessel length histogram reflects a left-shifted distri-
bution [15]. Since the brain capillaries have a skewed distribution instead of homoge-
nous as assumed in the existing model, hence the assumptions in Mokhtarudin et al. 
should be reconsidered to allow for a complete modelling of ischaemic stroke effect. 

However, human brain consists of large number of microvessels or capillaries 
(about tens of billions), which makes any modeling approach with an explicit archi-
tectural representation to the scale of capillaries difficult [20]. The main limitation 
is that the computational cost of the simulations grows quickly with the number of 
microvessels. According to Linninger et al., the most advanced computations avail-
able nowadays have reached a volume of about 30 mm3 or equivalent to 25,000 
vessels, which is far lower than what would be required for a complete brain simula-
tion [21]. With normal simulation computer, simulation of the complex brain capillary 
networks will be considerably costly and time consuming, unless some modifications 
are performed to simplify the model. In order to overcome this limitation, a modifica-
tion on the existing model is introduced to include complex brain capillary networks 
using multiscale modelling technique. One example of multiscale modelling tech-
nique is asymptotic expansion homogenization (AEH). AEH is a technique used to 
separates a complex governing model into two different scales; the homogenized 
brain and capillary distribution, which are governed by macroscale equations and 
microscale cell problems respectively. Microscale cell problems need to be solved 
first in order to obtain certain characteristic parameters that will be used in solving 
the macroscale governing model. 

Thus, this projects aims to investigate the effects of capillary size and shape 
toward the brain tissue poroelastic model using AEH technique in describing the 
brain mechanical and fluid transport properties. Two sets of simulations will be 
performed using this idealized geometry, (1) varying the tortuosity or twistedness 
shape of the capillary, (2) varying the radius or size of the capillary. 

2 Mathematical Model 

This section will describe in brief the homogenized governing equations and the 
respective cell problems used for the investigation of the effect of the capillary 
morphology in the brain tissue.
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2.1 Governing Equation and Asymptotic Expansion 
Homogenization 

Consider a volume � ⊂ R3 such that � = �t ∪ �c, where �t and �c represent the 
poroelastic tissue and fluid compartment in the capillary respectively. The interface 
between the two compartments can be defined as Γ = ∂�t ∩ ∂�c. Figure 1a shows  
an example of capillary distribution within a brain tissue, captured using micro-
angiogram, while Fig. 1b shows a 2D illustration of brain tissue that consists of 
poroelastic tissue interstitial and capillary. The brain tissue is governed by poroelastic 
equations, which consists of stress balance, the Darcy’s Law, and mass conservation 
equations. Meanwhile, the blood flow in the capillary is governed by the Navier-
Stokes equations. 

To allow for the application of the AEH method, the scale separation between the 
intercapillary distance and the tissue length must be large. Assumed that the typical 
pore scale, r is much smaller than the distance between two adjacent microvessels, 
d, while d is in turn much smaller than the average size of the domain L. Thus, 
r � d � L . This can be illustrated in Fig. 2. A small parameter ∈ satisfying: 

Fig. 1 a Capillary distribution within brain tissue, captured using micro-angiogram, b 2D 
illustration of brain capillary distribution 

Fig. 2 Multiple scale of brain tissue; the macroscale, the microscale and the pore scale
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Fig. 3 Representation of actual capillary distribution with an ideal capillary model 

∈  =  
d 

L
� 1 (1)  

Which means that the sharp scale separation between L and d (or macroscale and 
microscale) enables the application of the AEH technique. Further, two independent 
spatial variables y and x are defined, such that: 

x =∈  y (2) 

each corresponds for the macroscale and microscale space coordinates. 
Applying AEH results in 6 new governing equations, which consists of 6 homog-

enized macroscale equations, in which the parameters can be determined by solving 
4 microscale cell problems on a periodic microstructure. Figure 3 shows the repre-
sentation of the brain and capillary to an idealized periodic microstructure of brain 
tissue. 

Instead of solving the blood flow and brain mechanics on the whole brain, which 
could be time consuming and costly, the AEH technique enables the simulation to be 
done by part; (1) firstly, the microscale cell problems will be solved on one repeating 
unit of the ideal brain tissue with capillary embedded microstructure geometry; and 
then, (2) the results obtained will be used to calculate the parametric tensors, which 
will be used to solve the homogenized macroscale equations on a whole brain geom-
etry. By applying this technique, we can significantly reduce the computational cost 
and time of the simulation. The subsequent sections will describe the macroscale 
and microscale equations obtained from the AEH technique.
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2.2 Homogenized Macroscale Governing Equations 

Homogenizing the poroelastic and Navier-Stokes coupled equations results in a set of 
homogenized macroscale equations analogous to the double Darcy poroelastic equa-
tions. More specifically, referring to the equations (153)–(157) in [22]. In general, 
these equations are made of a stress balance equation and two Darcy’s equations, 
one for each fluid compartment. Nevertheless, the study here will present several 
assumptions to simplify the homogenized governing equations proposed by [22], 
which specifically used to solve brain tissue swelling problem. Firstly, the brain 
tissue swelling can be assumed as a quasi-steady process because its development is 
of the order of hours and days. Secondly, the brain tissue, blood and interstitial fluid 
are assumed to be incompressible, thus the Biot’s coefficients are assumed to equal 
1. 

Applying the aforementioned assumptions, the stress balance equation is given 
as: 

∇x · σH = 0 (3)  

where σH is the effective stress given by: 

σH = C :  ∇xu − αc Pc − αt Pt (4) 

Here u, Pc, and Pt represent the tissue displacement, capillary fluid pressure, and 
interstitial fluid pressure field respectively. The effective stress σH is the sum of the 
tissue stress and stress contributions from the fluid pressures in the capillary and 
interstitial fluid. The terms C , αc, and αt represent the effective elasticity tensor and 
the effective Biot’s coefficient tensors for capillary and interstitial fluid respectively. 
These tensors are further defined as: 

C = 〈(CLC + C)〉t (5) 

αc = (φcI − 〈C : Q〉t) (6) 

αt = (〈C : Q〉t + φtI) (7) 

where I is the identity tensor, while φc and φt are the volume fractions for the 
capillary and interstitial compartments respectively. Further, the tensors L and Q are 
to be calculated from the microscale cell problems. 

The fluid pressure distributions are defined using mass balance equations as: 

1 

Mc 
Ṗc =  −∇x · 〈wc〉c − αc :  ∇xu̇ + 

1 

Mc 
Ṗt + 

|Γ | 
|Ω| L pΦ (8)
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1 

Mt 
Ṗt =  −∇x · 〈wt〉t − αt :  ∇xu̇ + 

1 

Mc 
Ṗc − 

|Γ | 
|Ω| L pΦ (9) 

where 1 
Mc 

and 1 
Mt 

are the effective capillary and interstitial fluid relative compress-

ibility respectively. Meanwhile, |Γ |, |Ω|, and L p are the total area of the interface 
, 
the volume of the microstructural geometry, and the hydraulic conductivity through 
capillary walls. Lastly, the term Φ represents the fluid transfer between the two fluid 
compartments depending on the pressure difference, given by: 

Φ = Pc − Pt (10) 

The average relative velocities 〈wc〉c and 〈wt 〉t over respective fluid compartments 
are related with their respective pressure fields through Darcy’s law:

〈wc〉c =  −K∇x Pc (11)

〈wt 〉t =  −kG∇x Pt (12) 

Here the terms K and kG are the effective hydraulic conductivity for the capillary 
and interstitial, respectively with k is the brain interstitial hydraulic conductivity. The 
tensors K and G are also to be determined by solving the microscale cell problems. 

2.3 Microscale Cell Problems 

The tensors presents in the homogenized macroscale equations described above must 
be calculated beforehand using the microscale cell equations solved on a brain tissue 
microstructure. The microscale cell problems are described in the following sections. 

Laplace Cell Problem. The interstitial fluid conductivity tensor G can be calculated 
by averaging the following over the interstitial space volume: 

G = φtI −
〈(∇y Pt

)T〉
t 

(13) 

where the auxiliary interstitial fluid pressure Pt can be determined by solving the 
following Laplace’s cell equations on the microstructural geometry: 

∇2 
y Pt = 0 in  Ωt (14)

(∇y Pt
)
n = n on Γ (15)
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〈Pt 〉t = 0 in  Ωt (16) 

This is supplemented by periodicity conditions. 

Stoke’s Cell Problem. The effective blood conductivity tensor K can be calculated 
by averaging the auxiliary velocity W over the capillary volume: 

K = 〈W〉c (17) 

where the auxiliary velocity W and capillary pressure Pc must be first calculated by 
solving the following Stokes’ cell equations on the microstructural geometry: 

∇2 
y W

T −  ∇y Pc + I = 0 in  Ωc (18) 

∇y · WT = 0 in  Ωc (19) 

WT = 0 on  Γ (20)

〈Pc〉c = 0 in  Ωc (21) 

This equation is supplemented by periodicity conditions on the microstructural 
geometry and I represents the identity tensor. 

One-elastic Cell Problem. Tensor Q can be calculated using formula as following: 

Q = 〈∇ya
〉

(22) 

where auxiliary vector, a can be calculated by solving the one-elastic cell equations 
on microstructural geometry: 

∇y ·
(
C∇ya

) = 0 in  Ωt (23)

(
C∇ya

)
n =  −n on Γ (24)

〈a〉t = 0 (25) 

where n is normal vector to Γ , and C = C(E,  v) is the elasticity modulic, which 
can be represented by Young’s modulus and Poisson’s ratio, of the porous solid 
compartment. 

Six-elastic Cell Problem. Tensor L is a fourth rank tensor, defined as:
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L = 〈∇y A
〉

(26) 

where third rank tensor, A can be calculated by solving the six-elastic cell equations, 
in component form, are described as: 

∂ 
∂y j 

·
(
C 

∂ Akmn 

∂yl

)
= 0 in  Ωt (27) 

C 
∂ Akmn 

∂ yl 
n j =  −δimδ jnn j on Γ (28)

〈A〉t = 0 (29) 

2.4 Varying Capillary Tortuosity and Radius 

In order to investigate the effect of capillary tortuosity towards parameter G, K, Q and 
L, the simulation is repeated by making the capillary more twisted or more bending. 
Figure 4 shows 4 samples of tortuosity variation used, where the twisted shape of the 
capillary is governed by the function, f (s) = Asin(2π  ωs/ l). ω and A represents 
the frequency and amplitude of twisted shape respectively. The straight capillary 
in Fig. 4a represents the lowest tortuosity, whereas Fig. 4d represents the highest 
tortuosity with ω and A equal 3 and 1 respectively. The high tortuosity capillary 
can be used later to represent the ischaemic stroke since the blood flow within the 
capillary is relatively slow compared to the normal or straight capillary. 

Another set of simulation is done to investigate the effect capillary size or radius 
towards the parameter. Figure 5 shows 3 samples of radius variation used in the 
simulation, where (a) represents the smallest radius, 0.02 and (c) represents the 
biggest radius used, 0.8. For this part, the small capillary radius can be used later to 
represent the constriction of the capillary due to thrombus formation at the capillary

Fig. 4 A few examples of capillary tortuosity variation used for the simulation; a represents the 
lowest tortuosity and, d represents the highest tortuosity
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Fig. 5 Examples of capillary radius variation used for the simulation 

wall. Besides, it can also be used to represent the secondary stroke formation due to 
capillary compression during vasogenic oedema.

3 Results and Discussion 

Figures 6 and 7 show the example of the simulation results obtained when solving 
the four cell problems for the straight capillary case. The results then can be used to 
calculate the parameters G, K, Q and L using the Eqs. (13)–(29). 

3.1 Capillary Hydraulic Conductivity, K 

Hydraulic conductivity is a property that describes the ability of fluid moves through 
a porous media [23]. It can be seen in Fig. 8a that the value of K decreases as the 
tortuosity of the capillary increases. 

Fig. 6 Example of simulation results of the cell problems to obtain the parameters, a G, b  K and, 
c Q
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Fig. 7 Example of simulation results of the cell problems to obtain parameter L 

Fig. 8 Graph of parameter K against a capillary tortuosity and, b capillary size 

It is reported that hydraulic conductivity is dependent on factors such as soil 
structure, particle size distribution, roughness, tortuosity, shape and degree of inter-
connection of fluid conducting pores. In the study of hydraulic conductivity of soil, 
it is used as a measure of the ease with which water moves through soil, where the 
higher the hydraulic conductivity, the greater the flow rate [24]. From the simulation 
results obtained, it can be said that the high tortuosity shape has reduced the ease 
of fluid flow within the capillary, thus reducing the hydraulic conductivity of the 
capillary. The percentage difference between ω1 and ω3 is very large, which is about 
97.98%. Therefore, it can be concluded that the hydraulic conductivity is highly 
affected by the tortuosity of the brain capillary. 

The effect of capillary size (or radius) variation against K can be seen in Fig. 8b, 
where it is exponentially increased with the radius. An increase in radius or diameter 
means there is less blood contacting the vessel wall, thus lowering the friction and 
resistance subsequently, increases the flow. The influence of capillary lumen radius on
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resistance is really significant because a slight change in radius causes a huge change 
in resistance. This is because resistance is inversely proportional to the radius of the 
blood capillary to the fourth power (R ∝ 1/r4). 

3.2 Interstitial Hydraulic Conductivity, G 

The interstitial hydraulic conductivity, G describes the ease of fluid moves through 
pore spaces or fractures and is highly dependent on the interstitial volume. Effects of 
capillary tortuosity towards G can be seen in Fig. 9a, where the value of G increase 
as the tortuosity increases. 

As we can see in Table 1, as the capillary tortuosity increases, volume of the 
interstitial space is also increases. Therefore, the fluid flow within the interstitial space 
will also increases, resulting in higher conductivity as shown in Fig. 9a. However, 
the percentage difference of parameter G between ω1 and ω3 is only about 0.25%, 
implying that the tortuosity is insignificantly affecting G. 

Meanwhile, G value decreases as the capillary radius increases as shown in Fig. 9b. 
Capillary with bigger radius has a bigger vascular volume with smaller interstitial 
space assuming the volume of the cube is constant. 

Fig. 9 Graph of parameter G against a capillary tortuosity and, b capillary size



Multiscale Modelling of 3-Dimensional Brain … 217

Table 1 Interstitial and capillary volume variation for each capillary tortuosity setting 

Amplitude, A Frequency, ω Interstitial volume Capillary volume 

0 0 6.148 0.082 

0 1 6.148 0.082 

0 2 6.148 0.082 

0 3 6.148 0.082 

0.018 0 6.148 0.082 

0.018 1 6.149 0.081 

0.018 2 6.150 0.080 

0.018 3 6.151 0.079 

0.035 0 6.148 0.082 

0.035 1 6.150 0.080 

0.035 2 6.153 0.077 

0.035 3 6.157 0.073 

0.053 0 6.148 0.082 

0.053 1 6.151 0.079 

0.053 2 6.157 0.073 

0.053 3 6.162 0.068 

0.070 0 6.148 0.082 

0.070 1 6.153 0.077 

0.070 2 6.160 0.070 

0.07 3 6.165 0.065 

3.3 Parameter Q 

Parameter Q alone has no physical meaning. However, calculating the homogenous 
Biot’s coefficient of interstitial and capillary, αc and αt require parameter Q. Biot’s 
coefficient measures the ratio of the fluid volume squeezed out to the volume change 
of the poroelastic medium if the medium is compressed while allowing the water to 
escape [25]. Thus, it is dependent on the volume of the poroelastic medium and the 
capillary. 

In Fig. 10a, as the capillary tortuosity increases, αc decreases for all frequencies, 
ω1–ω3. This is because of the reduction of the capillary volume when capillary 
tortuosity increases as shown in Table 1. Meanwhile, Fig. 10b shows the value of αt 

increases with capillary tortuosity. As previously explained, volume of poroelastic 
tissue and interstitial space increase with tortuosity, thus more volume of fluid can 
be squeezed out of the medium resulting in higher αt . 

For radius variation, the changes of αc and αt against capillary radius are shown 
in Fig. 11. As radius increases, αc also increases which again related to capillary 
volume increment and more fluid can be squeezed out. Instead, αt decreases as radius 
increases. Since the cubic volume of the capillary model is constant, the increment of
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Fig. 10 Graph of a αc and, b αt against capillary tortuosity 

Fig. 11 Graph of a αc and, b αt against capillary radius 

capillary volume results in the reduction of the interstitial space volume. As a result, 
less fluid can be squeezed out of the medium and thus, lower αt . 

3.4 Parameter L 

Parameter L alone does not have a clear physical meaning. However, L can be used 
to calculate the homogenized Young’s modulus and Poisson’s ratio using Eqs. (4–7). 

Figure 12 shows both E and v variations with the capillary tortuosity. Here, 
the variations are 0.14% and 0.03% respectively. Since the percentage is small, the 
capillary tortuosity does not significantly affecting E and v. 

Different trends can be seen on E and v when the capillary radius is varied as 
shown in Fig. 13. The  value of  E and v decrease until radius about 0.4. After that, the 
E and v values increase as radius increases. The percentage changes of E and v are
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Fig. 12 Graph of a v and, b E against capillary tortuosity 

Fig. 13 Graph of a v and, b E against capillary radius 

18.26% and 14.55% respectively. It can be concluded that E and v are significantly 
affected by radius variation. 

4 Conclusions 

By applying the AEH technique, the existing governing equations are changes into 
new governing equations consist of macroscale equations and microscale cell prob-
lems representing cerebral tissue and capillary. In this report, 4 microscale cell prob-
lems are solved in ideal capillary model to obtain the important parameters, namely
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the capillary and interstitial hydraulic conductivity (K and G), capillary and intersti-
tial homogenous Biot’s coefficient (αc and αt ), Young’s modulus (E) and Poisson’s 
ratio (v). Tortuosity and radius variations are then applied to the ideal capillary 
model in order to investigate the effects of shape and sizes of the capillary towards 
the parameters. As a result, K is significantly affected by both tortuosity and radius, 
G, E and v are only affected by the radius, while αc and αt are affected by both 
tortuosity and radius. In conclusion, capillary shape and size have significant impact 
on the simulation of human brain, especially for ischaemic stroke study. Both char-
acteristics should be precisely emphasized in the development of the geometry so 
that accurate parameters can be obtained to solve macroscale equations in a bigger 
brain geometry. 
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Tribological Performance Effect of SiO2 
and TiO2 Nanoparticles as Lubricating 
Oil Additives 

M. F. Ismail and Wan Azmi Wan Hamzah 

Abstract Friction is one of major concern in mechanical movement while the lubri-
cant is one of solution to counter it. The additive of nanoparticles in lubricant may 
improve its tribological performance. The current study focusses on the effect of 
SiO2 and TiO2 nanoparticles as additive in PVE lubricant. The new solution namely 
nanolubricant was prepared at three different concentrations. The nanolubricants 
were characterized using TEM and its stability was evaluated up to 30 days. Four-ball 
method was used to determine the effect of nanoparticle concentration on coefficient 
of friction (COF) and wear scar diameter (WSD). The results reveal that nanoparticle 
additive provide better COF at low volume concentration. The COF for nanolubricant 
at volume concentration less than 0.010% for TiO2 and less than 0.005% for SiO2 

attained lower than pure PVE lubricant. The results for WSD also were in agreement 
with the trend of COF. Therefore, the nanolubricant has potential to provide better 
friction coefficient performance for lubrication application. 

Keywords Nanolubricant · Tribology · Coefficient of friction ·Wear scar 
diameter · Four-ball test
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1 Introduction 

Sustainable development is the new focus of the whole society in this modern era. 
Energy efficiency on machine and devices always be the main topic circulate among 
engineers and researcher to have better environment for the next generation. The 
improvement on machine components and mechanism pairs may lead to increase 
devices performance thus increase its energy efficiency. Therefore, lubrication was 
introduced in the mechanical motion to improve its tribological performance. 

The goal of tribological study is to reduce friction and wear. The study to fine better 
lubricant for mechanism are always in focus in the recent study. The introduction of 
nanoparticle additive in lubricant oil opens a new chapter in research and development 
since decades ago [1]. Starting from the nanofluids, the idea already expands to 
nanolubricants, nanopaints and other application that taking advantage of nanosized 
material for better performance [2]. In tribological aspect, nanolubricants had shown 
positive impact on several application including engine, compressor, and heat transfer 
equipments [3–5]. 

The material used as nano-additive shows positive advancement from time to time. 
Each of this material has its own advantages in such application. For instance, ZnO 
nanoparticles was used as additive in mineral oils that intent to be used in domestic 
refrigeration systems. ZnO nanoparticles successfully reduce the friction coefficient 
that leads to a significant reduction in friction coefficient inside the compressor [5]. A 
refrigeration system with R-32 refrigerant also being applied with diamond nanopar-
ticles that dispersed in polyol ester (POE) lubricant for compressor lubrication. The 
results show a reduction in friction up to 4% and wear reduces to 30% compared to 
lubricant without nanoparticles [6]. 

For a relatively new lubricant like polyvinyl ether (PVE), studies related to 
nanoparticles dispersion is limited in literatures. Even the PVE lubricant has the same 
compatibility with POE lubricant, its advantages in several property make it favor-
able lubricant for low global impact refrigerant. PVE lubricant does not hydrolyze 
thus hydrolysis is not required. It can greatly improve capillary tube blockage and 
eliminate the use of filter dryer. PVE lubricant also has flexible polymer properties 
thus the viscosity and miscibility can be optimally modified [7]. 

The physical properties of PVE lubricant with CuO nanoparticles had been 
conducted by Motozawa et al. [8]. However, the studies only focus on thermal 
conductivity, viscosity and dielectric properties. The tribological studies on PVE 
with nanoparticles additive had not been investigate yet. In this paper, the tribolog-
ical property was investigated by using SiO2 and TiO2 nanoparticles as additive in 
PVE lubricant. The tribological property of nanolubricant will be compared with 
pure PVE lubricant to identify the changes in its tribology performance.
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2 Methodology 

2.1 Preparation of Nanolubricants 

The base lubricant used in the current study is a type of poly vinyl ether (PVE). The 
PVE lubricant was commercially used as a compressor lubricant especially for refrig-
eration system. It has good compatibility with hydrofluorocarbon (HFC) refrigerant 
which has low global warming potential (GWP) level than other synthetic refriger-
ants. The physical properties of PVE lubricant for the current study is shown in Table 
1. The SiO2 and TiO2 nanoparticles were procured from HWNANO (Hongwu Inter-
national Group Ltd and DKNANO (Beijing Deke Daojin Science and Technology 
Co., Ltd.), respectively. Both nanoparticles have high level purity more than 99.9%. 
Table 2 summarized the material properties of the nanoparticles. 

The preparation of nanolubricants was undertaken in a control laboratory with 
good ventilation system under room temperature. The personnel that conduct the 
preparation was equipped with proper personal protective equipment (PPE) for safety 
precautions. Nanolubricants were prepared with two-step method and widely being 
used by previous researchers [9–11]. Glass beakers were used to fill the pure lubricant 
that measured using measuring cylinder. A four-decimal accuracy weight balance 
was used to measure the quantity of nanoparticles required for each concentration 
presented in Eq. (1). 

φ = m p/ρp 

m p/ρp + mL /ρL 
× 100% (1) 

Table 1 Properties of PVE 
lubricant base 

Property PVE FVC68D 

Dynamic Viscosity, mm2/s @ 40 °C 68.1 

Dynamic Viscosity, mm2/s @ 100 °C 8.04 

Pour Point, °C −37.5 

Flash point, °C 204 

Density, kg/m3 @ 15 °C 936.9 

Table 2 Material properties 
of TiO2 and SiO2 
nanoparticles 

Property Unit TiO2 SiO2 

Molecular mass g/mol 79.87 60.08 

Density Kg/m3 4230 2220 

Average particle diameter nm 50 30 

Specific heat J/kg·K 692 745
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where φ is the volume concentration in percent, m p and mL are the masses of 
the nanoparticles and lubricant, respectively; and ρL and ρL are the density of 
the nanoparticles and density of lubricant, respectively. The nanolubricants were 
prepared in three different concentrations: 0.005, 0.010 and 0.030%. A magnetic 
stirrer was used to mix the nanoparticles with lubricant for 30 min. The stirring 
process breaks the solid particle agglomerations into smaller size using mechanical 
agitation method. After that, the homogenizing process took place using ultrasonic 
bath. The sonication process was done using FB15051 by Fisherbrand with 200 W 
power and 50 MHz frequency. After the homogenizing process completed, 15 ml 
samples were poured into test tube for visual stability inspection and the balance of 
nanolubricants were used in tribological test. 

2.2 Tribological Test 

The tribological performance of the nanolubricants were investigated using four-
ball method. The test was conducted using Koehler Four-Ball Tribo Tester. The 
present nanolubricants are intentionally to be used as compressor lubricant in vapour 
compression refrigeration system. The four-ball method is the best to mocking the 
mechanical movement in rotary compressor. The test was carried out according to 
ASTM D4172 standard. The balls are used steel chromium type with G20 standard 
that conforms to ISO 3290. The Fig. 1 depicted the tribology machine of the current 
study. Three balls were kept in the sample handler and tighten. Lubricant sample is 
filled the space until all three balls are submerged. The fourth ball is located inside 
the machine that will touch the three bottom balls during the experiment. Load was 
added on the load handle until it reached up to 40 kg. A heater was used to maintain 
the sample temperature at 75 °C. The rotational motion of the top ball will generate 
the torque forces on sample handler. The data logger collects the output from the

Sample 
compartmentData display 

Microscope 

Data logger 

Load handle 

Sample handler 

Bottom balls 

Torque sensor 

Fig. 1 Four-ball tribo tester
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motion and calculates the coefficient of friction (COF). Each test running up to 3600 s 
and the average of COF is considered in the analysis.

3 Results and Discussion 

3.1 Nanolubricant Characterization and Stability 

The nanolubricants was characterized using transmission electron microscopy 
(TEM). Figure 2 shows TEM images for TiO2 and SiO2 nanoparticles dispersed 
in PVE lubricant. The images were captured with high resolution of up to 100,000. 
The nanoparticles are observed in well dispersion with some portion of agglomer-
ation. The size of nanoparticles for TiO2 and SiO2 are identified as 30 and 50 nm, 
respectively and within the range of manufacturer data. 

The stability of nanolubricants were evaluated by visual inspection. Under steady 
condition, the photo of nanolubricants were captured on daily basis from the first 
day until 30 days of preparation. The results in Fig. 3 show that the nanolubricants 
has good stability up to 30 days after preparation. Some sedimentation appeared at

(a) TiO2/PVE (b) SiO2/PVE 

TiO2 

SiO2 

Fig. 2 TEM images of nanoparticles in PVE lubricants 

SiO2/PVE  φ (vol. %) 
0.005    0.010   0.030 

TiO2/PVE  φ (vol. %) 
0.005 0.010 0.030PVE  

Fig. 3 Pure PVE lubricant and nanolubricants at different concentrations
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the bottom of the test tube, but the sedimentation happened due to the gravitational 
effect only.

3.2 Tribological Performance of Nanolubricants 

Effect of nanoparticles to coefficient of friction 

The coefficient of friction (COF) is the common parameter to determine the frictional 
property of any lubricant. The COF can be interpreted as in Eq. (2) and influenced 
by the frictional torque T f (kg·cm) and the load applied on the contact surfaces, W 
(kg). 

CoF = 2.23004 T f 
W 

(2) 

The COF of nanolubricants are compared relatively with the COF of pure lubricant 
to identify the tribology performance improvement due to additive of nanoparticles 
in lubricant. Figure 4 shows the COF of all samples from 1000 to 3600 s. Low COF is 
always recommended for the application in refrigeration system. The COF for pure 
PVE lubricant was identified at 0.11. The nanolubricants at low volume concentration 
has lower COF than pure PVE lubricant however performed greater COF than PVE 
at high volume concentration. The nanolubricants at low volume concentration of 
less than 0.01% shows better COF than higher volume concentration. 
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Fig. 4 Coefficient of friction for SiO2/PVE and TiO2/PVE nanolubricants in comparison with pure 
PVE lubricant
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Fig. 5 The changes of COF by the increment of volume concentrations 

The COF changes of nanolubricants is presented in Fig. 5. The figure shows the 
CoF changes relative to pure PVE lubricant in percentage. It is clearly shown that the 
CoF was increased with volume concentration. The negative sign of CoF represents 
the COF of nanolubricant is lower than pure PVE and vice versa. For SiO2/PVE 
nanolubricants, the COF increased significantly from volume concentration of 0.005– 
0.01%. However, the increment slope slightly decreases when the concentration 
reaches 0.03%. The TiO2/PVE nanolubricant shows a linear increment in CoF by 
the increment of concentration. Interestingly, the COF for nanolubricants at volume 
concentration less than 0.01% is lower than pure PVE lubricant hence performed 
with better tribology properties. 

Effect of nanoparticles to wear scar diameter 

The rotational motion created by the top ball in tribological test may produces dent 
mark on the contact surface of the three bottom balls. Diameter size of the dent 
mark on spherical shape ball can be measured quantitatively. The wear scar diameter 
(WSD) can be used to determine the weight loss from the balls during the test. The 
weight loss during the experiment, Wloss  can be determined using Eqs. (3)–(5). 

Wloss  = Wint  − W f inal (3) 

W f inal  = 1 
3 
πh2 (3R − h) (4) 

h = R −
√  
R2 − r2 (5)
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(a) Pure PVE lubricant (b) SiO2/PVE 0.005% 

Fig. 6 Comparison of wear scar diameter of pure PVE lubricant and nanolubricant 

where Wint  (g) is the initial weight of ball before the experiment; W f inal  (g) is the final 
ball weight after the experiment; R is the radius of ball which is 6.35 mm and r is the 
radius of wear scar in mm. Figure 6 depicted the example of wear scar images. The 
diameter was measured using integrated software with microscope and attached to 
the tribology machine. The WSD for pure PVE lubricant is higher than the SiO2/PVE 
nanolubricant at 0.005% concentration. The trend for WSD is in agreement with the 
COF variation. Higher COF will create bigger size of WSD. 

The decrement and increment of COF nanolubricants and relatively to pure PVE is 
represented the effect of nanoparticles additive in the base PVE lubricant. The small 
volume concentration of nanoparticles in lubricant contributes to better frictional 
between the surfaces. However, more nanoparticles may provide reverse effect to 
the frictional property. It also creates bigger size of WSD on the surface of the ball. 
The SiO2 and TiO2 nanoparticles is small enough to provide rolling and mending 
effect on the surface and generated by frictional between balls. The even distribution 
of nanoparticles in the lubricant increases the lubricant ability to reduce friction. 
However, high number of nanoparticles may create abrasive effect on the contact 
surface. The nanoparticles itself creates resistance between each other and the surface 
in contact with it. Therefore, the friction force between balls increases and may lead 
to high COF and more wear scar. 

4 Conclusions 

The current study applied SiO2 and TiO2 nanoparticles as additive in PVE lubri-
cant to investigate their effect on the tribological performance. The preparation of 
nanolubricant is considered the two-step method. The stability of nanolubricants is 
observed in excellent condition where the nanolubricants are well dispersed for up to 
30 days. The tribological test revealed that the increment of nanoparticle concentra-
tion increased the COF. The COF of nanolubricants is lower than pure PVE lubricant 
at lower volume concentration. However, the COF was increased at high volume 
concentration. The trend for WSD is in agreement with the COF variation. Higher
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COF will create bigger size of WSD. The TiO2/PVE nanolubricant performed with 
better tribological performance up to 0.010% volume concentration while SiO2/PVE 
nanolubricant attained improvement for COF at 0.005% volume concentration only. 
As a conclusion, the SiO2 and TiO2 nanolubricants provide enhancement in tribo-
logical performance especially at low volume concentration and recommended for 
application in refrigeration system. 
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Comparison of Thermal Efficiency 
and Heat Transfer Rate  
on the Fluidized-Bed Combustor Using 
Oil Palm Fuel 

Muhammad Faisal, Erdiwansyah , Muhtadin, Mahidin, Asri Gani, 
Mahyuddin, Rizalman Mamat, Mohd Fairusham Ghazali, 
and Bukhari Manshoor 

Abstract Waste in oil palm biomass is one of the renewable energy sources that can 
be converted into energy. The availability of oil palm biomass which is a renewable 
energy source is currently very adequate. This research will specifically analyze the 
differences in the level of thermal efficiency and heat transfer rates of two different 
types of biomasses. In addition, this comparative analysis was also carried out when 
testing the modification of the perforated plate with the standard plate or without 
modification. The combustion test was carried out in a fluidized-bed combustor 
(FBC) combustion chamber with data measurements using a Digital Thermometer 
brand Hot-Temp HT-306. Palm oil solid waste biomass such as palm kernel shells 
and oil palm fronds were used as testing fuel in this study. The results show that the 
average level of thermal efficiency for palm kernel shell (PKS) and oil palm midrib 
(OPM) fuels, when tested with a modified hollow plate, is 33.59% and 28.31%, 
respectively. Meanwhile, the results of the average thermal efficiency at the time 
of testing the standard plate were 19.77% PKS and 28.29% OPM. The results of 
the heat transfer rate test for standard plates with PKS fuel are 7363.53 W/m2, 
which is lower than after modification, which is 7762.38 W/m2. Meanwhile, the 
results of combustion using OPM fuel were higher when testing the standard plate at
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7289.84 W/m2 compared to 7162.81 W/m2 when testing with a modified perforated 
plate. Overall, testing with the application of modified perforated plates can increase 
the thermal efficiency and heat transfer rate in the FBC chamber. 

Keywords Efficiency thermal · Heat transfer rate · Oil palm fuel · FBC ·
Combustion 

1 Introduction 

Palm oil biomass solid waste is one of the abundant renewable energy sources and 
can be converted into energy, especially biomass power plants. The availability of 
abundant renewable energy sources in Indonesia in general and in Aceh Province, in 
particular, has been conveyed and reported in publications [1–3]. Renewable energy 
technologies that can convert into energy have also been widely discussed in several 
publications [4–11]. The utilization of renewable sources into energy can help to 
reduce dependence on fossil energy which has been depleting in recent years. 

Studies on investigating three types of palm oil processing to support technological 
advancements and renewable energy transitions in the African palm oil industry 
have also recently been discussed [12]. This is done to overcome the emission of 
carbon dioxide (CO2) and nitrous oxide (N2O) which are more commonly found 
in smallholder factories than in large-scale factories with a ratio of 47 and 73%. A 
study of the results of about 100 researchers has been published since the period 
2000–2019 in various scientific journals. The research submitted is generally about 
the technology of producing renewable energy from palm oil biomass waste. This is 
done to contribute to achieving a sustainable energy supply [13]. Research findings 
from several researchers conclude that globally there are around 270.0 million tons 
of biomass sourced from palm oil mill waste every year. This amount is equivalent 
to an energy substitute of 189 million tons of coal. Thus, this amount is estimated 
to reduce around 420 million tons of carbon emissions. Meanwhile, the availability 
of renewable energy sources for solid waste biomass in Aceh Province is currently 
also very adequate if it is utilized and converted into energy [14, 15]. 

The application of perforated plates to analyze the NOx emission characteristics 
of premix micro-combustion systems has also been applied by [16]. The detailed 
chemical-kinetic mechanism for ammonia-oxygen combustion in the developed 
micro-combustion chamber was modeled through three-dimensional (3D) computa-
tion. The effect of diffusion can result in a considerable decrease in the atomic N/O 
ratio, mainly due to the reduction and increase of O2 and H2O. In addition, less N2 

can cause the rate of NO formation to be reduced. Exploration in the combustion 
chamber by making the hole size and position of the single perforated plate has been 
discussed [17]. Based on the results of the research conducted, it shows that the flame 
speed initially increases and then decreases as the hole size increases. The design 
of the perforated plate by varying the initial conditions in the combustion chamber 
with constant volume has also been discussed [18]. The size of the hole and the
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porosity of the flame to the shock wave propagation can affect the intensity of the 
shock wave and the pressure oscillation in the combustion chamber. The application 
of perforated plates in the combustion chamber for certain purposes has been widely 
carried out and published by previous researchers [19–23]. However, of the many 
studies conducted on the application of perforated plates, only a few were found to 
use pure palm oil biomass as fuel. Thus, energy conversion from palm oil biomass 
solid waste sources has a great opportunity to be investigated further. This is because 
the availability of fuel from existing palm oil mill sources is quite promising. 

Perforated plate modification which is applied in this research is specifically to 
analyze the level of thermal efficiency and heat transfer rate. The results obtained from 
this test were compared with the test results using standard plates. The combustion 
testing process is carried out in the FBC combustion chamber using palm oil biomass 
such as PKS and OPM. Furthermore, the purpose of this perforated plate modification 
is to optimize combustion so that the injected fuel can be burned all with excess 
air supply of the modified plate. Measurement data were taken at four different 
points in the FBC combustion chamber. In particular, this study aims to compare the 
combustion performance when using standard and modified plates, especially for 
thermal efficiency, combustion temperature, and heat transfer. 

2 Experimental Setup and Material 

The oil palm biomass combustion chamber used in this study is a fluidized-bed 
combustor (FBC) with the application of a standard plate and a modified perforated 
plate. Experimental setup diagram to analyze the results of thermal efficiency, heat

Fig. 1 Experimental setup
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Fig. 2 Type of fuel and thermometer 

transfer rate, and combustion temperature as presented in Fig. 1. The combustion test 
on each plate was tested using two types of fuel with four different data measurement 
points. The application of the modification of the perforated plate aims to compare 
the test results with the standard plate. This experimental diagram is one of the 
modifications of previous research [24].

The fuel material used in this research is a solid waste of oil palm biomass such 
as palm kernel shell (PKS) and oil palm midrib (OPM). The process of making this 
biomass from start to use takes ±25 days. Each fuel is tested on a different plate to 
determine the optimal combustion rate. While the measurement tool to obtain data 
from the combustion process uses a thermometer with a maximum temperature range 
of 1300 °C. The fuel material and measurement tools used in this test are as shown 
in Fig. 2. 

In a combustion test, the computation of thermal efficiency is a critical variable. Its 
goal is to determine the fuel’s efficiency of combustion. Thermodynamic efficiency 
can be calculated using (Eq. 1) [25]. In addition, the heat transfer calculation tries to 
determine how efficient the combustion furnaces generated in this study are. In this 
test, the heat transfer was calculated using (Eq. 2) [25]. 

ηth  = ma Cp �T 

mb L H V f uel  
(1) 

where 

ηth efficiency thermal 
ma liters of water 
Cp calorific value 
ΔT last value–first value
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mb fuel weight 
LHVfuel lower heating value 

q = M1 − M5 

1 
hoAo + ln( ro1 ri1 ) 

k1 + ln( ro2 ri2 ) 
k2 + ln  ro3 ri3 

k1 + 1 
hi Ai 

(2) 

where 

q Convection heat rate 
M1 Temperature Fluid 
M5 Temperature wall 
ro1 The outer radius of the cylinder 
ri1 Radius in cylinder 
ro2 The outer radius of insulation 
ri2 The outer radius in isolation 
ro3 The cylinder outer radius 
ri3 Radius in the cylinder 
k1 Thermal conductivity of the plate 
k2 Insulating conductivity 
ho Convection heat transfer coefficient 
Ao Outer cross-sectional area 
hi The coefficient in the wall 
Ai Inner cross-sectional area 

3 Result and Discussion 

The combustion process carried out in this test uses a stand-alone plate module 
with a modified perforated plate. The test was carried out in the FBC combustion 
chamber using palm oil biomass fuel (PKS and OPM) which was tested on each 
plate. The modification of the perforated plate applied in this study specifically aims 
to provide an adequate supply of air into the combustion chamber. Measurement 
and data collection of the results of each test using a Digital Thermometer brand 
HotTemp HT-306 at four different points. 

Based on the results of measurements carried out, it shows that the level of thermal 
efficiency recorded on the standard plate is lower than at the time after the modifica-
tion. The average value of thermal efficiency recorded at the time of the application of 
the modified perforated plate reached 33.59% PKS and OPM 30.31%. Meanwhile, 
the average value of thermal efficiency when testing was carried out on standard 
plates was 19.77% PKS and 28.29% OPM, as shown in Fig. 3. The most significant 
increase occurred in the PKS fuel when the plate was modified from the previous one 
without modification. This increase in efficiency level is due to sufficient air supply 
into the combustion chamber when plate modifications are applied.
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Fig. 3 Comparison of efficiency thermal for different fuel and measurement point 

Furthermore, the results of data analysis from the palm oil palm biomass burning 
process and OPM which were tested on standard plates showed different tempera-
ture trends between the two. The level of combustion temperature indicated by the 
combustion of PKS is slightly higher at M-1 875 °C, M-II 935 °C, M-III 775 °C, and 
M-IV 723 °C. Meanwhile, the combustion temperatures recorded from the combus-
tion of OPM respectively reached MI 934 °C, M-II 866 °C, M-III 763 °C, and M-IV 
716 °C as shown in Fig. 4. The measurement results at the MI point show that the 
OPM temperature is higher than the temperature from PKS. Meanwhile, at the M-
II, M-III, and M-IV measurement points, the combustion temperature of the PKS 
is higher than the OPM combustion temperature. However, the temperature trend 
resulting from OPM combustion is more optimal than the PKS combustion temper-
ature trend which shows up and down or is not optimal. The results of the burning 
of oil palm biomass which were tested in the FBC combustion chamber have also 
been carried out by [24]. The highest temperature level obtained from their research 
reached 910 °C. Meanwhile, the highest temperature recorded during this study was 
935 °C. However, the combustion temperature analysis carried out in their study 
compared the combustion temperature based on the weight of the biomass-based on 
the amount of airflow rate. The results obtained from this study were carried out on

Fig. 4 Comparison of temperature for different fuel at standard plate
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a standard plate in the FBC combustion chamber using two types of fuel PKS and 
OPM.

The results of the analysis of the displacement rate tested on the standard plate 
module and after the modification showed different results. The rate of heat transfer 
from the combustion of PKS fuel shows a higher yield after modification of the plate 
compared to the standard plate. The average value of the heat transfer rate from 
PKS fuel has a plate modification of 7762.38 W/m2 compared to the standard plate 
of 7363.52 W/m2 as  shown in Fig.  5. While the average value of the heat transfer 
rate of OPM fuel showed a decrease when plate modification was done compared to 
the standard plate. The average value of heat transfer rate OPM fuel at the time of 
modification was 7162.81 W/m2 compared to 7289.84 W/m2 when using standard 
plates. However, the overall heat transfer rate when applying the modified perforated 
plate was slightly better than when applying the standard plate. This is because 
the modification of the perforated plate placed in the FBC combustion chamber can 
supply more air so that the fuel can be burned completely and nothing is left. Analysis 
of the rate of heat transfer with a modification of the four-way perforated plate has 
also been carried out previously by [26]. The results of the heat transfer rate obtained 
by the application of the modified four air supply perforated plate are slightly higher 
than the modified two air supply plates applied in this study. 

The results of the combustion temperature measurement when applying the modi-
fication of the hollow plate show that it is more optimal than when using the standard 
plate in Fig. 4. The combustion temperature level of PKS fuel for each measure-
ment point is MI 948 °C, M-II 847 °C, M-III 971 °C, and M-IV 699 °C. While the 
combustion temperatures recorded during the combustion process with OPM fuel are 
MI 884 °C, M-II 874 °C, M-III 764 °C, and M-IV 707 °C as shown in Fig. 6. Trends 
in combustion temperature of PKS fuel and The OPM which was tested during the 
modification of the perforated plate showed more optimal results than when using 
the standard plate. This shows that the modifications made in this study are the latest 
because the air entering the FBC combustion chamber through the modified plate can 
work optimally. The injected fuel can burn completely and nothing is left because 
enough air can raise the fuel so it is not saturated. Research on the modification of

Fig. 5 Comparison of heat transfer rate for different fuel and measurement point
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Fig. 6 Comparison of temperature for different fuel at modification perforated plate 

the four-perforated air supply plate has also been carried out by [26, 27]. Where the 
combustion temperature tested from the study as a whole showed optimal results.

Based on the results of the tests carried out in this study as a whole, shows that the 
thermal efficiency of the application of the modified perforated plate is higher than 
when testing the standard plate. The heat transfer rate recorded from the modified 
perforated plate test shows that it is slightly more optimal than the standard plate. 
Meanwhile, the combustion temperature obtained from the testing process using a 
modified perforated plate is also more optimal than the standard plate. OPM fuel 
shows a trend of maximum combustion temperature compared to PKS fuel. The air 
that enters the FBC combustion chamber is more or enough when the perforated 
plate is modified by adding two main air suppliers. 

4 Conclusion 

This research was conducted to analyze the thermal efficiency and heat transfer rate 
through the modification of the perforated plate by comparing it with the standard 
plate test. Based on the results of the analysis of the results of the combustion test in 
the FBC combustion chamber using PKS and OPM fuel, several conclusions can be 
drawn as follows: 

1. The level of thermal efficiency at the time of testing by applying the modification 
of the perforated plate showed an average result of 33.59% PKS and 28.31% 
OPM, respectively. Meanwhile, the average results obtained when testing using 
standard plates were 19.77% PKS and 28.29% OPM. 

2. The heat transfer rate for PKS fuel tested with the modification of the perforated 
plate shows a higher average value of 7762.38 W/m2 compared to 7363.52 W/m2 

at the time of testing with the standard plate. 
3. The combustion temperature recorded during the test with the modified hollow 

plate was also higher than the test on the standard plate. 
4. The perforated plate modification applied in this study can increase thermal 

efficiency, heat transfer rate, and combustion temperature.



Comparison of Thermal Efficiency and Heat Transfer Rate … 241

Acknowledgements This work was supported by the Universitas Syiah Kuala, Kemente-
rian Pendidikan, Kebudayaan, Riset dan Tektology with the contract number of 
166/UN11/SPK/PNBP/2021. 

Conflict of Interest The authors declare that they have no known competing financial interests or 
personal relationships that could have appeared to influence the work reported in this paper. 

References 

1. Erdiwansyah E, Mahidin M, Husin H, Nasaruddin N, Khairil K, Zaki M, Jalaluddin J (2021) 
Investigation of availability, demand, targets, and development of renewable energy in 2017– 
2050: a case study in Indonesia. Int J Coal Sci Technol 1–17 

2. Erdiwansyah MR, Sani, MSM, Sudhakar K (2019) Renewable energy in southeast Asia: policies 
and recommendations. Sci Total Environ. https://doi.org/10.1016/j.scitotenv.2019.03.273 

3. Erdiwansyah M, Mamat R, Sani MSM, Khoerunnisa F, Kadarohman A (2019) Target and 
demand for renewable energy across 10 ASEAN countries by 2040. Electr J 32:106670 (2019). 
https://doi.org/10.1016/J.TEJ.2019.106670 

4. Erdiwansyah M, Husin H, Nasaruddin, Zaki M, Muhibbuddin (2021) A critical review of the 
integration of renewable energy sources with various technologies. Prot Control Mod Power 
Syst 6:3. https://doi.org/10.1186/s41601-021-00181-3 

5. Salame C-T, Aillerie M, Papageorgas P, Perilhon C, Haider A, Vokas G, Shaban A, 
Jabur A (2019) Preface: technologies and materials for renewable energy, environment and 
sustainability. Energy Procedia 157:1. https://doi.org/10.1016/j.egypro.2018.11.156 

6. Shan S, Genç SY, Kamran HW, Dinca G (2021) Role of green technology innovation and 
renewable energy in carbon neutrality: a sustainable investigation from Turkey. J Environ 
Manage 294:113004. https://doi.org/10.1016/j.jenvman.2021.113004 

7. Suman A (2021) Role of renewable energy technologies in climate change adaptation and 
mitigation: a brief review from Nepal. Renew Sustain Energy Rev 151:111524. https://doi.org/ 
10.1016/j.rser.2021.111524 

8. Masukujjaman M, Alam SS, Siwar C, Halim SA (2021) Purchase intention of renewable energy 
technology in rural areas in Bangladesh: Empirical evidence. Renew Energy 170:639–651. 
https://doi.org/10.1016/j.renene.2021.01.125 

9. Oryani B, Koo Y, Rezania S, Shafiee A (2021) Barriers to renewable energy technologies 
penetration: perspective in Iran. Renew Energy 174:971–983. https://doi.org/10.1016/j.renene. 
2021.04.052 

10. Pina EA, Lozano MA, Serra LM (2021) Assessing the influence of legal constraints on the 
integration of renewable energy technologies in polygeneration systems for buildings. Renew 
Sustain Energy Rev 149:111382. https://doi.org/10.1016/j.rser.2021.111382 

11. Chen C, Hu Y, Karuppiah M, Kumar PM (2021) Artificial intelligence on economic evaluation 
of energy efficiency and renewable energy technologies. Sustain Energy Technol Assessments 
47:101358. https://doi.org/10.1016/j.seta.2021.101358 

12. Anyaoha KE, Zhang L (2021) Renewable energy for environmental protection: Life cycle 
inventory of Nigeria’s palm oil production. Resour Conserv Recycl 174:105797. https://doi. 
org/10.1016/j.resconrec.2021.105797 

13. Shahidul MI, Malcolm ML, Begum S, Hashmi MSJ, Islam MS, Eugene JJ (2020) Renewable 
energy production from environmental hazardous palm oil mill waste materials: a review 

14. Mahidin S, Erdiwansyah, Hamdani, Hisbullah, Hayati AP, Zhafran M, Sidiq MA, Rinaldi A, 
Fitria B, Tarisma R, Bindar Y (2020) Analysis of power from palm oil solid waste for biomass 
power plants: a case study in Aceh Province. Chemosphere 126714. https://doi.org/10.1016/j. 
chemosphere.2020.126714

https://doi.org/10.1016/j.scitotenv.2019.03.273
https://doi.org/10.1016/J.TEJ.2019.106670
https://doi.org/10.1186/s41601-021-00181-3
https://doi.org/10.1016/j.egypro.2018.11.156
https://doi.org/10.1016/j.jenvman.2021.113004
https://doi.org/10.1016/j.rser.2021.111524
https://doi.org/10.1016/j.rser.2021.111524
https://doi.org/10.1016/j.renene.2021.01.125
https://doi.org/10.1016/j.renene.2021.04.052
https://doi.org/10.1016/j.renene.2021.04.052
https://doi.org/10.1016/j.rser.2021.111382
https://doi.org/10.1016/j.seta.2021.101358
https://doi.org/10.1016/j.resconrec.2021.105797
https://doi.org/10.1016/j.resconrec.2021.105797
https://doi.org/10.1016/j.chemosphere.2020.126714
https://doi.org/10.1016/j.chemosphere.2020.126714


242 M. Faisal et al.

15. Mahidin M, Erdiwansyah E, Husin H, Hisbullah H, Hayati AP, Zhafran M, Sidiq MA, Rinaldi 
A, Fitria B, Tarisma R (2020) Utilization of oil palm biomass as a renewable and sustainable 
energy source in Aceh Province. J Adv Res Fluid Mech Therm Sci 67:97–108 

16. Cai T, Becker SM, Cao F, Wang B, Tang A, Fu J, Han L, Sun Y, Zhao D (2021) NOx emission 
performance assessment on a perforated plate-implemented premixed ammonia-oxygen micro-
combustion system. Chem Eng J 417:128033. https://doi.org/10.1016/j.cej.2020.128033 

17. Wei H, Li, K, Zhao J, Zhou L (2020) Experimental investigation on the propagation of flow 
and flame in a confined combustion chamber equipped with a single-hole perforated plate. Int 
J Hydrogen Energy 45:32589–32597. https://doi.org/10.1016/j.ijhydene.2020.08.285 

18. Zhou L, Gao D, Zhao J, Wei H, Zhang X, Xu Z, Chen R (2018) Turbulent flame propagation 
with pressure oscillation in the end gas region of confined combustion chamber equipped with 
different perforated plates. Combust Flame 191:453–467. https://doi.org/10.1016/j.combustfl 
ame.2018.01.023 

19. Wei H, Zhao J, Zhou L (2019) The mechanism of flame propagation affected by flow/shock 
wave in a confined combustion chamber equipped with a perforated plate. Int J Hydrogen 
Energy 44:7675–7683. https://doi.org/10.1016/j.ijhydene.2019.01.217 

20. Oh S, Shin Y, Kim Y (2016) Stabilization effects of perforated plates on the combustion 
instability in a lean premixed combustor. Appl Therm Eng 107:508–515. https://doi.org/10. 
1016/j.applthermaleng.2016.06.143 

21. Wei H, Gao D, Zhou L, Feng D, Chen R (2017) Different combustion modes caused by flame-
shock interactions in a confined chamber with a perforated plate. Combust Flame 178:277–285. 
https://doi.org/10.1016/j.combustflame.2017.01.011 

22. Ng HD, Chao J, Ju Y, Lee JHS (2008) Combustion regimes subsequent to the reflection of a 
detonation from a perforated plate. Commun Nonlinear Sci Numer Simul 13:243–247. https:// 
doi.org/10.1016/j.cnsns.2006.03.018 

23. Noiray N, Durox D, Schuller T, Candel S (2007) Passive control of combustion instabilities 
involving premixed flames anchored on perforated plates. Proc Combust Inst 31:1283–1290. 
https://doi.org/10.1016/j.proci.2006.07.096 

24. Hani MR, Mahidin M, Husin H, Khairil K, Hamdani H, Erdiwansyah E, Hisbullah H, Faisal 
M, Mahyudin M, Muhtadin M (2020) Experimental studies on combustion characteristics of 
oil palm biomass in fluidized-bed: a heat energy alternative. J Adv Res Fluid Mech Therm Sci 
68:9–28 

25. Holman JP (1988) Perpindahan Kalor (terjemahan E. Jasfi). Jakarta Penerbit Erlangga. (Buku 
Asli 1986) 

26. Erdiwansyah M, Husin H, Nasaruddin, Muhtadin, Faisal M, Gani A, Usman, Mamat R (2021) 
Combustion efficiency in a fluidized-bed combustor with a modified perforated plate for air 
distribution 

27. Erdiwansyah M, Husin H, Faisal M, Muhtadin Gani A, Sardjono RE, Mamat R (2021) The 
modification of the perforated plate in the fluidized-bed combustor to analyze heat convection 
rate and temperature. J Combust 2021:4084162. https://doi.org/10.1155/2021/4084162

https://doi.org/10.1016/j.cej.2020.128033
https://doi.org/10.1016/j.ijhydene.2020.08.285
https://doi.org/10.1016/j.combustflame.2018.01.023
https://doi.org/10.1016/j.combustflame.2018.01.023
https://doi.org/10.1016/j.ijhydene.2019.01.217
https://doi.org/10.1016/j.applthermaleng.2016.06.143
https://doi.org/10.1016/j.applthermaleng.2016.06.143
https://doi.org/10.1016/j.combustflame.2017.01.011
https://doi.org/10.1016/j.cnsns.2006.03.018
https://doi.org/10.1016/j.cnsns.2006.03.018
https://doi.org/10.1016/j.proci.2006.07.096
https://doi.org/10.1155/2021/4084162


Performance Optimization of Low 
Proportion Biodiesel Blend on Marine 
Diesel Engine Using Response Surface 
Method 

C. W. Mohd Noor, Rizalman Mamat, Mohd Fairusham Ghazali, 
S. M. Rosdi, Husni Husin, and Bukhari Manshoor 

Abstract Biodiesel is an alternative source of non-fossil fuels for diesel engines and 
can be used without the need for engine modifications. The effects of employing low 
proportions of palm biodiesel blends on marine diesel engine performance are investi-
gated in this study. Response surface methodology (RSM) model had been employed 
to determine the optimal operating conditions of marine diesel engine with respect to 
palm biodiesel blend, engine load and speed. The ANOVA analysis was selected to 
verify the adequacy of the model. The use of palm biodiesel blends has lowered the 
CO emissions while increasing BSFC and NOX emissions marginally. The results of 
statistically goodness of fit (R2) and the goodness of prediction (Adjusted R2) for all 
response parameters were above 90%. This value indicates that the developed model 
is able to predict the data with high accuracy. This study revealed that the optimum 
condition of fuel was determined as 5% palm biodiesel and 95% of petroleum diesel 
which operated at 1500 rpm speed and 36.97% engine loading with 78% of RSM 
desirability. The RSM model was tremendously helpful in structuring the experiment 
and lowering the amount of time required by reducing the number of experiments to 
be conducted.
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Keywords Engine performance · Optimization · Response surface methodology ·
Marine diesel engine 

1 Introduction 

Marine diesel engines used in the shipping industry are similar to compression-
ignition engines found in land vehicles, but they are bulkier, bigger, have more 
complex systems, and operate more efficiently [1]. The main source of power for 
sea transportation is marine engines. Marine engine emissions, on the other hand, 
are one of the most significant sources of air pollution, posing a significant threat to 
the environment [2]. Carbon monoxide, carbon dioxides, sulphur oxides, nitrogen 
oxides, and particulate matter are the most significant seaborne emissions produced 
by the combustion of marine fuel oil. Marine vessels contribute approximately 14– 
31, 4–9, and 3–6% of global nitrogen oxides, sulphur oxides, and carbon dioxides 
emissions, respectively [3, 4]. 

Growing energy demand, high volatility crude oil prices, diminishing oil supplies, 
and carbon emissions issues associated with the use of carbon fuels have captivated 
the research community in the development of alternative fuels [5, 6]. As a conse-
quence, biodiesel obtained from plant oil has gained popularity as a possible alter-
native for petroleum diesel fuel. Its key benefits are that it is recyclable, sustainable 
energy, sulphur-free, and does not emit harmful noxious gases [7]. Biodiesel can be 
produced from various plant sources such as palm oil, peanuts, soybeans, sunflower, 
animal fats and used oils [8–11]. Palm biodiesel was chosen for the current study due 
to the abundance of resources available locally. The planted area of palm oil trees 
has grown year after year [12]. 

Several studies have looked into the effects of palm biodiesel and its blends 
on the performance and emissions of diesel engines. Most of them reported that 
palm biodiesel leads to an increase in BSFC and NOX when compared to baseline 
petroleum diesel fuel. Instead they found palm biodiesel gave a reduction in brake 
power, CO, CO2 and HC emission. The summary of their research and findings are 
listed in Table 1. 

Despite previous research on the effects of biodiesel use in compression ignition 
engines, the optimum condition of an independent parameter involved in the process 
must also be investigated. The response surface method (RSM) was identified as 
one of useful method for optimization solution in many types of industrial prob-
lems. Previously, the RSM was used to analyse non-linear engineering problems by 
modelling and optimising the response surface, which is influenced by experiment 
factors [21]. RSM is a set of mathematical and statistical techniques for developing 
empirical models. This method was pioneered by K. B. Wilson and G. E. P. Box in 
1951 [22]. The application of RSM to design optimization aims to lower the expen-
sive cost of current analysis methods such as computational fluid dynamic (CFD) and 
finite element analysis. The main advantage of RSM is required less time consuming 
for design of experiment (DOE) and optimization process. Many researchers have



Performance Optimization of Low Proportion Biodiesel … 245

Ta
bl
e 
1 

Su
m
m
ar
y 
of
 p
al
m
 b
io
di
es
el
 r
es
ea
rc
h 
fin

di
ng
s 

A
ut
ho
rs
 [
R
ef
]

Po
w
er

B
SF

C
C
O

C
O
2

N
O
X

H
C
 

M
on
ir
ul
 e
t a
l. 
[1
3]

↓ (
9.
31
–1
2.
93
%
)

↑ (
7.
96
–1
0.
15
%
)

–
–

–
– 

R
iz
w
an
ul
 e
t a
l. 
[1
4]

↓ (
1.
02
%
)

↑ (
4.
71
%
)

↓ (
29
.9
%
)

–
↑ (

16
.9
%
)

↓ (
30
.8
%
) 

R
as
he
d 
et
 a
l. 
[1
5]

↓ (
6.
92
–8
.7
5%

)
↑ (

5.
42
–8
.3
9%

)
↓ (

22
.9
3–
32
.6
5%

)
–

↑ (
6.
91
–1
8.
56
%
)

– 

A
li 
et
 a
l. 
[1
6]

↓ (
2.
6%

)
↑ (

3.
02
%
)

–
–

–
– 

Se
nt
hi
lk
um

ar
 e
t a
l. 
[1
7]

↓ (
5%

)
–

↓ (
46
%
)

↓ (
1%

)
–

↓ (
73
%
) 

Y
as
in
 e
t a
l. 
[1
8]

–
↑ (

13
.8
%
)

↓ (
2.
5%

)
↓

↑
↓ 

C
ho
ng
 e
t a
l. 
[1
9]

–
↑ (

10
%
)

±U
nc
ha
ng
ed

±U
nc
ha
ng
ed

±U
nc
ha
ng
ed
 

Ju
op
er
i &

 O
llu

s 
[2
0]

–
–

↓
–

↑
↓



246 C. W. Mohd Noor et al.

used RSM to optimise engine parameters such as fuel blend ratio, combustion injec-
tion timing, fuel injection pressure, and cylinder compression ratio in order to obtain 
optimum engine performance characteristics [21–29].

A review of the literature found most of the findings involved the use of automotive 
engines; while research on marine engines powered by biodiesel fuel is still limited 
and considered new. The authors are therefore highly interested in investigating 
the impact of palm biodiesel blends and their optimization on the performance and 
exhaust emissions of marine diesel engines. The first portion of the research examines 
at how input parameters including palm biodiesel blend percentage, engine loads, 
and speeds affect brake power, BSFC, CO, and NOX emissions. Meanwhile, the 
second step involves determining the optimal input parameter values that result in 
the best marine engine performance. The RSM technique was used for these goals. 

2 Research Methodology 

In achieving the objectives of this study, several steps have been carried out as shown 
in Fig. 1. The first step is to determine the input and output parameters that need to 
be determined in the experiment, where biodiesel blend percentage, engine loads, 
and speeds have been identified as input parameters while the engine brake power,

Fig. 1 Flowchart of marine 
diesel engine optimization 
study
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BSFC, CO, and NOX emissions are the output. The number of test series and engine 
operating condition were also determined during design of experiment process. All 
these parameters were measured during a full engine test in the laboratory. Next, 
the development of the RSM model was performed by using experimental data as 
data input. This model will undergo an analysis of variance (ANOVA) test where 
the p-value must be less than 0.05. The accepted model has been applied to the 
optimization process using a desirability approach by giving different priorities to 
some specific outputs.

The engine tests were carried out using a medium-speed, four-stroke, six-cylinder 
direct injection marine diesel engine. The engine arrangement and engine specifi-
cations are shown in Fig. 2 and Table 2, respectively. An engine brake power and 
torque were measured using a 250-kW eddy-current dynamometer model SAJ SE-
250. The engine’s exhaust stream was channelled to an exhaust gas analyser for 
emission measurement as illustrated in Fig. 3. REO-DCA data acquisition unit as 
shown in Fig. 4 was used to collect all of the required data from the engine sensors.

Dynamometer 

Marine diesel engine 

Air Intake 

Fig. 2 The test rig for marine diesel engine 

Table 2 Engine specification Description Specifications 

Brand Cummins-NT855 

Displacement volume 14 L 

Engine type 4 stroke-Inline-6 cylinders 

Bore × stroke 139 mm × 152 mm 

Compression ratio 14.5:1 

Max. power & torque 201 kW & 1068 Nm 

Cooling system Water-cooled
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Fig. 3 KANE gas analyser 

Fig. 4 Data acquisition unit 

Low blend biodiesel fuel B0, B5, B10, and B15 which contain 5, 10 and 15% of palm 
biodiesel were used in the experiments. The fuel samples were made by combining 
pure diesel (B0) and certified palm oil biodiesel obtained from a local supplier. The 
tests were performed in a steady-state condition with a constant engine load and at 
various engine speeds ranging from 800 to 1600 rpm speed.

3 Response Surface Methodology Model 

The purpose of RSM is to utilise a series of designed test data to obtain optimal 
response output. RSM method employs statistical approaches to construct an equa-
tion that connects output response (Y) and the input variables (x) as shown in 
Eq. (1). 

Y = f ′(x)β + ε (1)
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Table 3 Input parameters factor 

Variables Symbols Levels 

Lower Mean Upper 

Fuel blend (%) Blend 5 10 15 

Engine Load (%) Load 10 30 50 

Engine speed (rpm) Speed 800 1200 1600 

where, f (x) is a vector function of p elements composed of powers and cross-
products of powers of x1, x2, . . . ,  xk up to a certain degree signified by d (>1), β 
is a vector of p unknown constant coefficients, and ε represents the noise observed 
in the response y. The surface expressed by f (x1, x2, . . . ,  xk) is known as response 
surface. In RSM, two important models are commonly used: the first-degree (Eq. 2) 
and second-degree (Eq. 3) models: 

y = β0 + 
k∑

i=1 

βi xi + ε (2) 

y = β0 + 
k∑

i=1 

βi xi + 
k∑

i=1 

βi i  x
2 + 

k∑

i< j 

βi j  xi x j + ε (3) 

where y denotes the response, xi denotes the factor values, terms β0, βi , βi i  and 
βi j  denotes the coefficients of the regression equation, and ε is the experimental 
uncertainty or error [30]. 

ANOVA studies were selected to assess the significant relationship between input 
and output parameters. The quality and strength of the developed model is also 
evaluated based on the statistics of goodness of fit (R2) and goodness of prediction 
(Adjusted R2). The input parameter to the model was categorized into three levels as 
listed in Table 3. In determining the number of experiments, the Central Composite 
Design (CCD) method was used because it has the ability to predict first-order and 
second-order equations model quickly. 

4 Results and Discussion 

4.1 ANOVA Analysis 

The RSM model developed in this study is used to investigate the effect of a 
low proportion palm biodiesel blends on marine engine performance parameters 
and to optimise the engine operating conditions. The ANOVA analysis, which 
provides statistical information about the p-value, was applied to validate the model’s
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adequacy. All models show statistically significant, with all p-values less than 0.05. 
A p-value of less than 0.05 indicates that the factors have a significant influence at 
the 95 percent confidence level [31]. According to the statistics of goodness of fit 
(R2) and goodness of prediction (Adjusted R2), the model fits the data quite well. 
The modified R2 value accounts for the number of predictors in the model, while 
the R2 value represents the total variability of the individual answer after consid-
ering the significant components. All response parameters had R2 and adjusted R2 

values above 90%, indicating that the model was capable of accurately predicting the 
data. In this investigation, the RSM model was able to predict response parameters 
such as brake power, BSFC, CO, and NOX emission, as well as establish significant 
relationships between input components and responses. 

4.2 Brake Power 

Figure 5 depicts the 3D interaction plot of engine brake power running on low blend 
of palm biodiesel. As seen in the plot, raising the proportion of biodiesel in diesel 
fuel has no effect on the engine’s braking power. The results reveal that no significant 
changes in observed engine brake power exist across all fuel blends evaluated. The 
value of brake power is only directly proportional to the value of the given load. 
For all biodiesel blends tested, the highest brake power was found to be 78.0 kW at 
50% engine load. This suggests that low blend of biodiesel can be utilised in marine 
engines without sacrificing power of the engine. Equations (4) show the predicted 
equation based on the actual factors that acquired from the experimental data by 
applying two factor interaction model analyses. 

Fig. 5 The interactive effect of biodiesel on engine brake power
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Power = −2.19250 + 0.094000 ∗ Blend + 0.048250 ∗ Load 
+ 2.18125E-003 ∗ Speed − 1.00000E-003 ∗ Blend ∗ Load 
− 7.50000E-005 ∗ Blend ∗ Speed + 1.00313E-003 ∗ Load ∗ Speed (4) 

4.3 Brake Specific Fuel Consumption 

Brake specific fuel consumption (BSFC) increased as the percentage of biodiesel 
in blends increased as illustrated in Fig. 6. Previous research stated that it is neces-
sary to compensate for biodiesel’s loss of heating value, the blend with a higher 
biodiesel percentage consumed more by the engine [32]. As a result, when using 
biodiesel blends, the volume of fuel delivered into the cylinder for a given energy 
input should always be increased. It was noticed that maximum BSFC was 906.4 and 
712.1 g/kW.hr for 15% and 5% biodiesel respectively at 10% loading condition. The 
increase in BSFC with the biodiesel mixture was consistent with previous research 
[13–16]. In all fuels tested, BSFC was shown to decrease as engine loads increased. 
One probable explanation for this tendency is that the rise in the rate of demand fuel 
for engine combustion is lower than the increase amount in engine power since heat 
losses at higher loads are substantially reduces. Equations (5) present the predicted 
model of BSFC as fitted based on RSM method.

BSFC = 1690.56021 + 61.72774 ∗ Blend − 59.20433 ∗ Load 
− 0.62242 ∗ Speed − 0.54725 ∗ Blend ∗ Load 

Fig. 6 The interactive effect of biodiesel on BSFC
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− 0.016263 ∗ Blend ∗ Speed + 9.77738E-003 ∗ Load ∗ Speed 
− 0.58540 ∗ Blend2 

+ 0.58337 ∗ Load2 + 9.18164E-005 ∗ Speed2 (5)

4.4 CO Emissions 

CO is a by-product of incomplete fuel combustion. Figure 7 depicts the impact of 
palm biodiesel blends on CO levels as a function of engine loads. The amount of 
palm biodiesel in blends is found to reduce CO emissions. A similar pattern was 
discovered in [14, 15, 17, 18]. This is most likely due to biodiesel’s higher oxygen 
content, which encourages complete combustion and so lowers CO emissions. The 
amount of CO emitted was unaffected by loading circumstances. The lowest CO 
emission is seen at 30 percent engine load, indicating that full combustion occurs 
at that moment. Equation (6) presents a prediction response surface model for CO 
emissions. 

CO = 0.10044 + 1.72598E-003 ∗ Blend − 1.66544E-003 ∗ Load 
− 9.99816E-005 ∗ Speed + 1.25000E-005 ∗ Blend ∗ Load 
+ 6.25000E-007 ∗ Blend ∗ Speed 
− 4.68750E-007 ∗ Load ∗ Speed − 1.72549E-004 ∗ Blend2 

+ 3.92157E-005 ∗ Load2 + 3.55392E-008 ∗ Speed2 (6) 

Fig. 7 The interactive effect of biodiesel on CO emission
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4.5 NOX Emissions 

NOX pollutants are emitted during the engine combustion process when oxygen 
and nitrogen gases are reacting at high temperatures in engine cylinders [33]. The 
Zeldovich mechanism governs the generation of NOX, and it is largely dependent on 
temperature and oxygen availability [35]. The interaction effect of biodiesel propor-
tion and engine loads on NOX emissions is shown in Fig. 8. When there was a higher 
percentage of biodiesel in the blend, NOX emissions show an increment pattern, 
especially under low loading conditions. Biodiesels have a larger oxygen content 
[34–36], thus it’s obvious that the extra oxygen will interact with nitrogen gases 
from the air intake, and generate in more NOX emission. According to Fattah et al. 
[37], the amount of palm methyl ester (FAME) in a blend increases NOX. Equation 
(7) shows the predicted model of NOX that was derived from RSM model. 

NOX = −76.08176 + 2.53359 ∗ Blend + 7.95236 ∗ Load 
+ 0.10676 ∗ Speed − 0.052500 ∗ Blend ∗ Load + 2.62500E-004 
∗ Blend ∗ Speed − 4.42969E-003 ∗ Load ∗ Speed 
− 0.018529 ∗ Blend2 + 0.10122 ∗ Load2 − 1.93015E-005 ∗ Speed2 (7) 

4.6 Optimization Results 

An optimization process is any kind of process that systematically comes up with 
solutions that are better than the solution used before. Optimization is one of the 
most important processes in the design of multiple input data. The goal of this study

Fig. 8 The interactive effect of biodiesel on NOX emission



254 C. W. Mohd Noor et al.

Table 4 Optimization solutions and desirability of responses parameters 

No Blend 
(%) 

Load 
(%) 

Speed 
(RPM) 

Power 
(kW) 

BSFC 
(g/kW.hr) 

CO 
(%Vol) 

NOx 
(ppm) 

RSM 
Desirability 

1 5.00 36.97 1500 58.2 185.1 0.01 231.8 0.78 

2 5.00 37.43 1500 58.9 183.4 0.01 235.8 0.78 

3 5.00 36.41 1500 57.3 187.6 0.01 227.1 0.78 

4 12.44 38.77 1500 60.6 223.5 0.01 251.7 0.75 

5 15.00 38.84 1500 60.5 223.2 0.01 253.3 0.75 

was to discover the optimal conditions for factor level (biodiesel % and engine load) 
on marine diesel engine performance and emission characteristics. More than one 
response, such as brake power, BSFC, CO, and NOX, was used to determine the 
process’s suitability. Because there is a trade-off between response characteristics, 
it is critical to optimise the load, engine speed and percentage of biodiesel in diesel 
fuel with the purpose of optimising those parameters. The RSM approach in this 
study used the CCD procedure with the goal of achieving a high desirability solu-
tion. According to previous findings, in circumstances where a non-sequential batch 
response surface experiment is required, the CCD provides a particularly efficient 
design [31].

In achieving various objective functions, the desirability approach has been used 
by setting priority levels for different response parameters where the least important 
value is marked as (+) while the most important value is marked as (+ + + +  
+). The highest desirability output value is considered to be the optimal solution 
of the model. Different optimal solutions were obtained using a desirability-based 
method, as shown in Table 4. The ideal condition was determined to be 78 percent 
desirability, which was achieved at the following operating parameters: 1500 rpm 
engine speed, 36.97 percent engine load, and 5% biodiesel percentage. The brake 
power, BSFC, CO, and NOX values at this optimum position were found to be 
58.2 kW, 185.1 g/kW.hr, 0.01% volume and 231.8 ppm, respectively. Figure 9 shows 
plot for global desirability as a function of load and proportion of biodiesel in the 
blend fuel. 

5 Conclusions 

Response surface methodology (RSM) based design of experiments were used in 
this work to create and conduct statistical analysis to find the parameters that have 
the greatest impact on the performance and emissions of a marine diesel engine. The 
RSM’s desirability approach was used to discover the best settings for improving 
performance and emission characteristics. The following are the most noticeable 
findings from this research:
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Fig. 9 Desirability condition as a function of load and biodiesel proportion 

(i) The optimum blend ratio of fuel was determined as 5% palm biodiesel and 
95% of petroleum diesel operated at 1500 rpm speed and 36.95% engine 
loading. This condition resulted in 78% RSM desirability. 

(ii) The use of palm biodiesel blends has no significant effect on engine brake 
power, however it can reduce CO gas emissions while marginally increasing 
BSFC and NOX emissions. 

(iii) The use of RSM can improve the engine performance to the optimum condi-
tion. The mathematical models produce in this study can be used to forecast 
factor levels that haven’t been tested. 

(iv) All of the response parameters’ goodness of fit (R2) and goodness of predic-
tion (Adjusted R2) were above 90%, indicating that the model fits the data 
remarkably well. 

(v) The RSM-based experiment design was extremely beneficial in terms of 
designing the experiment and reducing the time necessary by reducing the 
number of tests to be run. It also included statistically validated models for 
each of the responses. 
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Performance Investigation of R32 
and R410a Refrigerants with Different 
Compressor Lubricants 

M. F. Ismail and Wan Azmi Wan Hamzah 

Abstract The present study aims to investigate the effect of changing air condi-
tioning refrigerants and compressor lubricants on system performance. Two types of 
refrigerants namely R410a and R32 paired with two different lubricants were inves-
tigated. A test rig consists of residential air conditioning with a thermal control room 
was developed in the present study. The initial refrigerant charge was varied to deter-
mine the optimum charge for each refrigerant-lubricant mixture. The results reveal 
that the optimum charge for R32 is 350 g that represents only 70% of the refrigerant 
amount for R410a. R32 performs better than R410a for both lubricants mixture. The 
R32-POE combination shows the best performance with 14% improvement from the 
baseline data. R32 performs better in the air conditioning originally design for R410 
refrigerant and has a good prospect to replace R410a as a more environmentally 
friendly refrigerant. 

Keywords Residential air conditioning · R32 refrigerant · R410a refrigerant ·
PVE lubricant · COP
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1 Introduction 

Difluoromethane (R32) is not a new refrigerant in vapor compression refrigeration 
systems (VCRS). Today, this hydrofluorocarbon (HFC) type refrigerant is commonly 
used in refrigeration and air conditioning system. The R32 has been named as a 
favorable candidate to replace R410a as a refrigerant for residential air conditioning 
(RAC) system [1]. Being a single substance material is one of the advantages of 
R32 compared to R410a [2]. Even it has a few more advantages than R410a, its 
flammability level makes R32 less favorable to replace R22 as a refrigerant in RAC 
for the past decades ago [3]. However, the idea to replace R410a with R32 was 
initiated again due to the demand of replacing commercial refrigerant to lower global 
warming impact (GWP) [4]. The GWP for R410a and R32 refrigerant are 2077 and 
675, respectively. Therefore, the GWP for R32 is much lower than R410a [5]. In fact, 
50% of R410a composition is R32 while the other half is R125. In addition, R410a and 
R32 refrigerants contain same component of mixture almost similar characteristics 
hence the replacement process much easier than other refrigerants. 

Application of R32 in a new RAC shall be not a big deal for the manufacturer. 
However, replacement of a new refrigerant into the existing operational of RAC 
system is slightly a challenge. One major issue is to define optimum amount of 
R32 to replace R410a. R32 has lower density than R410a, thus dropping it into the 
system that was initially built for R410a shall be at less volume [6]. Therefore, the 
determination of the optimum refrigerant amount that provides the best performance 
is crucial. The method to determine the RAC performance is already being developed 
and used by the previous researcher. The performance of RAC is influenced by various 
factors. One of them is the type of compressor lubricants in the system. 

The RAC system with R410a commonly being paired with polyol ester (POE) 
lubricant. The POE is a synthetic-based lubricant that is soluble in HFC refrigerant. 
A relatively new lubricant named polyvinyl ether (PVE) is also soluble with HFC [7]. 
By comparing PVE with POE, the new lubricant has better characteristics that should 
be considered such as anti-hydro, flexible polymer properties, favorable resistivity, 
and features as an effective extreme pressure agent [8]. Due to those advantages, 
the replacement of compressor lubricant from POE to PVE shall be investigated. 
The effect of lubricant changing on the performance of RAC shall be determined. 
Therefore, the objective of this paper is to investigate the performance of the RAC 
system operated with two different refrigerants (R410a, R32) in combination with 
POE and PVE lubricants.
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2 Methodology 

2.1 Experimental Setup 

The RAC test rig together with the thermal control room (TCR) is developed 
according to ISO 5151:2010 [9]. An existing split unit RAC with cooling capacity 
of 9000 Btu/h was installed back-to-back on a customized RAC hanger. The RAC 
system was installed according to the manufacturer’s recommendation in the Service 
Manual provided by Gree Electric Appliances, Inc of Zhuhai. Proper tools and PPE 
were used to conduct the installation process including electrical wiring connec-
tion, refrigerant piping with insulation, and condensate water piping. The schematic 
diagram of the present experimental setup is shown in Fig. 1. The refrigeration system 
was equipped with a rolling piston rotary compressor originally operated with R410a 
and Polyol ester (POE) lubricant. The evaporator and condenser are made with an 
aluminum finned-copper tube type heat exchanger with a diameter of 5 and 7 mm, 
respectively. The exposed copper pipes were insulated properly by a foam insulator. 

The TCR is a room consists of two confine spaces namely indoor and outdoor 
areas and separating by a wall. The indoor area is used for the RAC indoor unit with 
other measurement instrumentations. The air conditioning outdoor unit is located in 
the outdoor area together with a thermal controller system. The outer wall is made of 
5 mm plywood and insulated with 50 mm polystyrene to avoid any influence of outer
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Fig. 1 Schematic diagram of RAC experimental setup
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condition to the indoor and outdoor area. The TCR is located inside a laboratory with 
a controlled temperature between 23 and 25 °C. The indoor and outdoor areas were 
equipped with an environment control system consisting of fans, temperature and 
humidity sensors, temperature controllers, and damper for air handling operation and 
heat recovery. For safety purposes to the equipment and the operator, the firefighting 
equipment and gas evacuation system were installed in the TCR. The RAC system 
was operated at the standard test condition with outdoor air temperature of 35 °C 
while indoor air temperature is 27 °C.

2.2 Measurement and Experimental Procedure 

The original unit only comes with one pressure valve on the low-pressure side. 
A modification was done on the outdoor unit to install a new pressure valve for the 
high-pressure side. The Testo 550 (accuracy of ±0.5%) was used to measure pressure 
before and after the compressor. The temperature was measured at 12 different points 
as illustrated in Fig. 1. Additional thermocouples were installed in the TCR and at the 
ambient temperature area. The K-type thermocouples were used with an accuracy of 
±0.5%. To measure the accurate refrigerant charge in the RAC, a digital refrigerant 
scale with an accuracy of ±5% was used. 

Initially, the TCR was kept at the controlled ambient temperature of 23–25 °C 
before run the experiment. The measurement devices and data logger were started and 
recorded continuously along with the experiment run. The RAC was vacuumed, and 
compressor lubricant was transferred into the system. The refrigerant was charged 
according to the desired amount before the RAC unit was turned on. The RAC was 
monitored continuously using a data logger that display real-time data during the 
experiment [10]. After the desired outdoor and indoor temperature was achieved, the 
sample data were captured for 10 min with intervals of 2 s. 

The experiment undertaken with two types of compressor lubricants (POE and 
PVE) and two refrigerants (R32 and R410a). Four combinations of refrigerant-
lubricant mixture were investigated: (i) POE-R410a mixture, (ii) POE-R32 mixture, 
(iii) PVE-R410a mixture, and (iv) PVE-R32 mixture. The refrigerant charge for each 
combination was varied from 200 to 600 g. After each experiment, the refrigerant 
was recovered using the refrigerant recovery machine, and continued with the lubri-
cant reclamation with the same machine. The properties of lubricants in this study 
are presented in Table 1. 

2.3 Thermodynamic Analysis 

The experimental data such as pressure and temperature were used to calculate the 
vapor saturated enthalpy at the compressor suction side (h1), superheated vapor 
enthalpy at the compressor discharge (h2), and the vapor enthalpy for evaporator inlet
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Table 1 Properties of 
compressor lubricants [8, 11] 

Property POE PVE 

Dynamic viscosity, mm2/s @ 40 °C 66.6 68.1 

Dynamic viscosity, mm2/s @ 100 °C 9.4 8.04 

Pour Point, °C −39 −37.5 

Flash point, °C 270 204 

Density, kg/m3 @ 15 °C 977 936.9 
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Fig. 2 P-h diagram of R32 and R410a for thermodynamic analysis [12] 

(h4). A P–h diagram for R32 and R410a was used to calculate the ideal condition 
for VCRS as shown in Fig. 2. The engineering equation solver (EES) was used to 
calculate the enthalpy for determination of RAC behavior namely compressor work 
(CW), refrigerant effect (RE), and coefficient of performance (COP) of the ideal 
VCRS condition. Equations (1)–(3) determine the RE, CW, and COP, respectively. 

RE  = h1 − h4 (1) 

CW = h2 − h1 (2) 

CO  P  = RE  
CW  

(3)
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3 Results and Discussion 

This section will be discussed the results of the experimental analysis consists of 
the performance of the compressor, the output at the evaporator, and the overall 
performance of VCRS. The effect of different refrigerant charges will be discussed 
to find the optimum charge at the best performance condition. 

3.1 Compressor Performance 

Compressor work is the amount of work done by the compressor that depends on 
several factors such as the amount of refrigerant, mass flow rate and refrigerant 
viscosity. The original combination provided by the manufacturer of the RAC system 
is R410a-POE with a 520 g optimum refrigerant charge. The low CW is recommended 
to optimize the performance of VCRS. Figure 3 shows the compressor work at 
different refrigerant charges for the four refrigerant-lubricant combinations. The 
similar trend was observed for all four combinations refrigerant-lubricant. The CW 
was attained high at low refrigerant charge. However, the CW was decreased with the 
increment of refrigerant charge. At a specific point, the CW suddenly fluctuates to the 
high value and slowly decreasing with refrigerant charge. The CW spike occurred at 
550 g refrigerant charge for the original combination of R410a-POE mixture. Similar 
condition also observed for the RAC with R410a-PVE combination. In contrast,
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the spike for R32-POE and R32-PVE mixtures were happened at 400 g and 375 g 
refrigerant charges, respectively.

By referring to the amount of refrigerant charge for the original refrigerant-
lubricant combination, 520 g is the optimum charge and recommended by the RAC 
manufacturer for their RAC system. The RAC with R410a-POE mixture showed 
the lowest value of CW at 500 g. In addition, the mass capacity of refrigerant in 
the system at 550 g charge already exceeded the optimum point. Therefore, the CW 
increased after 500 g charge due to overcharge refrigerant. When the refrigerant was 
charged more than 600 g, the evaporator outlet temperature showed the lowest value 
compared to other temperature points in VCRS. This condition should not happened 
because the normal lowest temperature occurred at the outlet of the capillary tube. 
When the system is overcharged, the evaporation process was incomplete. This is 
due to the heat transfer medium (in this case refrigerant) is exceeded the optimum 
amount required to absorb the heat. Consequently, some refrigerant was returned to 
the compressor in liquid form while some refrigerant was evaporated in the pump-
down tank just before entering the compressor. The heat absorbance process was 
occurred in the compressor with the heat source from the compressor body. 

The same trend also appeared for R410a-PVE combination. However, the CW for 
R410a-PVE is consistent higher than R410a-POE. The effect of lubricant can be seen 
where POE delivers lower CW hence better lubrication than PVE. In contrast, the 
CW for R32-PVE is lower than R32-POE. The optimum charge is 350 g and appli-
cable for both R32 combinations. Meanwhile, the maximum CW for R32 refrigerant 
combination with PVE and POE occurred at 375 and 400 g, respectively. Beyond 
these points, the overcharge behavior happened on the RAC system. The effect of 
different lubricants on the CW for R32 refrigerant is almost insignificant with some 
PVE data is shown higher than POE. However, the majority of the CW for PVE is 
lower than POE hence performs better compared to POE. 

3.2 Cooling Performance 

The cooling performance in the current study was evaluated by the refrigerant effect 
of the VCRS. RE was measured by the enthalpy difference at evaporator inlet and 
outlet. The comparison of RE for all refrigerant-lubricant combinations is shown 
in Fig. 4. The RE results showed similar trend at particular refrigerant type and 
combination with different lubricants. The RE is shown the highest value at the lowest 
refrigerant charge of 200 g. The RE was decreased with refrigerant charge. At 375 g 
and 400 g refrigerant charge, the slope of decrement for RE was slowly decreased. 
There is a slight increment with RE for R410a at 450 g charge. After that, the RE 
is almost constant. The effect of lubricant appeared on 450 g onwards for R410a 
where PVE shows better RE than POE. The range of RE for R410a shown between 
160 and 200 kJ/kg. Meanwhile, the range of RE for R32 presented between 230 and 
270 kJ/kg. The effect of different lubricant on RE for R32 refrigerant is insignificant 
and the results for RE are almost similar between the two lubricants. The optimum
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Fig. 4 Comparison of refrigerant effect at the different refrigerant-lubricant combination 

refrigerant charge was recommended when the charge started to provide constant RE. 
Therefore, the optimum charge for R32 is proposed at 350 g charge while R410a is 
suggested at 400 g according to the RE outcomes. 

3.3 Overall System Performance 

In this paper, the RAC system performance was translated to the effect of variable 
parameters on the COP of the system. COP was calculated using Eq. 3 and plotted 
in Fig. 5. The COP is plotted from the lowest possible refrigerant charge (200 g) 
until the proposed optimum charge. For the case of R32, the experiment is under-
taken until 375 g charge. From the analysis, the COP beyond this charge is not 
reliable. In general, the COP was increased with the refrigerant charge and reached 
the maximum at the optimum charge. The COP was decreased after the system over-
charge. The R410a-PVE combination showed the lowest COP compared to other 
combinations. Meanwhile, R32-PVE presented the best performance at the lowest 
refrigerant charge. Overall, R32 performed better than R410a at all refrigerant charge 
for both PVE and POE lubricants combination. The effect of lubricant on COP is 
observed similar to the CW trend. Nevertheless, the POE performs better than PVE 
at the charge with maximum COP for all combinations. 

The overall performance for the refrigerant-lubricant was compared in Fig. 6 with 
the best COP for each combination. The R410a-POE is the original combination for 
the RAC system in the present study. Therefore, the COP and refrigerant charge for 
the other three combinations are calculated and compared relative to R410a-POE.
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The COP of R410a-PVE performed with the lowest COP and nearly 14% lower than 
the original combination. Further, the R32-PVE mixture also showed lower than 
R410a-POE while the R32-POE attained COP improvement. Interestingly, the two 
combinations using R32 refrigerant showed reduction of the optimum refrigerant 
charge. The R32 only required 70% amount of refrigerant compared to R410a to
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perform the optimum performance. Even though the POE performed better than 
PVE, the replacement of refrigerant from R410a to R32 was increased the COP of 
RAC system. From the present analysis, the POE was increased 6% while PVE up to 
13%. The COP increment is due to the higher RE for the RAC system with R32 than 
R410a refrigerant. In addition, the heat capacity in R32 is also higher than R410a 
refrigerant. Therefore, R32 can absorb higher amount of heat in a unit of refrigerant 
then R410a.

4 Conclusions 

The current study investigates the performance of R410a and R32 refrigerants 
with different lubricants. Four refrigerant-lubricant combinations were tested in 
an existing RAC system. A test rig with TCR was developed to study the perfor-
mance of RAC system with different refrigerant-lubricant combinations in terms 
of compressor work (CW), refrigerant effect (RE), and coefficient of performance 
(COP). The optimum refrigerant charge was determined for R32 refrigerant at 350 g 
charge and performed at the maximum COP. The best combination performance was 
observed with R32-POE mixture and increased significantly up to 14% higher than 
the original refrigerant-lubricant of R410a-POE. The present RAC system with R32 
refrigerant only requires 70% amount of refrigerant compared to R410a to perform 
the optimum performance. As a conclusion, R32 refrigerant is recommended as an 
alternative refrigerant to replace R410a refrigerant for RAC system and operated 
with POE lubricant as compressor lubricant. 
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Micromechanical Modeling of Glass 
Filled Epoxy Using the Variational 
Asymptotic Method for Unit Cell 
Homogenization 

Izzuddin Zaman , Nurul Jannah Mohammad, Bukhari Manshoor , 
and Amir Khalid 

Abstract Essentially, composite materials are formed by combining two or more 
constituents with different properties to obtain a new material with unique combina-
tion of features, thus has potential to provide value-added properties absent in one 
of the constituents. In this paper, the effects of glass particle size on mechanical 
properties of epoxy composite materials, such as stress, strain, and Young’s modulus 
and its relationship with the particle volume fraction are investigated by using Finite 
Element Analysis of Ansys Mechanical APDL. A 2D micromechanics model based 
on variation asymptotic method for unit cell (VAMUCH) was employed for this 
study. The research study comprises of two cases: (1) the comparison of different 
size of glass particle filler from nano to micro size, and (2) the comparison of volume 
fraction of glass particle ranging from 5 to 25 vol% towards the mechanical proper-
ties of epoxy resin. The results of the first case study demonstrated that the stress and 
strain against gradient displacement is slightly increased for all modelling samples. 
In fact, the smallest area size particle of 7.85 nm2 produces the highest value of 
Young’s modulus 3.66 GPa. Similarly, for second case study, it is found that the 
highest Young’s modulus 5.14 GPa was achieved at 10 vol% glass particles, which 
is about 91% increment compared to unfilled epoxy. Therefore, concludes that as 
the size of glass particle getting smaller from macro to nano size, and the volume 
fraction of glass to epoxy is lower, then the Young’s modulus of composite increases.
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1 Introduction 

A composite material is made up from two or more different combination of materials 
to form a new material. The combination of metal with metal, metal with polymer, 
metal with ceramic, polymer with polymer or polymer with ceramic have capability 
to form composite material. In fact, from the combination of different material it can 
improve their physical, chemical and mechanical properties significantly as proven in 
our previous studies [1–5]. Generally, composite material consists of two major parts 
known as matrix and reinforcement (filler). Matrix is referred to the non-fiber phase 
of composite material which is functioning as binder and protector to the filler from 
any physical or external damages. In other words, matrix usually controls physical 
properties of the composite. On the other hand, reinforcement is the things that 
strengthening or encouraging the matrix behaviour. Thus, differences reinforcement 
used in composite material gives different properties and effects in the composite 
material in different ways [6, 7]. 

Epoxy resins known as thermosetting plastic are commonly used in an adhesive, 
paints, coating, medical implants and electrical devices [8, 9]. Besides, epoxy matrix 
in reinforcing fibrous composite has also become the most exclusive application in 
aircraft components, aerospace and wind turbine industries [10]. The reinforcing 
phase can be any of geometries or materials, and it can be categorized into three 
types: fibres, particles and flakes. One of the common reinforcements for epoxy is 
glass particles, which comes from glass materials that is basically contains of non-
crystalline silica, sodium oxide, calcium oxide and other components. The different 
types of glass give different chemical composition based on their raw materials [11]. 
Recently with the increased knowledge and manufacturing technology, more new 
materials are fabricated to achieve better performance. Thus, an efficient tool such 
as finite element analysis (FEA) is required to predict their effective properties. 

Finite element analysis or known as numerical analysis technique has been widely 
used by engineers and scientists to solve physical or non-physical problems [12– 
14]. In this work, finite element software of Ansys Mechanical APDL was used 
to model the epoxy composite reinforced glass particle. However, in Ansys, the 
most common approach in simulations of composite material are layered-shells, 
layered-solids and stacked solid elements, and none for particle-reinforcement type 
composite. Therefore, a new interface such as VAMUCH is obliged to be used with 
Ansys in order to provide better insight of the composite modelling. VAMUCH which 
acronym for variational asymptotic method for unit cell homogenization has been 
known as a code for implementing the various micromechanics theories based on 
the variational asymptotic method. VAMUCH takes a finite element mesh of the unit 
cell including all the geometry and material details as inputs to compute the effective 
properties [15, 16]. These properties are needed for the macroscopic analysis to 
predict the global behaviour of composite.
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This paper investigates the effects of glass particle size and its volume fraction 
on the mechanical properties of epoxy composite using Ansys Mechanical APDL 
integrated with VAMUCH. The properties of Young’s modulus were determined 
from the stress and strain curved obtained from the analysis. 

2 Methodology 

Figure 1 illustrates the methodology flow chart of research study that was carried out 
in this work. Aforementioned, the simulation software used was Ansys integrated 
with VAMUCH. The specimen used was a combination of polymer epoxy as the 
matrix of composite and glass particle as reinforcement, by making appropriate 
assumptions regarding the kinematics of deformation or the stress conditions between 
the matrix and reinforcement. Both the mechanical properties of epoxy and glass 
particle are tabulated in Table 1. 

Based on the flow chart, the first case study investigates the effect of size of glass 
particle which ranging from 0.0785 to 0.75 µm2, while the second case investigates 
the effect of volume fraction of glass particle from 0 to 25 vol%. The epoxy compo-
sition is based on the remaining volume fraction of the glass particles used. Figure 2 
shows some part of meshing analysis that involved in the first and second case of 
studies. 

Fig. 1 Research flow chart Start 

Finish 

Modelling specimens 
using Ansys APDL 

Integrated analysis with 
VAMUCH 

2nd case: Effect of volume 
fraction 

Analysis Results and 
Discussion 

1st case: Effect of particle 
size
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Table 1 Parameters applied 
for epoxy matrix and glass 
particle 

Properties Epoxy Glass Units 

Young’s modulus 3.01 76 GPa 

Poisson ratio 0.35 0.23 – 

Density 1100 2457.6 kg/m3 

Tensile strength 28 40 MPa 

Compressive strength 104 50 MPa 

Thermal conductivity 0.188 0.74976 W/mK 

(a) (b) 

Fig. 2 Meshing model of (a) first case of unit cell, and (b) second case of random unit cell 

3 Result and Discussion 

3.1 Comparison of Different Size of Glass Particle 

In this analysis, there were six different sizes of glass particle filler observed by 
two-dimensional unit cell. The smallest size of glass particle is in nano size dimen-
sion, which is 7.85 nm2, and the remaining sizes were in micro dimension of 0.1, 
0.2, 0.4 and 0.75 µm2. The micromechanical analysis was conducted using Ansys 
APDL through the Vibrational Asymptotic Method for Unit Cell Homogenization 
(VAMUCH) to analyse and observe the relationship of the mechanical properties of 
epoxy composite filled glass such as stress and strain. 

For stress and strain analysis, the Von Mises approach was selected to investigate 
the stress and strain distribution in the unit cell. Figures 3 and 4 show the contour 
plot of the respective stress and strain distribution obtained by different size of glass 
particle. Obviously, the glass particle sizes had a noticeable influence on the stress 
and strain mechanical properties of epoxy composites. It can be seen from Fig. 3 as 
the size of glass particle increases, the maximum stress (indicated by red colour) of 
glass particle decreases. It was found that the glass particle’s mean stress is getting 
larger than the epoxy matrix when the size of particle getting smaller. Therefore,
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(a) (b) (c) (d) (e) 

Fig. 3 Von Mises stress plot for (a) 7.85 nm2, (b) 0.1  µm2, (c) 0.2  µm2, (d) 0.4  µm2 and (e) 0.75  
µm2 of glass particle in epoxy composite 

(a) (b) (c) (d) (e) 

Fig. 4 Von Mises strain plot for (a) 7.85 nm2, (b) 0.1  µm2, (c) 0.2  µm2, (d) 0.4  µm2 and (e) 0.75  
µm2 of glass particle in epoxy composite 

indicates that the load transfer to the particle from the matrix increases. This result 
clearly shows that the smaller size of glass particle can produce stronger material. 

A similar trend was observed for Von Mises strain as illustrated in Fig. 4. With the 
reduction of glass particle size, the Von Mises strain increased and spread uniformly 
throughout the epoxy matrix. This can be explained by the increase of total contact 
surface of glass particle with reduction of particle size, thus resulted in large transfer 
load from the matrix to the particle [7, 17]. 

Figure 5 shows the relationship between stress and strain obtained by these epoxy 
composite reinforced glass samples. The highest stress-strain graph is obtained from 
7.85 nm2 glass particle, while the lowest is from 0.75 µm2. Again, this result proved 
that the nanoparticle size of glass particle produces higher stress compared to micro or 
macro-particle size. The size of the nano fillers is also expected to play a crucial role 
on the types of toughening mechanisms operating in filled epoxy-based nanocom-
posites. From the stress–strain graph, the Young’s modulus of composites can be 
calculated, and the result is tabulated in Table 2. From this result, it shows that the 
glass particle with area size of 7.85 nm2 displays the superior Young’s modulus value 
with 36% increment compared to neat epoxy. 

3.2 Comparison of Volume Fraction of Glass Particle 

Figure 6 illustrates the contour plot of Von Mises stress distribution of different 
volume fraction of glass particle within the epoxy matrix. As the volume fraction of 
glass particle increases, the distance and interaction between the particles become
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Fig. 5 Effect of glass particle sizes on stress-strain relationship of epoxy composites 

Table 2 Young’s modulus of 
neat epoxy and epoxy filled 
glass composite with different 
size of glass particle 

Sample Size of glass 
particle 

Young’s modulus 
(GPa) 

Neat epoxy [18] – 2.69 

Glass particle filled 
epoxy composite 

7.85 nm2 3.66 

0.1 µm2 3.30 

0.2 µm2 3.27 

0.4 µm2 3.23 

0.75 µm2 2.65 

(a) (b) (c) (d) (e) 

Fig. 6 Von Mises stress plot for (a) 5 vol%, (b) 10 vol%,  (c) 15 vol%,  (d) 20 vol% and (e) 25 vol%  
of glass particle in epoxy composite 

dense. It demonstrates that the stress concentration become higher (as shown by red 
and yellow coller), thus effect to the lower stress produced globally in the sample. 

Meanwhile, Fig. 7 shows the contour plot of Von Mises strain of glass particle 
with different volume fraction. Obviously, it shows that the strain region is higher
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(a) (b) (c) (d) (e) 

Fig. 7 Von Mises strain plot for (a) 5 vol%, (b) 10 vol%,  (c) 15 vol%,  (d) 20 vol% and (e) 25 vol%  
of glass particle in epoxy composite 

(indicated by green color) in low volume fraction and start decreasing as the volume 
fractions increase. This result indicates that when a similar stress value imposed 
on the sample, the smaller volume fraction of glass particle will display a smaller 
elongation of epoxy composite. 

Figure 8 displays the relationship between stress and strain for different volume 
fraction of glass particle filled epoxy composites. It can be observed that sample 
epoxy with 10 vol% glass particle shows the highest stress-strain value compared 
to other vol%. The Young’s modulus results obtained from stress-strain graph of 
each sample are translated in Table 3. The result clearly shows that the Young’s 
modulus of epoxy increased with the reinforcement glass particle. However, as the 
glass particle reaches the optimum value at 10 vol%, the Young’s modulus starts to 
decrease until 25 vol%. According to Fu [19], the decrement of Young’s modulus 
after exceeding 10% volume fraction of glass particle filler may be caused by poor

Fig. 8 Effect of volume fraction of glass particle on stress-strain relationship of epoxy composites
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Table 3 Young’s modulus of 
neat epoxy and epoxy filled 
glass composite with different 
volume fraction of glass 
particle 

Sample Volume fraction of 
glass particle 
(vol%) 

Young’s modulus 
(GPa) 

Neat epoxy [18] – 2.69 

Glass particle filled 
epoxy composite 

5 4.94 

10 5.14 

15 4.19 

20 4.17 

25 3.54 

interfacial bonding between the particle and matrix. This is also agreed well in our 
previous finding in Refs. [6, 18].

4 Conclusion 

In the nutshell, the purpose of this work was to investigate the effect of: (1) glass 
particle size and (2) its volume fraction on the mechanical properties of Young’s 
modulus of epoxy composite. The research was conducted by using a commercial 
finite element software namely Ansys Mechanical APDL, integrated with variation 
asymptotic method for unit cell (VAMUCH). From the first case study, the result 
indicated the smallest area size of glass particle, 7.85 nm2 produces the highest 
Young’s modulus of 3.66 GPa. This result proves the fundamental theory of nanopar-
ticle; whereby glass nanoparticle imposed higher Young’s modulus than micro- and 
macro-size particle. On the other hand, for the second case, the highest Young’s 
modulus obtained was at 10 vol% glass particles with 91% increment compared to 
neat epoxy. 
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Finite Element Analysis of Tuned Mass 
Damper 

Izzuddin Zaman , Bukhari Manshoor , Amir Khalid , 
and Shiau Wei Chan 

Abstract The idea of a tuned mass damper emerges due to a common vibration 
problem existed in mechanical and civil structures applications. Vibration turns out 
to be a hazard that can reduce the life of the structure, thus tuned mass damper is 
considered as one of the most practical methods in the engineering branches since 
it can be used as vibration attenuator. The present paper investigated the design of 
tuned mass damper (TMD) to reduce the vibration amplitude of a building structure 
model. In the initial stage, the frequency of the building model and tuned mass 
damper were determined by using the theoretical equations. This is followed by the 
finite element modal analysis to determine the natural frequency and mode shape 
and then compared with the calculation. It was found that the percentage error of 
natural frequency between the theoretical and the simulation result was less than 
15% for building model (without tuned mass damper) and 2% for building model 
with attached tuned mass damper. The simulation analysis was further carried out 
by utilizing tuned mass damper to suppress vibration on the building model when 
subjected to a 10 N force. The results demonstrated that the attachment of TMD on 
the building model could significantly reduce the vibration amplitude by more than 
half. 
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1 Introduction 

The mechanical motion that results through the development of unpredictable period 
of a part or body from its resting function is known as vibration. Vibration can be a 
supply problem in the early stages of engineering due to its effect which can reduce 
the operating performance in the machine. Even at low levels, vibration can also 
cause pain, and while at high levels, it can cause structural failure and uncomfortable 
sound in the receiver that can eventually lead to disaster and hearing damage [1, 2]. 

Generally, every mechanical structure will have a tendency to oscillate with large 
amplitude at a certain frequency. Typically, this frequency is known as the resonance 
frequency or natural frequency of the structure. At this resonant frequency, even a 
small periodic driving force can also produce vibrations of large amplitude. When 
resonance occurs, the structure will begin to vibrate excessively and will eventually 
cause failure on the structure [3]. 

Therefore, to reduce vibration, vibration control has to be implemented to lessen 
the vibration amplitude and keep away from resonance frequency. Vibration handling 
in mechanical structures is important where vibrations are suppressed [4, 5]. The 
tuned mass damper (TMD) is one of the most well-known devices because of its 
simple design concept that is used to regulate the behavior of mechanical structures 
that subjected to vibration excitation. It is also considered as a passive control which 
consist of a mass and spring that attached to a structure as a way to lessen the dynamic 
reaction of the structure [6–8]. 

In general, vibration control of structures can be divided into passive, active 
and semi-active [9], where passive control devices do not require any external 
electricity source for lowering the structural vibrations, while in active control, it 
requires external electricity source. The semi-active control also known as hybrid 
systems require less external energy source in comparison with active control. In 
these systems, both damping coefficient and structural stiffness vary through applied 
force [10]. 

There are several strategies used in dealing with vibration control. A common 
method of eliminating vibration is by including tuned mass damper into the structural 
system. In this study, a passive tuned mass damper was selected to be examined 
in which the amount of reduced vibration of building structure model would be 
determined through finite element analysis using Ansys Workbench. Prior to this 
finite element analysis, a theoretical framework on the passive tuned mass damper 
was developed and its feasibility to reduce vibration was investigated. 

2 Design Modelling and Analysis 

For design modeling, SolidWorks (CAD) software was selected to draw models 
of three-story building structure and tuned mass damper before these models were
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Fig. 1 a Three-storey 
building model and b 
Pendulum-type TMD 

(a) (b) 

exported into the Ansys Workbench for simulation analysis. Fig. 1a shows  a proto-
type model of a three-storey building consisting of a rigid floor erected through 4 
deformable columns as it reflects the actual structural building. 

For vibration control, a pendulum type of tuned mass damper as illustrated in 
Fig. 1b was designed. The design consists of two mass blocks and a column with a 
length of 300 mm. The measurement shown in Fig. 1a and b is in mm, and the entire 
structure is made of aluminium with a density of 2700 kg/m3. Both designs were 
converted into IGES format before being exported into Ansys Workbench. 

In this research, the modal analysis and harmonic analysis were conducted to 
determine the natural frequency and vibration amplitude of the building model with 
and without attached tuned mass damper. The detail procedures of these analysis are 
shown in the following sub-section. 

2.1 Modal Analysis in Ansys Workbench 

Here, the modal analysis was used to determine the dynamic characteristics such 
as natural frequency and mode shapes of building model, tuned mass damper and 
building with attached tuned mass damper. To begin with, the “Modal” from the 
Analysis System was selected and dragged onto the project schematic. After the 
IGES format was imported into Ansys Workbench in the Design Modeler window, the 
material was appointed for each design (refer Fig. 2a) followed by setting the initial 
condition, such as fixed support (refer Fig. 2b). For meshing part, the hexahedron 
element was chosen with the element size of 10 mm (refer Fig. 2c). 

2.2 Harmonic Analysis in Ansys Workbench 

The harmonic analysis was used in extension to modal analysis to determine 
the response of the three-storey building to excitation at specific frequency. The
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(a) (b)                                    (c) 

Fig. 2 Procedure running modal analysis in ansys workbench 

“Harmonic” from the Analysis System was selected and dragged onto the project 
schematic, which later used to connect with “Modal”. Similar to modal analysis, 
initial conditions such as fixed support were set and 10 N force in horizontal direc-
tion was added to the above tip of the building model (refer to Fig. 3a). Later, the 
frequency response was added to analyze the vibration response of the system (refer 
Fig. 3b). 

Fig. 3 Procedure of 
harmonic analysis in ansys 
workbench 

(a) (b)      
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3 Theoretical Equation 

3.1 Three-Storey Building Model 

Figure 4 shows a simplified primary mass-spring model of a three-storey building 
with mass m1 and elasticity constant k1. A harmonic force Fo is exerted on the primary 
structure. The tuned mass damper is labelled as mass m2 and stiffness k2 attached to 
primary structure the act as the medium to absorb vibration of the structure. 

Derivation of equation of motion masses m1 and m2 is given as follows [11]: 

[
m1 0 
0 m2 

]⎧ 
ẍ1 
ẍ2 

⎞ 
+ 

[ 
(k1 + k2) −k2 

−k2 k2 

]⎧ 
x1 
x2 

⎞ 
= 

⎧
F0 

0 

⎞ 
(1) 

By writing matrix equation in terms of maximum displacement amplitude x for 
each respective mass to get: 

[−m1(ω1)
2 + (k1 + k2) −k2 
−k2 m2(ω2)

2 + k2 
]⎧ 

x1 sin ω1t 

x2 sin ω2t 

⎞ 
= 

⎧
F0 sin ω1t 

0 

⎞ 
(2) 

where ω1 and ω2 is the respective natural frequency of building model and TMD. 

ω1 =
/

k1 
m1 

(3) 

ω2 =
/

k2 
m2 

(4) 

Fig. 4 Simplified 
mass-spring model of a 
three-storey building with 
attached TMD 

m1 

m2 

X1 

X2 

k1 

k2 

F0
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Fig. 5 A simple pendulum tuned mass damper 

3.2 Tuned Mass Damper 

The equation of motion for the tuned mass damper can be derived from simplified 
model shown in Fig. 5, where the equation is given in Eq. (5): 

md üd + Wd 

L 
ud = −  md ü (5) 

And it follows that the equivalent shear spring stiffness is: 

keq = Wd 

L 
(6) 

The first natural frequency of the pendulum is related by [12]: 

ω2 
d = keq 

md 
= g 

L 
(7) 

4 Results and Discussion 

4.1 Modal Analysis 

A dynamic characteristic such as the first five natural frequency and mode shapes of 
three-storey building model, TMD and building model with attached TMD was deter-
mined using finite element analysis of Ansys Workbench. For theoretical modelling,
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only the first natural frequency was determined as been demonstrated in Sect. 3. 
Table 1 tabulates the results of natural frequencies obtained from these approaches. 
It shows that these approaches corroborated well, although there is a small discrep-
ancy less than 15% found in the building model. Based on this outcome, it is found 
that vibration attenuation for the building model can be cancelled by attaching TMD 
since the resonance frequency of TMD is approximated to the first natural frequency 
of three-storey building [13]. 

Meanwhile, the mode shape of the first natural frequency of three-storey building, 
TMD and building with attached TMD are displayed in Fig. 6. The result shows that 
all the model having a first buckling mode, where the maximum deformation occurs 
in the area opposite to fixed support area. 

Table 1 Theoretical and simulation natural frequency 

Mode 3-storey building TMD Building with TMD 

Theory Simulation Theory Simulation Theory Simulation 

1 2.60 2.98 3.20 3.24 2.35 2.40 

2 – 8.51 – 16.98 – 7.12 

3 – 11.97 – 26.96 – 10.64 

4 – 18.42 – 33.32 – 13.18 

5 – 27.66 – 290.27 – 14.28 

Building TMD Building + TMD 

(c)(a) (b) 

Fig. 6 First mode shape of a building, b TMD and c building with attach TMD models
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328.8673mm 

Fig. 7 Frequency response function of three-storey building model 

4.2 Harmonic Analysis 

The frequency response function (FRF) of a three-storey building as illustrated in 
Fig. 7 was determined over the frequency range of 0–15 Hz with a step size of 0.1 Hz. 
Within this range, three frequency modes are observed as proved from modal analysis 
as shown in Table 1, where the maximum amplitude of vibration ~329 mm occurred 
at the first natural frequency of 2.98 Hz. 

The next stage of analysis incorporates the attachment of TMD on three-storey 
building. The TMD’s resonance frequency is tuned as closed as possible to the first 
fundamental frequency of the building model at 2.98 Hz in order to suppress the 
vibration. Fig. 8 show the result of the frequency response function of three-storey 
building model with attached TMD. Obviously, the result shows that by attaching 
TMD onto the building creates four frequency modes over the frequency range of 
0–15 Hz. This result correlates well with our previous study which showed that the 
adding of absorber caused new natural frequency to form on the system [11]. On top of 
that, the natural frequencies of the new system also reduced slightly as the additional 
mass of TMD to the system [14, 15]. Table 2 tabulates the percentage vibration 
reduction of building model with and without attach TMD. It was found that almost 
56% vibration reduction achieved at the first frequency mode followed by 47% at

142.21mm 

Fig. 8 Frequency response function of three-storey building model with attached TMD
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Table 2 Vibration reduction percentage with TMD attachment 

Frequency mode Vibration of building model 
(mm) 

Vibration of building model 
with attached TMD (mm) 

Reduction (%) 

1 328.87 142.21 56.8 

2 15.00 7.94 47.1 

the second frequency mode of building model. The result clearly demonstrated that 
TMD performs effectively when attached to building model to lessen the vibration.

5 Conclusion 

The dynamic characteristic of three-storey building with and without attached tuned 
mass damper was successfully prepared in this study. The preliminary result of modal 
analysis from finite element analysis of Ansys showed in agreement with theoretical 
equation with error less than ±15% for the first natural frequency. From subsequent 
harmonic analysis, the structural vibration of the three-storey building was found 
decrease with tuned mass damper attachment from 328.87 to 142.21 mm, which 
is about ~57% reduction. The study reveals that tuned mass damper attached to a 
building model proved to be effective approach in vibration suppression. 
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Comparison of Frequency Levels 
in Internal Combustion Engines Using 
a Gasoline-Methanol Fuel Blend 

Erdiwansyah , Husni Husin, Fitri Khoerunnisa, Asri Gani, R. E. Sarjono, 
Rizalman Mamat, Mohd Fairusham Ghazali, S. M. Rosdi, 
and Bukhari Manshoor 

Abstract Investigations of the frequency and vibration levels of the internal combus-
tion engine have been intensively carried out to minimize and make the driver 
comfortable. This experiment was mostly done by changing engine materials and also 
testing various suitable fuels. In the last few decades, the analysis of the frequency 
of internal combustion engines has been carried out by making mixtures of alcohol 
fuels and fuel additives. The purpose of this work is specifically to analyze the 
frequency level comparison in an internal combustion engine using a petroleum-
methanol fuel mixture (G95%-M5% and G100). The experiment in this test was 
tested five times with engine speed (1000 rpm, 15,000, 2000, 2500, and 3000 rpm). 
The test results show that the mixed fuel can produce a lower combustion frequency. 
However, the burning speed is slightly slower than that of pure petroleum fuels. 
While pure petroleum fuel has a burning speed so that the level of vibration frequency 
produced is slightly high. Overall shows that the fuel mixture applied in this work 
can reduce the level of vibration frequency in the internal combustion engine.

Erdiwansyah (B) 
Faculty of Engineering, Universitas Serambi Mekkah, Banda Aceh 23245, Indonesia 
e-mail: erdi.wansyah@yahoo.co.id 

H. Husin · A. Gani 
Department of Chemical Engineering, Universitas Syiah Kuala, Banda Aceh 23111, Indonesia 

F. Khoerunnisa · R. E. Sarjono 
Department of Chemistry, Faculty of Mathematics and Science, Indonesia University of 
Education, Bandung 40522, Indonesia 

R. Mamat · M. F. Ghazali 
Centre for Research in Advanced Fluid & Processes, Universiti Malaysia Pahang, Lebuhraya Tun 
Razak, 26300 Gambang, Kuantan, Pahang, Malaysia 

S. M. Rosdi 
Politeknik Sultan Mizan Zainal Abidin, 23000 Dungun, Terengganu, Malaysia 

B. Manshoor 
Faculty of Mechanical and Manufacturing Engineering, University Tun Hussein Onn Malaysia, 
86400 Parit Raja, Batu Pahat, Johor, Malaysia 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
N. H. Johari et al. (eds.), Proceedings of the 2nd Energy Security and Chemical 
Engineering Congress, Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-19-4425-3_26 

291

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-4425-3_26\&domain=pdf
http://orcid.org/0000-0001-8887-8755
mailto:erdi.wansyah@yahoo.co.id
https://doi.org/10.1007/978-981-19-4425-3_26


292 Erdiwansyah et al.

Keywords Lever of frequency · Combustion · Fuel blend · G95-M5 · Gasoline 

1 Introduction 

Today’s increasingly sophisticated technology continues to encourage various 
companies in the world to create various driver comforts, especially for four-wheeled 
vehicles or better known as cars. Various ways have been done to reduce the level of 
vibration frequency while driving. Many ways can be done to reduce the frequency 
of vibrations in vehicles, such as changing materials to fuel. The process of the 
fuel mixture used for vehicles has been carried out by previous researchers [1–5]. 
Research on various combustion experiments applied to internal combustion engines 
most frequently done before [6–10]. 

Research to investigate low-frequency vibrations of micro-amplitude has the 
same effect especially on metal deformation [3, 11]. Investigation of the appro-
priate vibration amplitude and frequency on the CI machine can lead to the knocking 
phenomenon as reported by Mridha [12]. An experiment with a single point of time-
frequency analysis on the vibration of the LPG-diesel engine block has been carried 
out [13]. Vibration analysis in machines is one of the most powerful technologies 
for condition-based maintenance [14]. An investigation into the resistance of the 
power inside the engine has been reported by Qawqzeh et al. [15]. The characteris-
tics of engine combustion are one of the moving components that can produce noise 
and vibration in the engine. However, the level of vibration generated depends on 
parameters such as fuel type, engine load, engine speed, spark time, etc. [16–18]. 

Methanol fuel has advantages, especially in internal combustion (CI) engines. The 
advantages of this methanol fuel as the results of the research reported by [19]. Their 
research makes gasoline-methanol mixture fuel through a manual stirring process 
and left for 24 h in a closed condition. Methanol-gasoline fuel mixture with a ratio 
of M5, M10, M15, and M20 which was tested on a small spark ignition (SI) engine 
has also been carried out [20–22]. The results of the tests carried out show that the 
performance and emissions of the SI engine are low. This can be done by increasing 
the methanol ratio in the fuel mixture under all experimental conditions. 

Experiments on the internal combustion engine tested in this study are specific to 
analyze the ratio of the frequency levels when petroleum fuel is mixed with methanol. 
The fuel mixture used in this test is G95%-M5%. The mixed fuel was tested five times 
at an engine speed of 1000–3000 rpm with 500 rpm intervals. The specific purpose 
of this work is to analyze the frequency level in the engine when using a gasoline-
methanol mixture at different engine speeds. The results of each subsequent test are 
compared with pure petroleum.
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Table 1 Specifications of 
Engine 

Descriptions engine 

Engine type Mitsubishi 4G93 SOHC 

Compression ratio 9.5:1 

Number of cylinders 4 (1st cylinder is instrumented) 

Fuel injection type MCI-Multi (electronically controlled 
multi-pint) fuel injection 

Max power 86 kw @ 5500 rpm 

Max torque 161 nm @ 4500 rpm 

Bore stroke 81.0 mm × 89.0 mm 

Piston displacement 1.834L 

2 Experimental Setup and Material 

This experiment was tested on Mitsubishi 4G93 SOHC four-cylinder and piston 
engine 1.834L. The specification of the test machine is shown in Table 1. Vibration 
pressure on the spark plug using a machine-adjusted sensor then combined amplifier 
device to analyze the combustion system for pressure measurement on the cylinder 
with 200 combustion cycles continues until the test is completed. This study used a 
single zone heat-release method. 

The fuel mixture used in this test is gasoline and methanol. The ratio of the fuels 
in the mixture is gasoline (G95%) and methanol (M5%). The results of the analysis 
of the applied mixture will be compared with the results of pure gasoline (G100%). 
The experiment was carried out five times at different speeds (1000, 1500, 2000, 
2500, and 3000 rpm). While the schematic diagram used in this work is shown in 
Fig. 1. 

3 Result and Discussion 

The tests applied in this work were tested on an internal combustion engine. The 
petroleum-methanol fuel mixture is prepared with a ratio of gasoline (G95%) and 
M5% methanol. The experiment was carried out five times for each tested fuel. Tests 
were carried out at engine speeds of 1000, 1500, 2000, 2500, and 3000 rpm. The 
results of each test for mixed fuels are analyzed to see the level of vibration frequency 
in the internal combustion engine. Based on the results of tests carried out at an engine 
speed of 1000 rpm, it shows that the vibration frequency when using the G95-M5 fuel 
mixture is lower than pure petroleum. Meanwhile, pure petroleum fuel has a more 
normal vibration frequency as shown in Fig. 2. This is because petroleum is more 
flammable. While the mixed fuel burns a little slower, at the end of the combustion 
the mixed fuel is higher because the combustion has started completely.
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Fig. 1 Diagram schematic for engine SI 

Fig. 2 Lever of frequency for engine speed (1000 rpm)
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Fig. 3 Lever of frequency for engine speed (1500 rpm) 

The results of the analysis carried out at the engine speed of 1500 rpm showed 
that the overall pure petroleum fuel produced a more normal vibration frequency. 
However, at the time of 350–430 s of G100 testing, there was a significant increase 
compared to the G95-M5 mixture. However, at 780–820 s the mixed fuel G95-M5 
showed higher results than the G100 shown in Fig. 3. At a speed of 1500 rpm, 
the vibration frequency from the combustion using a mixed fuel was slightly more 
normal than when testing at a speed of 1000 rpm. 

The test results applied to an engine speed of 2000 rpm show that the G95-M5 
fuel mixture has almost the same vibration frequency as the G100 fuel. However, the 
fuel of the G100 is still better, this can be affected by the firing speed. Meanwhile, 
the G95-M5 mixture experienced a delay in burning so that the vibration frequency 
obtained was slightly lower than that of the G100 as shown in Fig. 4. Based on the 
results obtained, it was shown that the 5% methanol mixture into petroleum was 
quite good, although the combustion system was slightly slower than G100. 

Tests of combustion with pure petroleum fuel at an engine speed of 2500 rpm 
showed a higher vibration frequency level than when testing at a low engine speed. 
Meanwhile, the vibration frequency level recorded from the mixed fuel test showed 
more normal results, but lower than that of pure petroleum fuel as shown in Fig. 5. 
If you look at the results obtained when using G100 fuel, the peak speed of 2500 is 
not yet normal. However, for mixed fuels, it has shown maximum results. 

The last test carried out in this study was carried out with an engine speed of 
3000 rpm for each of the tested fuels. The test results showed that the two types 
of fuel tested showed the maximum point. Both types of fuel were tested at an 
engine speed of 3000 rpm and the resulting vibration frequency level has shown 
normal results. Where it can be concluded that the combustion system with a high 
engine speed can produce more complete combustion so that the resulting vibration 
frequency is more optimal as shown in Fig. 6. The highest frequency peaks of the two 
types of fuel used are obtained at the same second, namely; at the time of 750–820 s.
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Fig. 4 Lever of frequency for engine speed (2000 rpm) 

Fig. 5 Lever of frequency for engine speed (2500 rpm) 

4 Conclusion 

This research was conducted five times for each test fuel. Each fuel that has been 
primed is tested at different engine speeds and then the results of each test are 
compared. Based on the results of the experiments that have been carried out, it can 
be concluded that the high engine speed of the G95-M5 fuel mixture can equal the 
G100. The vibration frequency level of the G95-M5 mixture test is lower than that 
of the G100. However, the combustion rate with the mixture is slightly slower than 
that of pure petroleum.
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Fig. 6 Lever of frequency for engine speed (3000 rpm) 
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Corrosion Performance of Nanopaint 
for Automotive Application 

S. Z. A. Sakinah , Wan Azmi Wan Hamzah , and J. Alias 

Abstract Nanostructured coating that possessed high density of grain boundaries 
enable excellent physical coverage of the coated surface against corrosion and 
mechanical problems compared to the larger grain size of particles found in conven-
tional paint. The current study focusses on the effect of SiO2 and TiO2 nanoparticles as 
additive in acrylic automotive paint for corrosion. The new paint namely nanopaints 
was prepared at three different concentrations. The nanopaint were characterized 
using Electro-chemical test and the open circuit potential (OCP) is recorded. Elec-
trochemical test in a saltwater solution method also used to determine the potential 
of nanopaint concentration on automotive surfaces. The results reveal that nanopar-
ticle additive provide better corrosion rate as compared to the original basecoat. The 
optimum anticorrosion behaviour for both TiO2 and SiO2 nanopaints were achieved at 
weight percentage of 1.5 wt% and 1.0 wt%, respectively. Therefore, the nanopaint has 
potential to provide better corrosion performance for automotive surface application. 

Keywords Nanopaint · Corrosion · Automotive surface · Electro-chemical ·
Polarization 

1 Introduction 

Titanium oxide (TiO2) is a common type of nanomaterial used in coating and corro-
sion applications. Industrial nanoscale TiO2 was stored as a dry powder at room
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temperature, and it was reported that the particle has a size range and specific surface 
area of 6.4–73.8 nm and 54 m2/g, respectively. The distinct and unique chemical and 
physical characteristics of TiO2 nanoparticles such as self-cleaning, high abrasive and 
corrosion resistance, photocatalytic activity, ultra-violet protection, and large refrac-
tive index lead to many applications of TiO2 nanoparticles such as self-cleaning and 
self-sterilizing construction materials, electrochromic, sensing and photovoltaic. To 
maximize the dispersion of TiO2 nanoparticles in an aqueous culture medium, the 
combination of mechanical dispersion by ultrasonication, electrostatic repulsion by 
pH adjustment and steric hindrance by addition of humid acid were applied [1]. 

Silicon dioxide, SiO2, also known as silicon (IV) oxide or silica, mostly existed as 
quartz or sand in nature. SiO2 nanoparticle is a transparent, odourless, crystalline or 
amorphous solid with a density of 2.65 g m/L. Since the polarity of SiO2 nanoparticles 
is zero, it is not a very reactive compound. SiO2 nanoparticles have been widely 
applied in the chemical industry such as dyes and paint additives, corrosion inhibitors, 
anti-adhesives, ceramic and porcelain. Malaki et al. [2] found that the scratch and 
abrasion resistance of the clear coat had been enhanced and improved by dispersing 
SiO2 in the clear coat. 

Abaci and Nessark [3] experimented to study the corrosion behaviour of A304 
stainless steel by using a coating of conducting polymers polyaniline (PANI) and TiO2 

in an acidic medium. The experiment concluded that the anti-corrosion performance 
of the substrate increased significantly by using a mixture of PANI and TiO2 as 
a composite material. Besides, Shanaghi et al. [4] coated TiO2 nanoparticles with 
a range of thickness (300–700 nm) on mild steel via the sol-gel method to study 
corrosion protection. The experiment result showed that heat treatment at 550 °C 
will obtain the best coating quality and thickness not more than 561 nm will improve 
the corrosion resistance of mild steel about 190 times better compared to the raw 
substrate. 

Ammar et al. [5] used host hybrid polymeric matrix (epoxy and polydimethyl-
siloxane (PDMS)) and reinforcing agents (2–8 wt% of SiO2 nanoparticles) to fabri-
cate hybrid polymeric based nanocomposite coating systems by using solution inter-
calation method with the assistance of sonication process. The result from EIS also 
revealed that the immersion time that shows the best anti-corrosion properties is 
30 days and the coating system that with the contents 2 wt% of SiO2 nanoparticles 
revealed significant stability over the entire immersion time. In another paper, Kim 
and Hwang [6] studied the anticorrosion enhancement in silica film with mixing 
sizes of silica nanoparticles (10–50 nm). Silica films were prepared by the sol–gel 
dip-coating method followed by the annealing process at 200 °C. Electrochemical 
characterization concluded that the film with mixed sizes of nanoparticles exhibits 
lower corrosion current density and delayed loss of film resistance during immersion 
in an electrolyte solution. 

Kamalan Kirubaharan et al. [7] dispersed TiO2 and SiO2 nanoparticles to achieve 
the composite coating by using paste formation and silane treatment method. It 
was evidenced that nanocomposite (silicone-polypyrrole-Interpenetrating Polymer 
Network (silicone-PPy-IPN) with rutile TiO2) coating exhibited a very high resis-
tance of 107 Ω cm2 after 1 month of immersion in NaCl solution. The main concern
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of the current automotive coating is to enhance corrosion performance and create 
protection against harsh environments. Blistering and fisheyes are the common corro-
sion or coating defects found in automobiles caused by contaminants. The objective 
of this paper is to investigate and evaluate the corrosion potential and performance 
of single TiO2 and SiO2 nanopaints for automotive applications. 

2 Methodology 

2.1 Preparation of Nanopaint 

In this study, nanoparticles of silicon oxide (SiO2) and titanium oxide (TiO2) nanopar-
ticles were used, and polyester basecoat paint is taken as base fluid. Material prop-
erties for TiO2 and SiO2 nanoparticles are shown in Table 1. A two-step method 
is considered in the preparation of the single polyester basecoat nanopaints. As 
proposed by Das et al. [8] and Ghadimi et al. [9], the two-step method is better 
for oxide particles, and it provides higher stability thus less agglomeration. Few 
reasons for the use of polyester basecoat and nanoparticles in the present study, 
which included (i) they are generally considered as safe material to be handled 
due to their low toxicity although it is recognized that this may change in future 
regarding further fundamental research on nanotoxicology; (ii) nanoparticles are 
chemically more stable than their metallic counterparts; (iii) These nanoparticles 
exhibit hydrophobic or hydrophilic properties which prone to self-cleaning and dirt 
repellent, scratch and wear resistance, anti-corrosion, anti-reflection/glass-coating 
and surface modification; (iv) Polyester basecoat has high tensile strength, chemical 
and weathering resistance, good process ability and good mechanical properties; (v) 
Polyester basecoat is widely used in car manufacturing plant in Malaysia. 

Sample preparation of single coating is done by dispersing nanoparticles into 
raw basecoat paint. Since nanoparticles existed in pigments instead of measuring in 
volume, Eq. (1) was used to calculate the mass fraction or weight concentration of 
nanopaints. The TiO2 and SiO2 nanoparticles at different weight percentage of 0.5, 
1.0 and 1.5 wt% are dispersed into 200 ml of raw basecoat paint. 

ω = ωnp 

ωnp + ωpaint 
× 100% (1) 

Table 1 Material properties 
of TiO2 and SiO2 
nanoparticles 

Property Unit TiO2 SiO2 

Molecular mass g/mol 79.87 60.08 

Density kg/m3 4230 2220 

Average particle diameter nm 50 30 

Specific heat J/kg·K 692 745
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where ω is the weight concentration of the nanopaints, while ωnp and ωpaint are the 
weight for nanoparticles and base coat paint, respectively. After the weight of the 
nanoparticle was calculated, the nanoparticles were then mixed into the raw basecoat 
paint and stirred using a magnetic stirrer for 20 min. Next, solvent (butyl-acetate) 
is also added to lower the surface tension (viscosity) of the paint to get the original 
viscosity of the paint and given by 40 ± 1 cP. The nano paint was prepared in similar 
viscosity to the base coat paint and required for storage and painting process. Then, 
the nanopaint is subjected to a sonication process for another 30 min using Fisher 
Brand Ultrasonic Bath. The sonication process is important to make sure uniform 
dispersion of the nanoparticles in the paint and reduce the agglomeration of particles. 

2.2 Corrosion Resistance 

The corrosion resistance performance of the nanopaints was tested using an electro-
chemical test in a saltwater solution (≈3.5 wt% vol NaCl). All corrosion behaviour 
is the outcome of oxidation and reduction reactions. Corrosion rates or penetra-
tion rates were obtained from the potentiodynamic polarization technique, which 
employs a three-electrode configuration during the electrochemical test [10]. Figure 1 
shows the present electrochemical test setup. The three electrodes consisted of refer-
ence, counter, and working electrodes. The corrosion rates were determined from 
the applied potential, Ecorr and current, Icorr (current density). After the potential 
is scanned to a predetermined current density or potential, the potential scan may be 
reversed while the current continues to be measured. This type of potentiodynamic 
scan is referred to as reverse polarization or cyclic polarization. Equation (2) was  
used to estimate the corrosion rate for each sample. 

CR = K1 
Icorr 
ρ 

EW (2) 

Fig. 1 Electrochemical test set up
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where, CR is penetration rate in mm/year, Icorr is corrosion current in μA/cm2, K1 is 
constant value in Faradays’s Eq. (3.27 × 10–3 mm g/μA cm yr),  ρ is material density 
in g/cm3, and EW is 27.92. 

2.3 Polarization Preparation 

Polarization is a mechanism that usually results in a change in the potential of an 
electrode in which the potential of anode become nobler than that of the cathode 
during electrolysis. It has the effect of reducing the output voltage of batteries and 
increasing the voltage required for electrolysis cells [11]. The polarization is anodic 
when the anodic processes on the electrode are accelerated by moving the poten-
tial in the positive (noble) direction whereas it is considered to be cathodic when the 
cathodic processes are accelerated by moving the potential in negative (active) direc-
tion. Cathodic polarization, which is the polarization that occur at the cathode, always 
reduce the corrosion rate for all metals and alloys in any aqueous environment [12]. 
The term cathodic protection refers to the application of a cathodic polarization to a 
corroding system. In general, polarization often occurs in three ways which included 
activation polarization, resistance polarization and concentration polarization [12]. 

It is helpful in analysing the type of polarization because it provides knowledge 
to determine the characteristics of a corroding system. For example, any change 
that raised the diffusion rate of the active species might also increase the rate of 
corrosion if the corrosion is controlled by concentration polarization. Therefore, 
in such system, it was estimated that agitating or stirring the liquid could tend to 
increase the corrosion rate of the metal. However, if the corrosion is controlled by 
activation polarization, there is no effect on the corrosion rate by stirring or increase 
the agitation. Figure 2 showed the method of polarization in the present study. 

Fig. 2 Polarization method
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3 Results and Discussion 

3.1 Corrosion Potential/ Characteristic 

Figure 3 shows the potential, V against current density, A for different weight concen-
trations of TiO2 nanoparticles (0 wt%, 0.5 wt%, 1.0 wt% and 1.5 wt%). It was also 
known as polarization graph with Tafel plotted. The two linear red lines represented 
oxidation and reduction, respectively. With the linear lines plotted with Tafel anodic 
and cathodic slopes, the value of potential, Ecorr and current density, Icorr of each 
sample can be easily defined. It should be noted that the lower the current density of 
a sample, the greater the anticorrosion behaviour of that sample. It was observed that 
the value of Icorr keep reducing as the concentration of TiO2 increased. The value 
of Icorr is in descending order as addition of TiO2 nanoparticles increased: 2.512 ×
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10–4 A (0 wt%) <1.584 × 10–7 A (1.0 wt%) <8.318 × 10–8 A (0.5 wt%) <9.550 
× 10–9 A (1.5 wt%). This can be concluded that the addition of TiO2 nanoparticles 
inside the basecoat will enhance the corrosion performance. The optimum weight 
percentage of TiO2 against corrosion was 1.5 wt%.

Figure 4 presents the potential, V against current density, A of different weight 
concentrations of SiO2 nanopaint (0, 0.5, 1.0 and 1.5 wt%). A similar trend was 
observed for SiO2 nanopaint, whereby the addition of SiO2 nanoparticles enhanced 
the paint against corrosion. However, the optimum weight percentage of SiO2 against 
the corrosion was achieved at 1.0 wt% and current density was increased back to 
1.047 × 10−8 A at 1.5 wt%. However, the addition of SiO2 nanoparticles within 0 
to 1.0 wt% was resulted in descending order of Icorr value: 2.512 × 10–4 A (0 wt%)  
<1.585 × 10–8 A (0.5 wt%) <5.623 × 10–9 A (1.0 wt%).  

(a) 0.0wt%                                                (b) 0.5 wt%
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Table 2 The corrosion rate 
for TiO2 nanopaint 

Weight concentration (wt%) Corrosion rate (mm/year) 

0.0 1.457 × 10–6 

0.5 4.825 × 10–10 

1.0 9.193 × 10–10 

1.5 5.539 × 10–11 

Table 3 The corrosion rate 
for SiO2 Nanopaint 

Weight concentration (wt%) Corrosion rate (mm/year) 

0.0 1.457 × 10–6 

0.5 9.193 × 10–11 

1.0 3.262 × 10–11 

1.5 6.074 × 10–11 

3.2 Corrosion Rate 

The result of the corrosion rate for TiO2 and SiO2 nanopaints was discussed in this 
section. The calculated values of corrosion rate for TiO2 and SiO2 nanopaints from 
weight concentration are shown in Tables 2 and 3, respectively by using Eq. (2). 

Figure 5 represents the overall corrosion result of TiO2 and SiO2 nanopaints for 
the corrosion rate against weight concentration. It can be obviously observed that 
the addition of nanoparticles in the paint was improved the anticorrosion properties 
dramatically. This is due to the porosity of the coating was become less porous and 
the density of the grains, network and dislocations become higher therefore reduce 
the corrosion rate and cause the nanocoating possessed the perfect anticorrosion 
behaviours. However, the optimum anticorrosion behaviour for both TiO2 and SiO2

(a) TiO2 nanopaint (b) SiO2 nanopaint 

Fig. 5 Corrosion rate against weight concentration of nanopaints
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nanopaints were achieved at different weight percentage of 1.5 wt% and 1.0 wt%, 
respectively. From the figure, the corrosion resistance of nanopaint for both nanopar-
ticles were clearly improved drastically. Nanoparticles acts as additives or fillers 
when mixed with basecoat paint and it will modify and enhance the paint properties 
such as microstructures, morphology and corrosion resistance which subsequently 
improve the corrosion performance of paint.

4 Conclusions 

The corrosion performance of TiO2 and SiO2 nanopaints for application on automo-
tive surfaces at different weight percentage (0, 0.5, 1.0 and 1.5 wt%) were inves-
tigated. Addition of TiO2 and SiO2 nanoparticles obviously decreased the corro-
sion rate dramatically as compared to the original basecoat. However, the corrosion 
rate unchanged or become higher with concentration of nanopaints. The Icorr value 
was reduced with the concentration of TiO2 and SiO2 nanopaints. The optimum 
weight percentage of TiO2 and SiO2 nanopaints were achieved at 1.5 wt% and 1.0 
wt%, respectively. Therefore, TiO2 and SiO2 nanopaints were recommended for 
automotive application. 
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Laser Processing 
of La61.4Al15.9Ni11.35Cu11.35 Based 
Functionally Graded Material Bulk 
Metallic Glass 
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Mohd Ruzaimi Mat Rejab , Mohd Kamal Kamarulzaman , 
Sakinah Hisham , and A. M. Aizzuddin 

Abstract Bulk metallic glass (BMG) based on lanthanum is one of the BMG 
with exceptional glass-forming ability (GFA). The La61.4Al15.9Ni11.35Cu11.35 bulk 
metallic glasses were treated to a laser processing test in this experiment. The results 
showed that the best power, frequency, and speed ranges for laser processing of 
the La61.4Al15.9Ni11.35Cu11.35 BMG samples are 40–50 W, 160–240 kHz, and 200– 
400 mm/s, respectively. As a result, the current work was effective in producing 
the Lanthanum-based functionally graded material (FGM) BMG. The positive find-
ings on the laser’s microstructural or morphology, give a solid foundation for future 
advancement research on the La61.4Al15.9Ni11.35Cu11.35 BMG. 

Keywords La-based BMG · Functionally graded material bulk metallic glass ·
Laser processing 

1 Introduction 

Metallic glass (MG) is an advanced engineered material with several crucial 
processes. The first known successful development of bulk metallic glass (BMG) 
is from Klement et al. from California Technology Institute in 1950–1960 [1–3]. 
Ruhl et al. team from the Massachusetts Institute of Technology makes additional 
BMG findings later [4–6]. The known Metallic Glass (MG) was in the ribbon form
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and only 1 mm in thickness size. Akihisa Inoue et al. from Tohoku University has 
made MG samples from different elements (Al, La, Fe, Ni, Cu, Ag and Sn) and 
lists out their glass-forming ability (GFA) [7, 8]. Later the MG creation method was 
able to be produced in bulk (more than 1 mm thickness), which uses the copper 
block to supercool (super-cooling time of 1−101 K/s [9] the molten MG elements. 
Previous alloy system that is less than three elements system have the super-cooling 
time of 103−105 K/s [10]. Lower super-cooling time will reduce the effect of stress 
from rapid cooling, resulting in fracturing. Other methods are also found in the 
creation of BMG (Exceeding 1 mm thickness). In the latest trend, Ouyang et al. [10] 
used the selective laser melting 3D metal printer to produce BMG with better shape 
complexity. This opens up the possibility for BMG to be used in rapid prototyping 
parts for practical usage. On the other hand, a Lanthanum based BMG as the chosen 
sample in this work is an alternative for the lightweight alloy. The base metal is 
abundant and has an excellent glass-forming ability (GFA) for the BMG. 

1.1 Ductilisation Studies on BMG 

The common understanding of BMG agrees that the ductility of BMG is lower 
compared to conventional alloys. Although that is the case, studies on how to enhance 
BMG ductility is continuing. The author has compiled in Table 1 the ductilisation-
related research regarding the BMG alloy systems, processes and Young’s modulus 
values that can be a valuable reference for other BMG ductilisation research [3]. 

Hence, to describe ductility in a comprehensive method, it is agreeable that more 
properties information is needed [11]. Information such as shear modulus, bulk 
modulus, alloy’s density, and Poisson’s ratio are needed to derive a comprehensive 
conclusion [12]. Nevertheless, as for benchmarking purposes of BMG ductilisation, 
Young’s modulus (stiffness) is inversely proportional to the actual ductility value 
of BMG samples [13, 14]. It can be beneficial information when the research of 
localised ductilisation and characterisation of functionally graded material (FGM) 
bulk metallic glass (BMG) is initiated. 

Table 1 Compilation of data from ductilisation-related research in terms of the BMG alloy systems, 
processes and Young’s modulus, E 

BMG alloy system Process E (GPa) Refs. 

Pt–Cu–Ni–P Compression, bending 94.8 [12] 

Cu–Zr Compression 84 [15] 

Zr–Al–Ni–Cu–Ti Cold rolling 82 [16] 

Ti–Zr–Cu–Be–V Tensile, nanoindentation 94.2 [17] 

Ti–Zr–Nb–Cu–Be–Sn Nanoindentation 120.3 [18] 

Zr–Ti–Cu–Ni–Al Imprinting 105 [19] 

La–Al–Ni–Cu Compression, bending 25 [20]
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1.2 Localised Ductilisation of the Bulk Metallic Glass (BMG) 

Investigation of the re-scanning method to prevent macro-cracks during selective 
laser melting (SLM) of Al85Ni5Y6Co2Fe2 bulk metallic glass composites (BMGC’s) 
had been presented by Li et al. [21]. The crack was caused by residual stress of 
rapid heating and cooling during SLM. BMGC’s possess supercooled liquid regions 
that can release stress by plastic flow. It was shown that high power initial scan 
for material melting followed by a lower power re-scan for stress relief was able to 
prevent cracking. A crack free Al85Ni5Y6Co2Fe2 BMGC’s was created with gear 
design. The diameter is ~25 mm and height ~10 mm [21]. 

Additive manufacturing can produce bulk metallic glass (BMG) with good design 
and sizes. The major challenge of creating BMG using additive manufacturing is 
micro-cracking. It is caused by substantial thermal stress in the process, particu-
larly around the micro-pores. Thus, degrade the mechanical performance of the parts 
created. Systematic experiments and finite element simulation on Fe-based metallic 
glass, which is intrinsically brittle was done. Fe43.7Co7.3Cr14.7Mo12.6C15.5B4.3Y1.9 

(at.%) have the excellent glass-forming ability (critical cooling rate for glass forma-
tion approximately at 80 K/s) and was chosen as the powder material base [22]. Using 
selective laser melting (SLM) with process optimization to avoid micro-cracks. Cu 
and CU-Ni alloy powder forming BMG composites were introduced to subdue the 
development of micro-cracks. Results have shown micro-crack reduction with high-
density dislocation formation in the second phase of SLM. The second phase reduces 
thermal stress with the relaxation of strain energy. Fracture toughness of second phase 
Fe-based BMG improved to 47 MPa m1/2 compared to first phase Fe-based BMG 
2.2 MPa m1/2. The SLM method for BMG development with composites can enhance 
mechanical properties while maintaining geometries of parts created [22]. 

Imprinted glass is considered an orthotropic material that possesses heteroge-
neous microstructures due to imprinting ductilisation. Consequently, the shear band 
dynamics and mechanical behaviour of the BMG would vary under compression or 
tensile loadings. Scudino et al. [19] studied the correlation between structural hetero-
geneities and shear bands morphology of a Zr52.5Ti5Cu18Ni14.5Al10 BMG through 
experimental and computational methods. The effects of loading angle, α, on the  
tensile behaviour of the BMG samples were analyzed through the tensile tests. The 
results revealed that both strength and ductility improved when α was increased from 
0 to 45° due to the shear band branching and deflection mechanisms [19]. 

Dong et al. [23] examined the ductility of Zr-based BMG having varied hydrogen 
content. The plasma-assisted hydrogenation method introduced hydrogen at varied 
content, and uniaxial compression tests were performed on the BMG rods. The results 
showed that hydrogen significantly improved the compressive properties, plasticity 
and ductility of the Zr55Cu30Ni5Al10 metallic glass.
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Table 2 Functionally graded material (FGM) BMG alloy system, process, and aim of the study 

BMG alloy system Process Aim of the study Refs. 

Zr–Ti–Cu–Ni–Al Laser additive manufacturing 
(LAM) 

Extending the applications of 
metallic glass for use as 
functionally graded 

[24] 

Zr–Ti–Cu–Ni–Al Laser direct manufacturing 
(LDM) 

LDM technology to fabricate 
structural-graded materials 

[25] 

1.3 Functionally Graded Material (FGM) Bulk Metallic 
Glass (BMG) 

To the best of the author’s knowledge, functionally graded material (FGM) bulk 
metallic glass (BMG) is still an area of research that is scarcely explored. Having 
stated this, an exploration of the niche area would benefit the future practical appli-
cation of BMG. In Table 2, using laser additive manufacturing (LAM) and direct 
laser manufacturing (LDM) [3], the researchers aim to extend the BMG application 
as part of FGM [24, 25]. 

The author’s research with literature support (Table 2) suggested that the FGM 
BMG would open up BMG capabilities to allow conventional alloy processes such as 
machining and joining. Similarly, with localised ductilisation using the laser method, 
various FGM BMG can be produced depending on usage. 

1.4 Joining Process of BMG 

The bulk metallic glass research area on the joining method is continuing until today. 
Admittedly, the maturity of BMG engineering would be to produce the part as cast 
rather than to join it. Although that is the case, Table 3 compiled various research on 
the joining of BMG [3]. The studies were done to further the general understanding 
of BMG on this subject matter. Consequently, this understanding comes from the 
meta-stability of the BMG that is vastly affected by the high-temperature procedure 
of joining the BMG [26]. Providing crucial information on annealing of the heat-
affected zone (HAZ), joining ability, quality, and strength. 

Importantly, by introducing a joining procedure to BMG with applying high 
temperature surpassing the eutectic point. Coupled it with an annealing process that 
happens by ambient temperature. Therefore will result in the crystalline reverting 
process of the BMG, which was subjected to the heat-affected zone (HAZ) [28]. 

The author has a hypothesis that using the laser processing method, the 
La61.4Al15.9Ni11.35Cu11.35 metallic glass can be processed to become a graded mate-
rial. A proper study of graded material towards the La61.4Al15.9Ni11.35Cu11.35 metallic 
glass has not been done to the best of the author’s knowledge. This is an excellent
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Table 3 Joining of BMG alloys system, process, and aim of the study 

BMG alloy system Process Aim of the study Refs. 

Zr–Cu–Ni–Al Laser welding Laser welding effect on 
annealed BMG 

[27] 

Zr–Cu–Al–Ni Laser welding Crystallisation effect of BMG 
in laser welding 

[28] 

Zr–Cu–Al–Ni Friction stir welding (FSW) FSW joining of BMG to alloy 
plates 

[29] 

Zr–Ti–Ni–Cu–Al Friction stir welding (FSW) Joining of BMG to aluminium 
alloy 

[30] 

Zr–Ti–Ni–Cu–Al, 
Zr–Cu–Ni–Al 

Liquid–solid joining process Joining two BMG using the 
solid–liquid process 

[31] 

Cu–Ni–Zr–Ti Brazing Joining BMG to carbon steel [32] 

opportunity to closing the gap of expanding the size and application of the metallic 
glass, specifically for the La61.4Al15.9Ni11.35Cu11.35 metallic glass [33]. 

2 Materials and Methods 

2.1 Samples Preparation 

The La61.4Al15.9Ni11.35Cu11.35 BMG was obtained through an organization provides 
by Malaysia’s Ministry of Science, Technology, and Innovation (MOSTI): 03-01-
02-SF0257. To eliminate the thermal history from the prior cutting operation, the 
La61.4Al15.9Ni11.35Cu11.35 BMG samples were manually surface ground using 240, 
320, 400, and lastly 640 grid sandpaper. Additionally, to achieve a flat surface for 
laser processing, the surface roughness must be reduced. 

2.2 Localised Heating Process 

A conceptualize method to gain localised ductilisation on the BMG samples can be 
observed from Fig. 1. BMG area at the heat-affected zone (HAZ) from the suggestive 
laser heating process will crystallize after annealing. The targeted heat applied to 
reach the crystalline temperature (Tx ) of the Lanthanum based BMG that is 417 K. 
This is still lower from the melting temperature (Tg) of 446 K, with the different 
temperature of (ΔT) 29 K. When annealed at ambient room temperature, the localised 
heating area such as Fig. 1 will make the area ductile, which revert to conventional 
metallic properties [28, 34].
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Fig. 1 Illustration of the sample with localised ductilisation 

The laser machine of CK-FB3D Laser 3D Fiber Laser Marking Cutting Marking 
Engraving Machine located Kolej Kemahiran Tinggi MARA Kuantan was used in 
this study. The machine, laser parameters need to be taken into account, such as 
pulse or continuous, the thermal conductivity of samples, temperature to heat up, 
laser speed, laser power, et cetera [27, 35, 36]. Setting up the laser run for the BMG 
samples is crucial to obtain the best laser parameters to achieve suitable localised 
heating. 

Table 4 shows the compilation of studies on the localised heating of the BMG in 
terms of the alloys system, process, and aim of the study. These references make 
the idea generated from the aim of studies, using the laser process to create a 
localised ductilisation, plausible. By selecting the proper parameter and method of 
laser process, combined with annealing at ambient temperature, the creation of a 
localized ductilisation has been proven. 

Table 4 Compilation of studies on the localised heating of the BMG in terms of the alloys system, 
process, and aim of the study 

BMG alloy system Process Aim of the study Refs. 

Zr–Al–Ni–Cu Diode laser Crystallisation effect by laser [37] 

Zr–Ti–Cu–Ni–Be Single-pulse ablation laser Explosive boiling of MG 
superheated by nanosecond 
pulse laser ablation 

[38] 

Zr–Ti–Cu–Ni–Be Nanosecond laser (Yb laser fibre) Generating micro-scale 
features on BMG 

[35] 

Zr–Be–Ti–Cu–Ni Nanosecond laser Morphology study of BMG 
from nanosecond laser 

[34] 

Zr–Cu–Ni–Al Laser welding Characteristics of the weld 
structure in the heat-affected 
zone and the fusion zone 

[14]



Laser Processing of La61.4Al15.9Ni11.35Cu11.35 Based … 315

Other methods that are in the back-burner by the author are hot oil quenching of 
the BMG samples. Another method is conventional controlled localised heating by 
a blow torch. Both of these localised heating methods are the author’s original ideas. 

The localised ductilisation process was done using the CK-FB3D Laser 3D Fiber 
Laser. The optimum laser parameters to be used on the La-based MG is selected after 
a thorough comparison from previous works on laser machine MG as compiled in 
Table 5. The previous researches were found to use the Zr-based and Al-based MG 
for the samples. While in this study, the author will recreate the laser processing into 
La-based MG. The following Table 6 shows the CK-FB3D Laser 3D Fiber Laser 
parameters, which are devised accordingly for this study. 

Table 5 The comparison of parameters for BMG laser processing 

Laser type Laser 
power 
(W) 

Speed 
(mm/s) 

Frequency 
(kHz) 

Material Refs. 

400 W 
Yb-fibre laser 
(SLM) 

400 – – Zr59.3Cu28.8Nb1.5Al10.4 [39] 

KrF excimer 
laser 
(PLD-IV) 

– – – Zr47.7Cu31Ni9Al12.3 [40] 

Ns-pulsed 
laser 

18 1900 100 Zr52.5Cu17.9Ni14.6Al10Ti5 [41] 

Diode laser 500 300 – Zr55Al10Ni5Cu30 [37] 

Fibre laser 200 625 – Al85Ni5Y6Co2Fe2 [21] 

Nd: YAG laser – – – Zr41.2Ti13.8Cu12.5Ni10.0Be22.5 [38] 

LSF-IIIB laser 4000 200 Zr55Cu30Al10Ni5 [42] 

Table 6 The default 
parameter of the CK-FB3D 
laser machine used in this 
project 

Parameter 

Model CK-FB3D 

Output power 50 W 

Depth of engraving (based on material) <0.3 mm 

Operating voltage AC 220 V 50 Hz 5 A 

Laser wavelength 1064 nm 

Speed 1000 mm/s 

Frequency 30 kHz 

Pulse width 0 ns  

Laser/on delay 750 μs 

Laser/off delay 950 μs 

End delay 100 μs 

Polygon Tc 30 s
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2.3 Characterisation of FGM BMG Samples 

Planned functionally graded material (FGM) bulk metallic glass (BMG) samples to 
be produced will have a part of the samples be crystalline and a part of the samples 
to be amorphous. Taken into account this fact, the FGM BMG would produce two 
distinct properties in one sample. One area has high hardness but is inherently brittle, 
and one area has ductility but is lower in hardness. Characterisation of the ductile 
portion could be made through the microstructure observation using FESEM. A 
destructive test is allowable if the quantity of the sample produced was pre-planned. 
A uniaxial compressive (stress–strain) test, which is set to stop before the failure 
point to make the test not destructive, can produce a rate of stress–strain relation, 
which offers information of the FGM BMG behaviour. 

2.4 Morphology Around Laser Response of the Lanthanum 
Based FGM BMG Samples 

After the localised ductilisation process of lasering the La-based MG, the laser 
tracking of the samples was observed under the microscope. The laser parameters 
were varied by power percentage, frequency (kHz), and speed (mm/s). Overall, 20 
laser tracks were observed under the JEOL JSM-7800F high-resolution Field Emis-
sion Scanning Electron Microscope (FESEM). With its 300,000 times magnification 
and fast graphic computation, the observation is suitable for this type of machine. 
The analysis of the results from the morphology around the laser response can be 
concluded for the best laser parameter for La61.4Al15.9Ni11.35Cu11.35 FGM BMG. 

3 Results and Discussion 

The rationale of a functionally graded material bulk metallic glass (FGM BMG) is that 
both advantageous properties occurring in crystalline and amorphous structures can 
be applied. An example of FGM BMG is from the research of Windl [43] for military 
usage, the development of compositionally graded metallic glass Zr55Al10Ni5Cu30 
shows promising results as penetration bullet. Other than that, Yunzhuo et al. research 
showed how the Zr50Ti5Cu27Ni10Al8 (Zr50) was used to create a gradual variation of 
crystallinity [24, 25]. This was mainly due to the gradient structural relaxation accu-
mulation induced by the thermal history from laser additive manufacturing (LDM) 
[24, 25]. As far as the author’s knowledge, there are a few or minimal sources of 
literature point at the FGM from the Lanthanum based BMG. The final Lanthanum, 
FGM BMG process, is planned to be as Fig. 1, where it is easy to point to which 
area for ductilisation for the specific application. To achieve this, further exper-
iment and research on the La61.4Al15.9Ni11.35Cu11.35 sample needs to be done to
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observe its response. Therefore, in current work, the successful production of the 
La61.4Al15.9Ni11.35Cu11.35 FGM BMG was a novelty that contributed to BMG knowl-
edge. In current works, the results were promising to show the broad-spectrum laser 
parameter of the laser tracking process and its results from the FESEM point of view. 

3.1 FESEM Results for FGM BMG 

The FESEM of FGM BMG laser tracking results were essential for observing the 
heat-affected zone (HAZ) impact [25]. The different regions of amorphous and crys-
talline structure in one sample BMG as the laser processing occurred need to be 
analysed to see the best parameter for the laser tracking experiment [14]. 

Figure 2 of Wessels et al. [41] work showed the SEM images of the 
Zr52.5Cu17.9Ni14.6Al10Ti5 BMG samples after the samples were applied, the direct 
laser track was run with various parameters. Wessels et al. [41] showed the explicit 
representation of the laser tracking in terms of the crystallisation and extreme surface

Fig. 2 Grooves engraved into the surface of the BMG by an ns-pulsed laser at a, b 100 and 
1000 mm/s feed rates, respectively, and 10% power; c, d 100 and 1000 mm/s, respectively, and 70% 
power. In a, b, contraction due to crystallisation is indicated by the rippled morphology; in c, d, 
extreme surface damage and redeposition of melted material are seen. Source Wessels et al. [41]
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damage on the BMG sample. An ns-pulsed laser engraved grooves into the surface 
of the BMG at (a, b) 100 and 1000 mm/s feed rates, respectively, and 10% power; 
(c, d) 100 and 1000 mm/s, respectively, and 70% power. The rippling morphology 
in (a, b) indicates contraction owing to crystallisation; in (c, d), significant surface 
damage and redeposition of melted material are seen.

In current work, the La61.4Al15.9Ni11.35Cu11.35 FGM BMG was synthesised as in 
the Wessels et al. [41] works of the laser tracking experiments. The laser can be 
controlled to be a pulse or continuous. Power penetration can be controlled high and 
low. Smaller localised heating can be used for the BMG samples. If the parameters 
are suitable, the percentage of the localised crystalline area on the BMG sample 
can be increased even further, and the qualitative data is synthesised. Table 5 is the 
selected compilation of the BMG laser processing parameters. 

By compiling several laser processing parameters and analysing the work done 
by Wessels et al. [41], the laser experiment can be done with a reasonable degree of 
confidence. To the best of the author’s knowledge, the La61.4Al15.9Ni11.35Cu11.35 FGM 
BMG by laser processing was not published before, and the specific parameters for 
the laser were also not available. Figures 3, 4 and 5 show the La61.4Al15.9Ni11.35Cu11.35 
MG under laser tracking processes via the FESEM observation. 

Figure 3 shows FESEM images response towards laser tracking with varia-
tions of power (W). A variation from 10 to 100% of power was done to the 
La61.4Al15.9Ni11.35Cu11.35 BMG. It can be concluded that the crystallisation of 
La61.4Al15.9Ni11.35Cu11.35 BMG can be completed in the 80, 90, and 100% of the

Fig. 3 The morphology of La62Al14Cu12Ni12 BMG samples after laser tracking process. The 
parameter power (W) was varied from 5 to 50 W with the increment of 5, equivalent to 10–100% 

Fig. 4 The morphology of La61.4Al15.9Ni11.35Cu11.35 BMG samples after laser tracking process. 
The parameter frequency (kHz) was varied from 80 to 400 kHz
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Fig. 5 The morphology of La62Al14Cu12Ni12 BMG samples after laser tracking process. The 
parameter speed (mm/s) was varied from 200 to 1000 mm/s 

power penetration, which are equivalent to 40, 45 and 50 W. This is because the 
ripple patterns were evident in that region. The 70% power and lower shows no 
major ripple patterns and can be concluded that the HAZ does not reach the needed 
temperature to attain a heavy crystalline zone.

Figure 4 shows with the fixed setting of 50% power equal to 25 W, but variations of 
frequency, the La61.4Al15.9Ni11.35Cu11.35 demonstrates heavy ripple pattern creation 
using 160 and 240 kHz settings. Which translate to 40 and 60% of the frequency 
intervals. A conclusion of the best crystallisation occurrence with good HAZ happen 
at 160–240 kHz frequency region. 

Figure 5 shows with fixed setting 50% of power equal to 25 W, but variations of 
speed, the La61.4Al15.9Ni11.35Cu11.35 demonstrates substantial ripple pattern creation 
with 200 and 400 mm/s modes. Which convert to 20 and 40% of the speed intervals. 
The most acceptable crystallisation existence with decent HAZ happens at 200– 
400 mm/s speed parameter region. Table 7 lists the optimum parameters for the 
La61.4Al15.9Ni11.35Cu11.35 BMG based on the FESEM observation. 

Although the FESEM results were concluded intuitively for the 
La61.4Al15.9Ni11.35Cu11.35 BMG FGM parameters. Equation 1 shows the rela-
tion of heat (Q), specific heat (Cp), mass (m), and temperature change (ΔT). The 
simplified relation of heating from the laser towards the La-based BMG can show 
the crystallisation occurrence. 

Heat and Energy relation. 

Q = Cp × m × ΔT (1) 

With 50 W of laser power, Lanthanum specific heat of 0.19 J/g K, the mass of the 
samples at 0.76 g, the estimated heat changes were at 346 °C (619.15 K). The thermal 
properties shows the La61.4Al15.9Ni11.35Cu11.35 crystalline temperatures of 172.85 °C 
(446 K). Thus proving that the laser processing method can heat the La-based BMG 
samples to the crystalline region. 

Table 7 The optimum 
parameters for the laser 
tracking of 
La61.4Al15.9Ni11.35Cu11.35 
bulk metallic glass based on 
the FESEM observation 

Laser power (W) Frequency (kHz) Speed (mm/s) 

40–50 160–240 200–400
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The research towards achieving the finest La61.4Al15.9Ni11.35Cu11.35 BMG FGM 
needs to be fine-tuned towards the specific application. Placing, gradient, pattern, or 
the depth of the needed FGM BMG needed to be tuned towards their explicit use. 
Other than that, the author’s work is just the tip of the La61.4Al15.9Ni11.35Cu11.35 FGM 
BMG research and can be improved further. 

4 Conclusion 

This research presents the localised heating process of the BMG samples. The 
explored methods from the literature are the laser processing method. This process 
has proper proceeding research done on the BMG and is used as the reference. 
When the localised laser heating process was done, surpassing the eutectic point, 
coupled with the annealing process of the BMG samples with ambient temper-
ature, the specific area of heating became crystalline, and a graded structure of 
BMG samples was created. The morphology of the heat-affected zones (HAZ) of 
La62Al14Cu12Ni12 BMG samples due to the laser processing at various parameters 
were observed and analysed in terms of the amorphicity and crystallinity. The ripple 
patterns structure reflected the crystallisation at the HAZ. The results concluded 
that for laser processing of the La61.4Al15.9Ni11.35Cu11.35 BMG samples’ optimum 
ranges of power, frequency and speed are 40–50 W, 160–240 kHz and 200–400 mm/s, 
respectively. Thus the Lanthanum based FGM BMG was successfully created by the 
current work. The promising finding on the microstructural or morphology of the 
laser processing provides a good understanding for future advancement research on 
the La61.4Al15.9Ni11.35Cu11.35 BMG. 
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Prediction and Optimization 
of Thermophysical Properties of Hybrid 
Cellulose Nanocrystal-Copper (II) Oxide 
Nanolubricant for Tribology Application 

Sakinah Hisham , K. Kadirgama , D. Ramasamy , M. Samykano, 
N. W. Awang, and Mohd Kamal Kamarulzaman 

Abstract Response surface methodology (RSM) was used in conjunction with the 
miscellaneous design model to identify prediction models for the thermophysical 
properties of a hybrid cellulose nanocrystal-copper (II) oxide nanolubricant. Minitab 
18 statistical analysis software and Response Surface Methodology (RSM) based on 
Central Composite Design (CCD) were utilised to generate an empirical mathemat-
ical model investigating the effect of concentration and temperature. Analysis of 
variance (ANOVA) is used to validate the significance of the developed empirical 
mathematical model. Thirteen experiments were conducted to obtain second-order 
polynomial equations for the desired specific heat capacity, thermal conductivity, 
and dynamic viscosity, outputs. The predicted values were found to be in reason-
able agreement following the investigational finding. In addition, the models could 
predict more than 80% of the nanolubricant output variations, indicating that the
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model is accurate. In the optimization plot, the predicted optimal values for dynamic 
viscosity, thermal conductivity, and specific heat capacity are 2.3631, 0.1463, and 
1.6311, respectively. The relevant parameters are 90 °C and 0.1 for temperature and 
concentration, respectively. The plotted composite is 0.6531. The findings of the 
percentage of absolute error (POAE) reveal that the model may precisely predict the 
optimum experimental parameters. 

Keywords Thermophysical properties · Nanocellulose · Copper (II) oxide ·
Nanolubricant 

1 Introduction 

The growing necessity for inventing and introducing high-efficiency lubricant and 
coolant fluids is a result of the evolution of productions in the area of development 
and optimization of systems reliant on heat transfer [1]. As a result, researchers have 
expended a great deal of effort in empirical, numerical, and analytical investigations 
in order to propose improved working fluids for heat transfer systems [2–5]. Fric-
tion between moving elements is one of the variables that cause energy damping 
in numerous sectors, and lubricants are used to reduce this friction. Owing of the 
importance of lubricants in businesses today, research into their qualities in order to 
improve efficiency and lower costs is a must. 

Response surface methodology (RSM) is the recommended statistical tool for 
optimising the important parameters of any actual process of manufacturing, which 
requires the least number of experiments and provides the best condition settings 
for maximum yield [6]. RSM requires fewer experimental trails than artificial neural 
networks (ANN) since it developes a mathematical matrix and investigates various 
factors and their interactions [7]. As a result, multiple RSM-based studies effectively 
verified experimental data without assuming anything. 

Nasirzadehroshenin et al. [8] used ANN and RSM to accurately predict thermal 
viscosity and conductivity when they synthesised Al2O3–TiO2 (10%) nano material 
in three sizes and distributed them in water to create a hybrid nanofluid at 20– 
50 °C temperature with volume fraction of 0–0.5%. According to the analysis of 
variance (ANOVA) table, temperature (A), concentration (B), particle size (C), and 
the interaction term (AB) had an important influence on the model with a smaller P-
value. Peng et al. [9] estimated and optimised the thermal conductivity of CuO/water 
nanofluid using RSM at 25–40 °C and 0.1–0.4 vol%. According to the authors, the 
proposed CuO/water nanofluid model could interpolate and extrapolate data with 
precision lower than 2%. Salehnezha et al. employed RSM in the water-based drilling 
fluid application. The authors focused to study the rheological properties of starch-
ZnO/water nanofluid. The plastic point, yield point, flow behaviour, and thermal 
conductivity were explored, and correlations between them were given based on the 
influence ZnO nanoparticles percentage, starch, and ultrasonication time.
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The objective of this study was to use the response surface model (RSM) to develop 
prediction models for thermophysical properties of nanolubricants such as specific 
heat capacity, thermal conductivity, and dynamic viscosity, and compare them to the 
curve fitting method to investigate the effects of primary factors (concentration and 
temperature) and interaction factors. 

2 Methodology 

2.1 Regression Modelling 

Normally, RSM predicts a low-order polynomial. If the relation between the input 
and output produce a linear function, then the estimation relation is the simplest 
first-order model [10]. The output response and input factor can be represented as 
x1, x2 …, xk , and y, respectively as following Eq. 1. 

y = f ′(x)β + ε (1) 

where x = (x1, x2,…, xk), f (x) is a vector function of p elements which contains 
powers of x1, x2,…, xk to a maximum specific degree indicated by d (>1). The initial 
(d = 1) degree polynomial is written by following Eq. 2. 

y = β0 + 
k∑

i=1 

βi xi + ε (2) 

where β0 is regression coefficient for the intercept, k is number of factors, β i is 
regression coefficients of linear parameters, xi represented factors, and ε is residual 
(error) of the experiments. 

On the other hand, the model should not predict any curvature. If the model predicts 
curvature, it is essential to apply a higher degree of polynomial such as second-order 
model. In addition, a simple linear equation (first-order model) unable to explain the 
interaction between different factors and the quadratic second-order equation with 
interaction terms is usually implemented in RSM, which is unable to find the critical 
point. Moreover, the two-level factorial design is applied in the prediction of first-
order effects; however, they fail with the presence of supplementary influences, such 
as the impact of the second order. Therefore, a central point in two-level factorial 
designs able to be used for analysing curvature. The following level of polynomial 
model consists of supplementary terms, which explains the interaction amongst the 
dissimilar experimental variables [11]. Thus, a model for the second-order interaction 
can be described as in Eq. 3.
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y = β0 + 
k∑

i=1 

βi xi + 
k∑

1≤i≤ j 

βi j  xi x j + ε (3) 

where β ij represents regression coefficients of the interaction parameters. 
To discover a critical point (minimum, saddle, or maximum point), it is essential 

for the polynomial function to include quadratics term in following Eq. 4. 

y = β0 + 
k∑

i=1 

βi xi + 
k∑

i=1 

βi i  x
2 
i + 

k∑

1≤i≤ j 

βi j  xi x j + ε (4) 

where β ii represents regression coefficients of the quadratic parameter. This model 
able to estimate the interaction effect among dissimilar input factors and the critical 
points (minimum, maximum, or saddle point). 

After selected an appropriate mathematical model, the predictive capability of the 
model must be confirmed before it is ready for predicting purpose. Such validation 
step is to make sure that the model offers a satisfactory estimation to the real system. 
Among the option to estimate the quality of the fitted model is through the application 
of analysis of variance (ANOVA). ANOVA is essential to compare the difference 
owing to the changes in the combination of variable levels with the difference due 
to random errors inherent to the measurements of the produced responses. Referring 
to the judgement, it is feasible to analyse the importance of the regression utilized 
to estimate responses according to the sources of investigational variance. Through 
ANOVA, the estimation of data set variation is done by evaluating its dispersion. The 
overall efficiency of a prediction model is commonly described by the coefficient of 
determination (R2). The R2 is the ratio of regression sum of squares (SSReg) to the  
total sum of squares (SST). It determines the total variation of the model or predicted 
values from the mean. Good prediction efficiency model must have the R2 value close 
to 100%. Nevertheless, the prediction efficiency of a model must not be evaluated by 
R2 only, as R2 increases with increase in the number of the model terms, regardless 
of its statistical significance [12]. The R2 value must be compared with the adjusted 
R2 (R2 

adjusted), which consider the number of factors in the experiment. The value of 
R2 

adjusted usually reduces if statistically unimportant parameters are included. Once 
R2 and R2 

adjusted vary greatly, there is huge potential that non-significant terms have 
been included in the model. Residual is an essential term in deciding the adequacy 
of a certain model which represents the gap amongst the actual and predicted value. 
In addition, the prediction error sum of squares (PRESS) is one more statistic term 
utilized for evaluating the predictive capability of a model. It is an evaluation of how 
good the model for the experiment is expected to forecast the response in future 
testing. The PRESS with small values is desired. The prediction ability of the model 
for new response is described by R2 

predicted and can be computed from PRESS. Both 
R2 and R2 

predicted must be in close agreement with one another [13]. 
The significance of individual factor and interaction between one another is 

confirmed using the Fisher test. The bigger the degree of the F-value and together
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with the lesser the value of ‘p > F’, indicates the corresponding model and each of 
the coefficients are more significant. If the value of ‘p > F’ is lower than 0.05, then 
the significant of the model is at a 95% confidence interval. Moreover, the significant 
of the model also can be judged through the lack of fit test. The lack of fit test deter-
mines the failure of a model in demonstrating data points in the experimental area by 
comparing the residual error against the pure error from the duplicated experimental 
design points (normally the central point in the experimental design) and the lack of 
fit test must be insignificant. If this ratio is greater than the tabulated F-value, proof 
of lack of fit is assumed and refinement is required for the model. 

2.2 Optimization and Experimental Validation 

Response surfaces can be evaluated to determine the minimum or maximum 
responses, and the equivalent optimum conditions. Using multiple responses, the 
optimum conditions can be found when all the parameters simultaneously satisfy 
the desirable criteria [14]. The optimum circumstances can be found using various 
responses when all the parameters meet the desirable requirements, simultaneously. 
Furthermore, the optimum condition can be found graphically by superimposing the 
contour plots of the regression model in an overlay plot. The graphical optimization 
indicates the area of feasible response values in the factor space and the regions that 
fit the optimization criteria [15]. 

The conformation experimental is essential to validate the model’s accuracy 
between the measured experimental data with the predicted value obtained from 
the regression analysis. Kumar et al. [16] reported that confirmation experiments 
are not necessary to conduct if the RSM models produce a prediction error of less 
than 5%. Furthermore, the percentage of absolute error (POAE) is used to measure 
the difference between the measured experimental results with the predicted value 
obtained from the regression model using Eq. 5. 

POAE(% ) =
(
Actual value − Predicted value 

Actual value

)
× 100 (5) 

3 Results and Discussion 

In this section, response surface methodology method (RSM) was used in order 
to determine the prediction models for thermophysical properties of nanolubricant 
which are specific heat capacity, thermal conductivity, and dynamic viscosity, and 
compare with the curve fitting method. The RSM is a method of developing and 
optimising experimental data that is based on statistical and mathematical techniques. 
This modelling technique is valuable when there are multiple input parameters that
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Table 1 Factors at various 
level 

Factors −1 0 +1 

Temperature (continuous) 30 60 90 

Concentration (continuous) 0.1 0.5 0.9 

interact with one another, and the interaction influences the system’s response output. 
Independent variables are another term for the input parameters. An RSM model 
reduces the amount of tests needed to understand a system’s trends and behaviour 
[17]. Using Minitab 18, statistical analysis software, an experimental design was 
created by referring to components with different levels, as indicated in Table 1. Two  
continuous factors are used in the design of this experiment. As a result, the method of 
central composite design (CCD) is used to create models which have two continuous 
variables. There are three levels: centre value (0) high value (+1), and low value (−1). 
Volume concentration (∅) and Temperature (T) are the two continuous variables. 
Temperature, volume concentration, dynamic viscosity, specific heat capacity, and 
thermal conductivity were all investigated using a total of 13 experiments. Table 2 
summarises the design layout and results of the experiments. 

Table 2 Design of experiment with experimental result 

Std 
order 

Run 
order 

Temperature 
(T) 

Concentration 
(∅) 

Dynamic 
viscosity 
(cP) 

Thermal 
conductivity 
(k) 

Specific 
heat 
capacity 
(cp) 

1 1 60 0.1 45.59 0.14365 2.99186 

2 2 40 0.2 111.60 0.14568 2.26133 

3 3 90 0.5 7.20 0.14150 1.66326 

4 4 60 0.5 62.39 0.14365 1.76148 

5 5 60 0.5 62.39 0.14365 1.76148 

6 6 60 0.5 62.39 0.14365 1.76148 

7 7 30 0.5 132.00 0.14280 1.13875 

8 8 60 0.9 43.19 0.13259 1.34358 

9 9 60 0.5 62.39 0.14365 1.76148 

10 10 60 0.5 62.39 0.14365 1.76148 

11 11 80 0.2 14.40 0.14415 2.38697 

12 12 40 0.7 106.79 0.14295 1.19776 

13 13 80 0.7 14.40 0.14317 1.31675
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3.1 ANOVA Analysis for Thermophysical Properties 

The significance and suitability of the constructed model with RSM were deter-
mined using the probability (P-value), Fisher’s (F-test), and coefficient of variation 
(R-square) tests [18]. In order to obtain this parameter, the analysis of variance 
(ANOVA) method was utilised to statistically examine the response model. The 
variance analysis was performed using the Minitab 18 programme to determine 
the model’s appropriateness and significance. Table 3 shows the derived statistical 
data for the dynamic viscosity of cellulose nanocrystal-copper (II) oxide (CNC– 
CuO) nanolubricant. Based on the ANOVA method, a model for determining thermal 
conductivity is valid if the F value is greater than one and the P-value is less than 
0.05. The F-value for the current study is 228.73, indicating the significant of the 
model. It’s worth noting that such a high F-Value has a 0.01 percent chance of being 
caused by modelling noise. A combination of a low p-value (0.001) with a high F-
value implies that the model is capable of accurately predicting thermal conductivity 
[19]. Furthermore, as shown in Table 3, temperature, values of Prob > F0.05 suggest 
the model’s significance. The square of the statistical deviation between data gained 
from experiments and those derived using the model is an important parameter, it is 
known as the coefficient of determination (R2). Indeed, at R2 values near to 1, the 
constructed model and the correlation’s predictions are a very good match. Table 4

Table 3 ANOVA result for dynamic viscosity 

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

Model 5 17,390.9 3478.2 228.73 0.000 

Linear 2 16,319.6 8159.8 536.60 0.000 

Temperature (T) 1 16,276.5 16,276.5 1070.36 0.000 

Concentration (∅) 1 43.1 43.1 2.84 0.136 

Square 2 665.4 332.7 21.88 0.001 

T2 1 122.3 122.3 8.05 0.025 

∅
2 1 424.1 424.1 27.89 0.001 

2-way interaction 1 12.9 12.9 0.85 0.387 

T∅ 1 12.9 12.9 0.85 0.387 

Error 7 106.4 15.2 – – 

Lack-of-fit 3 106.4 35.5 3.244 5.612 

Pure error 4 0.0 0.0 – – 

Total 12 – – – – 

Table 4 Model summary for dynamic viscosity 

S R-sq R-sq(adj) PRESS R-sq(pred) 

3.89956 99.39% 98.96% 774.207 95.58%
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Table 5 ANOVA result for thermal conductivity 

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

Model 5 0.000096 0.000019 115.59 0.022 

Linear 2 0.000072 0.000036 210.44 0.008 

Temperature (T) 1 0.000001 0.000001 20.29 0.609 

Concentration (∅) 1 0.000071 0.000071 220.60 0.003 

Square 2 0.000040 0.000020 45.76 0.033 

T2* 1 0.000000 0.000000 30.08 0.791 

∅
2 1 0.000039 0.000039 31.34 0.012 

2-way interaction 1 0.000001 0.000001 0.21 0.663 

T∅ 1 0.000001 0.000001 0.21 0.663 

Error 7 0.000024 0.000003 – – 

Lack-of-fit 3 0.000024 0.000008 2.312 3.563 

Pure error 4 0.000000 0.000000 – – 

Total 12 – – – – 

shows that R-squared (R2) and R2-adj are 99.39% and 98.96%, respectively. As a 
result, the model accurately represents the data. Notably, adj R2 indicates R2’s value 
while accounting for any biases that may affect it. As a result, the model is more 
reliable, although R2-adj is lower than R2. Both results are relatively near to one other 
in the current experiment, demonstrating the model’s accuracy and emphasising the 
RSM model’s suitability for forecasting dynamic viscosity data. The highest adjusted 
R-squared and R-squared (R2) values are found in models with a strong capacity to 
fit the data (R2-adj).

Table 5 shows the derived statistical data for the thermal conductivity of CNC– 
CuO nanolubricant. For thermal conductivity data, the model’s F-value was 115.59, 
indicating that it is significant. It’s worth noting that such a high F-Value has a 0.01 
percent chance of being caused by modelling noise. A low p-value (0.001) combined 
with a high F-value implies that the model is capable of accurately predicting thermal 
conductivity [19]. Moreover, the significance of the model is shown by Prob > F0.05 
values. Nonetheless, as shown by Table 6, the model with the highest capability to fit 
the data had adjusted R-squared (R2-adj) and the highest R-squared (R2) values. The 
ratio of the model’s changes to the total changes is represented by the coefficient of 
determination, R2. As a result, the power of the fitted model representing response 
variations as a function of the independent variables is greater as R2 approaches 
one [20]. Generally, R2 should be at least 80% for a good fitting model [18]. The 
governing factors of the model for thermal conductivity in the thermal conductivity

Table 6 Model summary for thermal conductivity 

S R-sq R-sq(adj) PRESS R-sq(pred) 

0.0018555 89.97% 85.67% 0.0002069 0.00%
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Table 7 ANOVA result for specific heat capacity 

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

Model 8 9.4440 1.18050 16.43 0.000 

Linear 3 8.6024 2.86746 39.90 0.000 

Temperature (T) 1 0.6532 0.65317 9.09 0.008 

Concentration (∅) 1 3.9554 3.95542 55.04 0.000 

Square 2 0.2685 0.13426 1.87 0.185 

T2* 1 0.0938 0.09377 1.30 0.269 

∅
2 1 0.2532 0.25317 3.52 0.078 

2-way interaction 3 0.5731 0.19104 2.66 0.081 

TC 1 0.0161 0.01614 0.22 0.642 

Tβ 1 0.0010 0.00096 0.01 0.909 

∅β 1 0.5560 0.55601 7.74 0.013 

Error 17 1.2216 0.07186 – – 

Lack-of-fit 9 1.2216 0.13573 2.415 1.234 

Pure error 8 0.0000 0.00000 – – 

Total 25 10.6656 – – – 

analysis study are 89.97% and 87.97% for R2 (adj), respectively. As a result, the 
model accurately correlates the experimental results.

ANOVA analysis of specific heat capacity was performed in a similar manner; 
Table 7 shows the ANOVA result of CNC–CuO nanolubricant. The F-value of the 
model for the current study was 16.43, indicating that the model is significant. 
Furthermore, the values of Prob > F0.05 indicate the model’s significance. According 
to the table, P-values less than 0.05 indicate that the specific heat capacity model is 
significant. The coefficient of determination (R2), which is the square of the statistical 
deviation between data gained from experiments and those derived using the model, 
is an important parameter. Indeed, for R2 values near 1, the constructed model and 
the correlation’s predictions are in close agreement. The adjusted R2-adj (R2-adj) 
and R2 are 85.67% and 89.97%, respectively, as shown in Table 8. Thus, the model 
fits the data. When any bias is taken into account, Adj R2 is comparable to dynamic 
viscosity and thermal conductivity in that it has a lower value than R2. Therefore 
as outcome, it is lower than R2 but more reliable. Both values are very similar to 
each other in the current work, indicating the model’s accuracy and emphasising the 
RSM model’s applicability for forecasting specific heat capacity data. RSM has the

Table 8 Model summary for specific heat capacity 

S R-sq R-sq(adj) PRESS R-sq(pred) 

0.0786990 98.66% 97.71% 0.311749 90.38%
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possibilities to be applied in engineering and thermal science fields, notably in heat 
and mass transfer applications involving nano-suspensions.

3.2 Independent Variable Influence on Response 

The effects of volume concentration and temperature as two independent factors on 
the nanolubricant’s thermophysical properties for dynamic viscosity, specific heat 
capacity, and thermal conductivity were examined in this study. The P-value is used to 
identify which model terms are applicable. When the P-value is less than 0.05, Myers 
and Montgomery [21] conclude that this is an effective response factor. Temperature 
(T), square of temperature (T2), and square of concentration (∅2) are the effective 
factors in nanolubricant’s thermal conductivity, as indicated in Table 3. The effective 
parameters for thermal conductivity, in contrast to dynamic viscosity, are concentra-
tion (∅), and the square of concentration (∅2). According to Table 7, the effective 
factors for the response for specific heat capacity are linear T and linear ∅. The inter-
action factor is not essential, according to Tables 3, 5 and 7, thus it can be left out of 
the model. To put it another way, the insignificant interaction among the independent 
variables has no influence on the specific heat capacity, thermal conductivity, and 
dynamic viscosity responses. 

3.3 Development of Proposed Regression Model 

To create a correlation, a regression analysis was combined with the RSM model 
results to generate a 2nd order polynomial model that included actual factors like 
temperature (T) and concentration (∅) as well as their interactions, resulting in a 
precise prediction of the dynamic viscosity, thermal conductivity, and specific heat 
capacity of CNC–CuO nanolubricant as a response. The following is the formula 
that was devised: Eqs. 6, 7 and 8 represent the correlation relationship between the 
response (dynamic viscosity, thermal conductivity, and specific heat capacity) of 
CNC–CuO. 

Dynamic viscosity, μ = 219.4 − 3.544T + 70.9∅ + 0.00965T2 − 101.1∅2 (6) 

Thermal conductivity, k = 0.14390 − 0.000005T + 0.0144∅ − 0.03067∅
2 (7) 

Specific heat capacity, cp = 1.439 + 0.05773T − 4.407∅ − 0.000439T2 

+ 2.309∅2 (8)
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The dynamic viscosity is denoted by μ, the thermal conductivity is denoted by 
k, and the nanolubricant’s specific heat capacity is denoted by cp. Furthermore, 
the computed coefficients display the relative importance of the model’s individual 
parameter, whereas the signs show the antagonistic (−) and synergistic (+) influ-
ences of response’s variables. Concentration ∅ has a positive effect on the dynamic 
viscosity of CNC–CuO nanolubricant, as shown in Eq. 6, although Temperature has 
a negative effect. Furthermore, as a fixed coefficient factor, the factor coefficient for 
T is smaller than ∅, implying that modifying factor T has a smaller impact on the 
dynamic viscosity of nanolubricant’s CNC–CuO than factor ∅. The factor ∅ has 
a positive effect on the thermal conductivity of nanolubricant’s CNC–CuO, while 
factors T have a negative impact, similar to dynamic viscosity. Furthermore, because 
the coefficient for factor T is smaller than ∅, T is less effective against nanolubri-
cant’s CNC–CuO than ∅. In contrast to dynamic viscosity and thermal conductivity 
of nanolubricant’s CNC–CuO, factor T has a positive effect on the specific heat 
capacity, whereas factor ∅ has a negative impact, according to Eq. 8. Because the 
factor coefficient ∅ is smaller than T for specific heat capacity, thus, factor T is less 
influence for both nanolubricants. 

3.4 Comparison Between Predicted and Experimental Model 

Figure 1 shows the experimental results of dynamic viscosity are compare to the 
model’s predicted data. As can be seen, the model and experimental results are in good

Fig. 1 Comparison between the experimental and correlation of dynamic viscosity
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agreement. As a result, the experimental and statistically predicted findings have a 
significant correlation. Similarly, in Figs. 2 and 3, the experimental results for thermal 
conductivity and specific heat capacity are compared to the values predicted by the 
model. As shown in both pictures, the experimental data are accurately predicted by 
the model. The ineffective terms that have been eliminated from the model are well 
predicted, and their removal has no negative impact on the model’s accuracy.

Fig. 2 Comparison between the experimental and correlation of thermal conductivity 

Fig. 3 Comparison between the experimental and correlation of the specific heat capacity
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The margin of deviation between the experimental and correlation results for all 
response was also defined. All three response graphs show the calculated margin of 
deviation between experimental results and empirical equations at different volume 
fractions and temperatures. According to the entire figure, the majority of points 
are located on the bisector or close to it, indicating good accuracy of this equation. 
In addition, this diagram shows the greatest margin of deviation, which is 1.3433 
for dynamic viscosity, 1.3845 for thermal conductivity, and 0.897 for specific heat 
capacity. This is an acceptable value for an empirical equation. As shown, the fore-
casted values represent a reasonable compromise with the experimentally obtained 
values. Furthermore, as explained previously, the majority of the data points are on the 
45-degree line, indicating a slight divergence between the predicted and experimental 
data [22]. As a result, the model produced is reliable. 

3.5 Multi-objective Optimization for Thermal and Physical 
Properties for CNC–CuO 

The key benefit of employing response surface methodology (RSM) is that it allows 
you to control the input parameters to optimise the response [23]. According to the 
previous section, increasing concentration lead in increases of thermal conductivity, 
but increasing temperature at a fixed concentration caused increases thermal conduc-
tivity at beginning and then remain nearly constant throughout the process. Similarly 
to thermal conductivity, specific heat capacity increases significantly as temperature 
rises at a constant concentration. Specific heat capacity, on the other hand, decreases 
with increasing concentration at a constant temperature. The purpose of this study is 
to reach the maximum thermal conductivity and specific heat capacity, whereas the 
goal for dynamic viscosity is to achieve a higher value in order to improve friction 
and wear. The desirability for the whole process of optimization was calculated to 
show the feasibility of optimization to examine whether all parameters are within the 
working range or not. Table 9 shows the optimal condition values for thermophysical 
properties. 

The optimization curve for specific heat capacity and thermal conductivity 
responses is shown in Fig. 4. The ideal values for specific heat capacity and thermal 
conductivity are 1.6311 and 0.1463, respectively, as illustrated in the graph. The 
necessary parameters are 81.51 °C and 0.1 for concentration, temperature, and

Table 9 Optimal condition values for thermophysical properties 

Optimum results Temperature Concentration Experimental 
value 

Predicted value POAE% 

μ 90 0.1 2.3631 2.3651 0.08 

k 90 0.1 0.14422 0.1463 1.4422 

cp 90 0.1 1.52589 1.6311 6.8949
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Fig. 4 Optimization plot 

nanolubricant type. The composite represented in the plot is 0.6531. An experiment 
was done utilising the optimum factors to assess specific heat capacity and thermal 
conductivity in to validate the expected optimization outcomes. Fluid characteristics 
were tested and compared to the results predicted by the model under optimal condi-
tions. The results, as given in Table 9, imply that the model can accurately predict 
the optimal experimental conditions.

4 Conclusion 

In this research, the Response Surface Methodology (RSM) approach was used 
to predict the appropriate regression correlation using the regression method and 
to optimise the thermophysical characteristics of CNC–CuO nanolubricant. The 
conclusions proposed correlation of the dynamic viscosity, specific heat capacity and 
thermal conductivity is considered to able to predict the properties as the margin of 
deviation is closer to the points that are located on the bisector. The plot’s optimum 
values for dynamic viscosity, thermal conductivity, and specific heat capacity are 
2.3631, 0.1463, and 1.6311, respectively. The relevant parameters are 90 °C for 
concentration and and 0.1 for temperature. In the plot, the composite is 0.6531.
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The POAE% findings show that the model is capable of accurately predicting the 
optimum experimental conditions. 
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Fabrication of Superhydrophobic 
on Ti6Al4V by Using the Hybrid Process 
of Nanosecond Laser Texturing 

M. H. Zul , M. Ishak  , M. H. Aiman  , and M. M. Quazi 

Abstract This study aims to investigate the effect of laser parameters on the devel-
opment of superhydrophobic surfaces by using nanosecond laser texturing with a 
chemical coating. Ti6Al4V specimens were ultrasonically cleaned before applying 
silicone oil and laser textured onto the material surface. Nanosecond laser texturing 
is executed in an argon environment by varying several parameters, such as laser 
power, laser scan speed, and hatching distance. After that, the textured specimen 
was again ultrasonically in an acetone bath to clean the surface. Superhydrophobic 
surfaces are determined by measuring the water contact angle using the sessile drop 
test method, while the surface profile of the laser textured surface was studied by 
using a 3D laser scanning confocal microscope. It is found that the use of the laser 
power above 25 W can produce surfaces with a water contact angle of more than 
150° while increasing the laser scanning speed from 50 to 500 mm/s will cause the 
water contact angle to decrease by 16%. 

Keywords Superhydrophobic · Ti6Al4V · Nanosecond laser · Laser texturing ·
Water contact angle 

1 Introduction 

Surface characteristics and irregularities associated with a particular pattern, size, 
shape, density, and arrangement are referred to as micro/nano-texture. Any surface 
with a micro/nano-texture has functional variation. Hydrophobicity is one of the most 
significant functions of surface roughness [1]. The hydrophobic surface is determined 
by the water contact angle (WCA). In general, the hydrophobic surfaces are indicated 
by a WCA that is larger than 90°, while the WCA higher than 150° is called a 
superhydrophobic surface (SHS) [2]. Application of hydrophobic surface has gotten 
more attention in many research with the wide area coverage including aeronautics,
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marine, and shipyard, medical, industrial, and agriculture production [1, 3]. SHS has 
gotten a lot of attention because of its potential application, such as self-cleaning 
from water repellency [4], anti-corrosion [5], antibacterial adhesion [6], and drag 
reduction [7]. 

Laser has brought many benefits and caused the technology to continue to develop 
so rapidly. The laser processing technology has many advantages, including the 
simple operational and functionalities to produce efficient and precise process capa-
bilities [1] without involving toxic chemicals, and can be applied to almost all mate-
rials [2, 8]. Among the lasers available in the market, nanosecond lasers are preferable 
and suitable for the industry because of their stability, high efficiency, and low cost 
compared to ultrafast (femto/pico-second) lasers [1, 8, 9]. Recently, many studies and 
publications based on the use of nanosecond lasers are focused on the fabrication of 
SHS. With all the advantages available, this nanosecond laser can produce surfaces 
with high WCA. However, the use of nanosecond lasers alone does not produce 
superhydrophobic and the WCA results after laser texturing are hydrophilic [10]. 

Recently, several publications focused on the fabrication of hydrophobic surfaces 
by using a laser. SHS can be achieved by several methods, mainly to lower the surface 
energy. First, change the surface roughness or modify the surface chemical compo-
sition (or chemical etching), and last, combine the two methods called the hybrid 
process [11]. Lu et al. [12] immersed the 316L samples in fluoroalkyl silane (FAS, 
1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane) ethanoic solution with a concentra-
tion of 1% (v/v) for 10 min after laser texturing can achieve WCA of 160 ± 5°. The 
same solution was used by Shen et al. [13] for the Al 6061 series, laser texturing 
then followed by heating at 100 °C for 2 h resulted in 152°. 

The laser texturing and chemical coating followed by low-temperature annealing 
are required to reduce the surface energy. however, the combination of various 
methods also needs to be optimized to avoid the implication of the cost and time-
consuming being too long. Therefore, this paper aims to investigate the effect of 
laser parameters such as laser power, laser scanning speed, and geometrical pattern 
textured on the fabrication of SHS for Ti6Al4V by using the hybrid process of 
nanosecond laser texturing with silicone oil. 

2 Methodology 

2.1 Material and Preparation 

Titanium alloy (Ti6Al4V) used in this study has been widely applied in many areas, 
including aeronautics, automotive, marine and shipyard construction, and petroleum 
refinery because of its excellent corrosion resistance in an aggressive environment. 
The elements of the Ti6Al4V contain Al, V, C, Fe, O and Ti, and their chemical 
component (wt%) is 5.5%, 3.5%, 0.08%, 0.4%, 0.2% and allowance, respectively. 
Ti6Al4V was purchased with the size of 10 mm × 50 mm × 2 mm thick were
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Table 1 Properties of 
Silicone-oil [14] 

Property Unit Value 

Vapor pressure mmHg <5 (25 °C) 
5 (20  °C)  

Viscosity N.s/m2 1 (25  °C)  

Density g/mL 0.97 (25 °C) 

Vapor density >1 (vs air) 

θ 

(a) (b) (c) 

(d)(e) 

Silicone oil Laser beam 

Water contact 
angle 

Fig. 1 Preparation process of SHS: a clean raw specimen, b wetted with silicone oil, c laser 
texturing, d ultrasonically to remove excessive oil, and e measure water contact angle 

ultrasonically cleaned in an acetone bath for 5 min. Then, the surface of the specimen 
was wetted with silicone oil with a single stroke brush. Table 1 shows the properties 
of silicone oil. Then, the specimen will undergo laser texturing process. Figure 1 
explains the steps in preparing the specimen for laser texturing. 

2.2 Laser Surface Texturing 

The as-prepared samples were irradiated by using a nanosecond fiber laser system 
(IPG YLP Q-switch Series, IPG Photonics Corp.) with an average power of 30 W 
as shown in Fig. 2. The fiber laser modules produce 1064 nm of pulses wavelength 
with 100 ns duration and pulse energies up to 1 mJ at the frequency range from 2 to 
500 kHz. The laser texturing was conducted in argon conditions with a laser beam 
diameter of ~50 µm during laser processing. The machining parameter specifications
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Specimen stage 

Laser head 

Focal adjustment Laser source 

Software for laser 
controller 

Suction machine Argon gas 

Argon box 

Fig. 2 Laser texturing experimental setup 

Table 2 Laser parameters 
used in the experiments 

Laser parameters Unit Value 

Average power, P W 16.5–28.5 

Frequency, ƒ kHz 40 

Scan speed, V mm/s 50–500 

Hatch distance, Hd µm 500 

Scan run, R 1 

Pattern Triangular 

Environment Argon flow at 10 L/min 

are shown in Table 2. The textured specimen will again be ultrasonically cleaned for 
1 h in an acetone bath to remove any excess oil and then, dried in ambient air. 

The triangular pattern is developed by utilizing all hatches design in laser 
controller software. Appropriate degree configurations are used to ensure that the 
triangular pattern is perfect and neat. Surface topography of the laser textured 
surface was observed using LEXT Olympus OLS5000 3D laser scanning confocal 
microscope data acquisition application and data analytics application. 

2.3 Water Contact Angle Measurement 

Contact angle testing was performed on a custom system device at room temperature 
as shown in Fig. 3. The volume of distilled water droplets deposited on the surfaces 
was controlled through a 0.5 µL micropipette. Images were captured by a high-
resolution telecentric USB microscope (1.6 × times, adjustable aperture opening).
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Fig. 3 Schematic diagram 
of WCA experimental setup 

Light source 
White acrylic plate 

Specimen stage 

USB Microscope 

Fig. 4 Image analysis from LBDSA plugin in image J. The result shows in the red box 

The light source in the back light offers parallel illumination and increases the image 
contrast and definition of the object’s edges compared to regular lighting. The deion-
ized water is manually dropped by using a micropipette on specimens. The WCA 
is measured from the image J software using the Drop Analysis plugin as shown in 
Fig. 4. 

3 Results and Discussion 

3.1 Effect of the Laser Power 

Laser power is the most significant for surface texturing. According to Samanta 
et al. [15], further, an increase in laser power intensity will improve the WCA in 
the fabrication of the hydrophobic surface. SHS was achieved with WCA greater
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Fig. 5 The laser texture of triangular pattern on Ti6Al4V for a 19.5 W, b 22.5 W, c 25.5 W, and d 
28.5 W. The triangle with a yellow color inside of each image indicates the “island” 

than 150° in all specimens treated with laser power intensities ranging from 0.2 to 
18.2 GW/cm2. Figure 5 shows the effect of different laser power on the apparent size 
of the hatching line by 10 × zoom. The increase in laser power causes the hatching 
line to look rough and wider. This causes the island area to appear smaller. 

Further investigation on the textured surface is done by measuring the surface 
topology on the resulting crater. This study found that increasing the laser power 
will produce a larger crater size and depth, as shown in Table 3. This is because of 
laser focus precisely pointing towards the surface of the specimen. The amount of 
energy applied is high enough to heat the surface. 

The more significant effect of laser power on textured surfaces can be seen 
clearly through the measurement of water contact angle. Figure 7 depicted that 
with increasing power, the contact angle will also increase. The area of the “island” 
becomes smaller, which is formed relatively from the hatching line. The size of the 
channel (hatching line) is described through the Cassie-Baxter model, where the 
formation of air pockets [10] can cause the SHS. 

Table 3 The average surface profile values are based on Fig. 6 

Power (W) r, µm s, µm t, µm u, µm v, µm (t + u) 
19.5 34.9 24.5 3.2 7.2 10.6 

22.5 77.3 47.1 8.7 12.7 21.4 

25.5 90.1 56.5 7.1 18.7 30.9 

28.5 100.4 65.3 16.2 23.8 34.9 

Fig. 6 The diagram of crater 
profile in hatching line. The 
crater profile is measured by 
r (peak-to-peak), s (crater 
width), t (upper crater), and 
u (lower crater) 

r 

s 

u 

t
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Fig. 7 The effect of laser 
power on water contact angle 

135 

140 

145 

150 

155 

16.5 19.5 22.5 25.5 28.5

 W
CA

 
Laser power, W 

(SHS) 

In conclusion, all results show hydrophobic conditions (WCA with >90°) while 
the use of laser power over 25 W can produce SHS (WCA with >150°). 

3.2 Effect of the Scan Speed 

The data on WCA comparisons between this study and references from Tran and 
Chun [2] are  shown in Fig.  8. A similar trend was produced by both studies. A 
very significant decrease in WCA can also be seen at low scan speeds and grad-
ually stabilizes at speeds of 100 mm/s. The significant difference in WCA value 
between the study data and the results obtained by Tran and Chun [2] is because of 
several factors, such as 1. The material used as a specimen (SS316L); 2. The use

120 
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CA

 

Scan speed, mm/s 

Tran and Chun, 
2020 [2] 

Current study 

Fig. 8 Comparison of WCA between the current study by using the modified method with literature 
reference
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180 
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W
CA

 

Hatch distance, μm 

Tran and 
Chun, 2020 
[2] 
Current 
study 

Fig. 9 Comparison of the effect of hatching distance between literature and current study 

of chemical coating after laser texturing process, and 3. The specimen is heated by 
low-temperature annealing (150 °C for 24 h) after chemical coating. However, the 
methods used for this study were simplified, but the WCA results were still in the 
hydrophobic range. The effect of the use of low-speed laser scans can produce SHS 
conditions. Meanwhile, increasing the speed will lower the WCA to 120°. However, 
these WCA results are still in the hydrophobic state.

3.3 Effect of the Geometrical Pattern 

The WCA results in Fig. 9 show the difference between the patterns used by Tran 
and Chun [2] is grid array, while this study uses a triangular pattern. The results show 
similarity which is both WCA results is decreased as the hatch distance increased. 
The study also found that the resulting WCA was almost stable at all hatch distances 
compared to Tran and Chun [2] where the decrease was very significant. 

This result also can confirm the information in 3.1, where the “island” is relatively 
formed through hatching distance. A large hatching distance will cause the “island” 
to be smaller, but a small hatching distance will produce a larger “island” size. As a 
result, the superhydrophobic surface will occur by the effect of the small “island”. 

4 Conclusions 

The study aims to investigate the effect of laser parameters on the water contact 
angle of Ti6Al4V by using the hybrid process of nanosecond laser texturing with a 
chemical coating. The following conclusions were drawn from the study:
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(1) It was deduced that the laser power of ~25 W was the cut-off parameter above 
which SHS WCA greater than 150° is obtained. 

(2) Lowering the laser scanning speed from 600 to 50 mm/s produced an increase 
in WCA from 127 to 147° signifying to 16% rise. 

(3) When compared to the grid pattern, the triangle surface pattern provides a range 
of 130–150° of WCA, signifying stability of the laser texturing parameter range 
of 800–200 µm. 

In a conclusion, the use of a hybrid process to lower the surface energy by wetting 
the surface with silicone oil and then laser texturing is recommended for the fabri-
cation of SHS on Ti6Al4V. In the future, the laser parameters can be optimized 
by using various techniques to achieve a water contact angle exceeding 150° for 
superhydrophobic surfaces. 
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Statistical Approach to the Cellulose 
Nanocrystal Tribological Behavior 
on the Piston Liner Contact Using Full 
Factorial Design (FFD) 

N. W. Awang, Sakinah Hisham , D. Ramasamy , K. Kadirgama , 
and Mohd Kamal Kamarulzaman 

Abstract The primary goal of this research is to investigate the effect of tribo-test 
parameters on the coefficient of friction (COF) and wear rate of the cylinder liner and 
piston ring pair. The tribological studies are carried out utilizing a full factorial design 
(FFD) experimental scheme. Sliding speed, temperature, volume concentration, and 
applied force were all evaluated as important parameters that determine tribological 
qualities. The effects of various variables and their interactions on the dependent 
variables were investigated. The ANOVA analysis demonstrates that the applied load 
could be the most influential factor affecting the minimum amount of the friction 
coefficient. The minimum quantity of wear rate indicates that as the sliding speed 
increases, the wear rate decreases. 

Keywords Cellulose nanocrystal (CNC) · Additive · Tribological properties ·
Piston skirt liner · Engine oil
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1 Introduction 

Lubricant, fuel and engine are closely related to each other. Internal combustion 
engine performance in terms of frictional power loss, fuel consumption, oil consump-
tion, and hazardous exhaust emissions is closely related to frictional and wear forces 
between moving engine parts such as piston assemblies, valve rails and bearings. 
The interaction between the piston assembly and the liner surface is considered to be 
the most challenging tribological component to examine in an internal combustion 
engine due to large fluctuations in load, speed, temperature and lubricant availability 
[1]. In a single piston stroke, the interface of the piston ring with the cylinder wall 
may experience a boundary, the lubrication of the mixed and full liquid film exerts a 
great influence on the loss of mechanical friction [2]. Lubrication is the most impor-
tant factor in reducing wear and friction losses in an internal combustion engine. To 
reduce the wear and friction of the engine’s tribological components, a higher-quality 
lubricant is being created. 

Lubricants are liquids that create a protective layer between two parts, such as 
bearings and reducers in engines [3]. Lubrication technology is also important for 
vehicle reliability and longevity, and it has the potential to reduce engine exhaust 
toxicity. The creation of contemporary lubricants and their right application is critical 
for national economies, individuals, and the environment, as well as the quest for 
alternative lubricant sources [4]. According to a literature review, nano lubricants 
are currently making an appearance in the field of tribology. The idea was to make 
lubricating oil with polymer, metal, organic, and inorganic nanoparticles. As a result 
of the combination, many researchers have discovered that nano lubricants have 
improved and beneficial tribological properties [2, 5–8]. 

Studies to date have primarily focused on friction characteristics; however, the 
performance of tribological properties is dependent not only on lubricant properties 
but also on the sliding conditions of material under the lubricant contact condition 
[9]. Kapsiz et al. [1] used three process factors, sliding velocity, applied stress, and 
oil type, to investigate tribological properties between cylinder liner and piston ring 
pair. They concluded that sliding velocity (68.14%) and weight loss (44.60%) were 
the primary influences on the friction coefficient and weight loss of CL. For a contact 
load of 120 N, Ali et al. [2] studied the effect of sliding speed on the friction coefficient 
and wear rate of the piston ring when using lubricant without nanoparticles (5W-30) 
and with nanoparticles at various sliding speeds. For both lubricants with and without 
nanoparticles, they discovered that the formation of a tribo-film on worn surfaces, 
which functions as a solid lubricant, affects the decrease in friction coefficient and 
ring wear rate. 

Wu et al. [10] reported contradictory behaviour on the trend of the friction coeffi-
cient When comparing the lubricating properties and advantages of MoS2 nanosheets 
to ZDDP in line contact. For MoS2 nanosheets, the coefficient of friction varies 
inexorably with increasing speed, with materials evaluated at high load having a low 
coefficient of friction. When compared to 1% ZDDP, the friction reduction of MoS2 
in the region of 0.25–1 wt% is only about 10%, while the wear scar width lowers
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by around 43% at high load. The average values of friction coefficient were affected 
by changes in applied load and sliding speed, and while sliding at high speeds, there 
was no variation in COF [11]. 

A full factorial screening design (FFD) is used to determine the important compo-
nents that influence a process. This approach reduces the number of experiments 
without requiring a large number of them [12]. FFD of experiments involves NK 

number of setups for k number of factors each at N level. FFD allows researchers 
to investigate the effects of numerous variables at the same time while maintaining 
data collecting quality. FFD can be utilized to start response surface optimization 
research in the future. The significance of each factor on a particular experimental 
response, as well as to identify the interaction of important factors influencing the 
response [13–15]. The effects of operating parameters such as sliding speed, applied 
load, temperature, and volume concentration on the total additive deposits of Cellu-
lose Nanocrystal (CNC) nanoparticles in engine oil were statistically analyzed in this 
study using the FFD design approach. 

2 Experimental Procedure 

2.1 Materials and Lubricant Preparation 

The CNC nanoparticles were used in this investigation and dispersed in lubricating 
engine oil. Mineral oil SAE 40 was used as a baseline lubricant. A magnetic stirrer 
was used to distribute the nanoparticles in the lubricant at concentrations of 0.1, 0.5, 
and 0.9 wt% for 30 min. After that, the nano lubricants were agitated for 2 h with an 
ultrasonic probe to guarantee uniform dispersion and suspension stability. Figure 1 
depicts the concentration of the base oil and nanoparticles in a mixture. 

The material of tribotest specimens used in this experiment is Aluminum 6061-
T6 Flat bar test specimens were initially cut using a band saw to the following

Fig. 1 Sample of nano 
lubricants with different 
concentrations
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Table 1 Properties of 
materials 

Materials Properties 

CNC nanoparticles C6H10O5, size 75.3 nm 

Block specimen Aluminum 
6061-T6 

Density (g/cm3): 2.7 
Thermal conductivity (W/m-K): 
16.7 
Modulus of elasticity (GPa): 68.9 
Specific heat capacity (J/g °C): 
0.896 

dimensions: 45.12 mm length × 25.14 mm wide × 6 mm thickness. The surface of 
the specimens was then thoroughly cleaned of dirt and debris before being exposed to 
unidirectional polishing with three different grit sizes of abrasive paper: 240, 400, and 
1000. Table 1 lists the main properties of the nanoparticles, lubricant and specimen 
used in the experiment.

2.2 Tribotest 

The sliding contact between the engine’s cylinder liner and piston ring was replicated 
using the equipment. Wear tests were conducted using lubricated sliding conditions 
and linear movements that mimicked those of a pair of cylindrical piston rings func-
tioning in real life. The wear tribo-tester is schematically depicted in Fig. 2 for 
determining the friction coefficient at the piston skirt. Before and after the test, all 
test specimen components were washed and rinsed in acetone and dried with hot air. 
During the tribology test, the piston ring’s travel distance was adjusted to 33 mm. 

The friction coefficient follows the friction equations of Eq. 1. 

F = μk N (1) 

Fig. 2 Schematic diagram of tribological evaluation
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Table 2 Factors and levels of 
24 FFD scheme 

Factors Coded Low level (−) High level (+) 

Sliding speed (rpm) A 200 500 

Temperature (°C) B 30 80 

where F is the friction force, µk is the kinetic coefficient of friction and N is the 
normal load, or weight applied. A precision weighing balance with a sensitivity of 
0.1 mg was used to assess wear loss. Wear rate (material loss) is calculated using 
Eq. 2 using a precision weight balance using the following equation in a unit of 
(mm3/Nm) from the loss of volume in the specimen, 

W = ΔV 

Fn × Ss 
(2) 

where ΔV is the volume loss (in cm3), Fn is the applied load (N) and Ss is the sliding 
distance (m). All tests were carried out for each experimental condition, and the 
COF value was recorded during the testing using a force transducer positioned on 
the plate to measure the lateral force. The tests were repeated three times to ensure 
that the readings were consistent, and the average of the three readings was utilised 
for tribological property statistical analysis. 

2.3 Experimentation Scheme 

Tribological experiments are conducted in this work using the Full Factorial Design 
(FFD) experimental scheme to assess the influence of four factors on response. Full 
two-level factorial designs (24) were performed for these four variables for this 
objective principally because they are efficient. The level maximum and minimum 
for each factor are described in Table 2. 

Table 3 also shows a total of 20 experiments, including four repetitions for the 
experimental condition in the middle. Each row of the matrix represents one run under 
a certain condition, with three repeats required to obtain accurate results. To reduce 
the systematic bias of uncontrollable factors, the trial sequence was randomized. 
Design Expert 11 is used to create the data design and statistical analysis. 

3 Result and Discussion 

3.1 Analysis of Variance 

A two-level full factorial design (FFD) was built to identify the significant parameters 
of reducing friction and wear. The effects of sliding speed, load, temperature, and
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Table 3 Experimental scheme and responses 

Run Factor 1 Factor 2 Factor 3 Factor 4 Response 1 Response 2 

A 
Speed (rpm) 

B 
Temperature 
(°C) 

C 
Concentration 

D 
Load (N) 

COF Wear rate 

1 500 80 0.9 98.1 0.033418 0.488224 

2 500 30 0.9 98.1 0.033676 0.487321 

3 500 30 0.1 98.1 0.031821 0.507179 

4 375 55 0.5 68.67 0.044707 0.341029 

5 250 30 0.9 39.24 0.08508 0.418904 

6 250 80 0.1 98.1 0.033416 0.405616 

7 375 55 0.5 68.67 0.045011 0.342087 

8 500 80 0.9 39.24 0.083813 0.564511 

9 500 80 0.1 39.24 0.078569 0.494059 

10 375 55 0.5 68.67 0.045114 0.328175 

11 375 55 0.5 68.67 0.046503 0.334182 

12 250 30 0.9 98.1 0.033834 0.406155 

13 250 80 0.9 39.24 0.085332 0.463713 

concentration of nano-lubricant were screened using 24 full factorial designs. The 
parameters of this study were screened at the confidence effect level of 95% based on 
their effect. The calculated regression coefficient and analysis of variance (ANOVA) 
for the coefficient of friction are shown in Table 4. The experimental and projected 
values are statistically significant, with R-squared = 0.994, indicating that they are

Table 4 ANOVA of friction coefficient 

Source Sum of squares df Mean square F-value p-value (%) contribution 
PC 

Model 0.0098 10 0.0010 1419.62 <0.0001 Significant 

A-Speed 0.0000 1 0.0000 25.16 0.0010 7.2 

C-Concentration 0.0000 1 0.0000 36.80 0.0003 9.5 

D-Load 0.0098 1 0.0098 14,110.55 <0.0001 59.3 

AC 5.372E−06 1 5.372E−06 7.75 0.0238 4.8 

CD 6.653E−06 1 6.653E−06 9.60 0.0147 5.4 

Curvature 0.0005 1 0.0005 1007.85 <0.0001 – 

Residual 4.149E−06 8 5.186E−07 – – – 

Lack of fit 2.237E−06 5 4.47E−07 0.7017 0.6606 Not significant 

Error 1.912E−06 3 6.375E−07 – – – 

Total 0.0103 19 – – – – 

DF = degree of freedom; R-sq = 0.994; R-Sq (adj) = 0.987
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quite near. Meanwhile, the lack-of-fit of the P-value for the COF model was non-
significant as it was more than 0.05. The presence of a high F-value in the ANOVA 
table suggests that the model is significant for the response being assessed. Model 
terms with a p-value less than 0.05 are significant, whereas those with a p-value 
more than 0.1 are irrelevant. The coefficient of friction is affected by the factors 
speed A, concentration C, load D, AC, and CD in the current study. In addition, the 
lower the p-value, the greater the impact of the factor on the response. The lowest p-
values encountered are related to the load (D). The percentage contribution “PC%” 
is frequently a good indication of the relative relevance of each model item. The 
engine load has a higher contribution influence on the coefficient of friction (59.3%) 
than volume concentration (9.5%).

The wear rate was calculated using the same procedure as was used to calcu-
late the COF. The wear rate of the nano lubricant is represented in Table 5 by the 
estimated regression analysis of variance (ANOVA). The regression was statistically 
significant at a 95% confidence level, according to the results. The model has a high 
determination coefficient (R-sq = 0.9812), which explained 98.12% of the response 
variability (Table 5). The F-value of 41.72 infers that the model is statistically signif-
icant. The F-value and p-value of the lack of a fit test for wear rate were 2.6 and 
0.2311, respectively, implying that it was not significant because it was greater than 
0.05. In this case, the relevant factors are A, B, C, D, AC, AD, BC, and CD. The 
most significant factors for wear rate are sliding speed A and load D. Furthermore, 
it was discovered that sliding speed has a higher contributory influence (14.1%) on 
wear rate than load (10.7%). 

Table 5 ANOVA of wear rate 

Source Sum of squares df Mean square F-value p-value (%) contribution 
PC 

Model 0.0351 10 0.0035 41.72 <0.0001 Significant 

A-Speed 0.0121 1 0.0121 143.26 <0.0001 14.1 

B-Temperature 0.0006 1 0.0006 6.59 0.0333 0.64 

C-Concentration 0.0042 1 0.0042 50.35 0.0001 4.9 

D-Load 0.0092 1 0.0092 109.08 <0.0001 10.7 

AC 0.0033 1 0.0033 39.11 0.0002 3.8 

AD 0.0022 1 0.0022 26.08 0.0009 2.6 

BC 0.0019 1 0.0019 22.67 0.0014 2.2 

CD 0.0015 1 0.0015 17.86 0.0029 1.8 

Curvature 0.0499 1 0.0499 593.6 <0.0001 – 

Residual 0.0007 8 0.0001 – – – 

Lack of fit 0.0005 5 0.0001 2.6 0.2311 Not significant 

Error 0.0001 3 0.0000 – – – 

Total 0.0857 19 – – – – 

DF = degree of freedom; R-sq = 0.9812; R-Sq (adj) = 0.9577
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3.2 Main Effects Analysis on Friction Coefficient and Wear 
Rate 

The individual effects of sliding speed (a), temperature (b), volume concentration 
(c), and load (d) on the coefficient of friction and wear rate were determined using 
FFD with four screening factors at two levels. The main effects chart for the friction 
coefficient are shown in Fig. 3. A line with a steeper slope for long-distance changes 
indicates a higher main effect compared to the effect produced by less significant 
elements in this graph [16]. As demonstrated in Fig. 3d, the plot of friction coefficient

Fig. 3 Main plots of friction coefficient versus a sliding speed, b temperature, c volume 
concentration and d applied load
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against applied load demonstrates the most significant effect from a high to a low 
level. Similar results were obtained by Asnida et al. [17] that indicated that the 
coefficient of friction decreased as applied load increased. In addition, the speed plot 
Fig. 3a shows a modest decrease in the coefficient of friction. Overall, the sliding 
speed led to a decrease in the coefficient of friction. (c) shows the coefficient of 
friction increased as the fraction of concentration increased. While the temperature 
in Fig. 3b show less significant compared with another factor.

Figure 4 shows the individual factor of parameters on wear rate. The plot for wear 
rate against its sliding speed, temperature and volume concentration shows the effect 
from a low level to a high level and the wear rate decreased as the factors decreased. 
Figure 4a shows that the wear rate decreases as the sliding speed increases. It is

Fig. 4 Main plots of wear rate versus a sliding speed, b temperature, c volume concentration and 
d applied load
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feasible to understand how the wear rate is changed by increasing the sliding speed 
while decreasing the wear rate. The decrease in wear rate was significant with sliding 
speed [1] and the biggest contribution effect (14.1%) on wear rate compared to other 
parameters, according to Table 5 and Fig. 4a. The plot of load Fig. 4d shows  less  
slope than sliding speed. Also, Fig. 4b indicates that the temperature effect is very 
small on the wear rate.

3.3 Interactions Between Factors on Friction Coefficient 
and Wear Rate 

The significant interaction between most affecting the coefficient of friction and 
wear rate is shown in Figs. 5 and 6. The volume concentration and load interaction 
in Fig. 5a. It shows that the concentration effect is extremely minor when the load 
is low but has a large influence when the applied load is high, and the best COF 
result is obtained with a high load and low concentration. The trend of lubricant with 
or without CNCs nanoparticles in SAE 40 engine oil is observed to be similar to 
the findings of COF from previous study by Asnida et al. [17] where the friction 
coefficient had decreased with an increasing load. Figure 5b shows the interaction 
between sliding speed and concentration. In comparison to a high concentration, the 
slope for a low concentration is steeper. The COF is influenced by the concentration 
of volume, and slightly reduced as the sliding speed increases. The additive film is 
formed, and resistance at friction gradually decreases, leading to a slight decrease of 
friction coefficient. Figure 6a shows the interaction between sliding speed with an 
applied load on the wear rate. The volume concentration and load interaction effects

Fig. 5 Interaction plot between factors on the coefficient of friction, a concentration and applied 
load and b concentration and sliding speed
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Fig. 6 Interaction plot between factors on the wear rate, a sliding speed  and applied load and  b 
concentration and sliding speed 

have the greatest interaction, with the effect of sliding speed being greater when 
applied load is at 39.24 N. When the data is constrained to a low level of applied 
load, the volume concentration’s effect is steeper than when the data is restricted 
to a high level of applied load (D+). However, to find the best result of minimum 
wear rate was reached with a high applied load level. Figure 6b shows the interaction 
between sliding speed with volume concentration on wear rate. The slope for high 
concentration C+ is steeper than lower concentration and gives a significant effect 
to wear rate.

4 Conclusion 

A two-level full factorial design was used to assess the influence of operating param-
eters on tribological properties. The following are some key conclusions from the 
experimental study: 

• ANOVA analysis reveals that factors speed A, concentration C, load D, AC, and 
CD are statistically significant to control the friction coefficient and the factors 
A, B, C, D, AC, AD, BC and CD are physically and statistically significant to 
influence the wear rate. 

• Also, it is observed that the factors load D and sliding speed A, are the predominant 
factors that influence the friction coefficient and wear rate respectively, of the 
nano-cellulose. Since they have the highest P (%) value compared to the P (%) 
value of all the other significant factors.
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load and sliding speed on friction coefficient of IBAD deposited TiN. Tribol Ind 31(3–4):3–10 

12. Kasdekar DK, Parashar V (2018) Principal component analysis to optimize the ECM parameters 
of aluminium alloy. Mater Today Proc 5(2):5398–5406 

13. Soundararajan R, Ramesh A, Sivasankaran S, Vignesh M (2017) Modeling and analysis 
of mechanical properties of aluminium alloy (A413) reinforced with boron carbide (B4C) 
processed through squeeze casting process using artificial neural network model and statistical 
technique. Mater Today Proc 4(2):2008–2030 

14. Sunil B, Rajeev V, Jose S (2018) A statistical study on the dry wear and friction characteristics 
of Al-12.6Si-3Cu-(2–2.6 wt.%)Ni piston alloys. Mater Today Proc 5(1):1131–1137



Statistical Approach to the Cellulose Nanocrystal Tribological … 363

15. Kamarulzaman MK, Abdullah A (2020) Multi-objective optimization of diesel engine perfor-
mances and exhaust emissions characteristics of Hermetia illucens larvae oil-diesel fuel blends 
using response surface methodology. Energy Sources Part A Recovery Utilization Environ 
Effects 1–14 

16. Ridzuan N, Adam F, Yaacob Z (2016) Screening of factor influencing wax deposition using 
full factorial experimental design. Pet Sci Technol 34(1):84–90 

17. Asnida M, Hisham S, Awang N, Amirruddin A, Noor M, Kadirgama K, Ramasamy D, Najafi 
G, Tarlochan F (2018) Copper (II) oxide nanoparticles as additive in engine oil to increase the 
durability of piston-liner contact. Fuel 212:656–667



Covid-19 Embedded with Aerosol 
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a Mosque 
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Abstract When an infected person coughs, thousands of micro-size aerosol particles 
will transmit to the surrounding, especially in a closed space. Mosque is one of the 
confined areas that Muslims regularly go to pray together. Multiple standards of 
procedures have been proposed to prevent the virus transmission, however, the cases 
involving people praying in mosque are still reported. This study aims to simulate 
the virus transmission in mosque by modelling the aerosol particles generated by the 
worshipper coughing. A geometry of praying area in mosque was created mimicking 
the actual praying space. Realistic boundary conditions involving coughing, airflow 
at the inlet and outlet diffusers were specified. The simulation result confirms that the 
SARS-COV-2 virus in a closed space praying room is not uniform and it is strongly 
influenced by the location of the coughing source and the air conditioning layout. The 
study also recorded Ma’mums are at the higher chance to get infected if one of the 
Ma’mum is the COVID-19 carrier due to the nature of normal congregational praying 
arrangement. The outcomes of this study may help the scientist and the authorities to 
understand how dramatic COVID-19 virus may spread in the confined praying area, 
hence, may enforce a better standard of procedure in a mosque. 
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1 Introduction 

Coronavirus disease (COVID-19) has become a deadly pandemic that causes millions 
of deaths and comorbidities, and a severe damage of economic crisis all over the 
world. 

SARS-COV-2 is a unique virus that has the ability to evolve into a new variant 
with differences of characteristics adaptation and rate of transmission or spread. 
The Centers for Disease Control and Prevention (CDC) concluded the latest variant, 
Delta variant (B.1.617.2) that has evolved from the previous variants, namely Gamma 
variant (P.1) to be much life-threatening as it is airborne, able to spread faster than 
other variants and thus could cause more severe cases [1, 2]. 

Infected people can spread the virus from their mouth or nose in a form of micro-
size liquid particles during a verbal activities or involuntary act such as coughing. 
The particles emitted from a larger range of respiratory droplets to a micro-sized 
aerosol particle has become a nuisance or fatal especially in an indoor space [3, 4]. 
For the Muslim community in Malaysia, prayers are done 5 times a day in a confined 
holy place called a mosque. Multiple standards of procedures have been proposed 
to prevent the virus transmission, however, the cases involving people praying in 
mosque are still reported [5–7]. To understand the COVID-19 spread in mosque, a 
complete computational fluid dynamics (CFD) simulation could be useful to predict 
aerosol particles trajectory in different mosque environment. 

Previous studies have explored COVID-19 particles spread using CFD in indoors 
classroom [8] and on airplane [9]. Abuhegazy et al. [8] modelled a classroom 
consisting of nine students, an instructor and furniture replicating a realistic class-
room scenario. The classroom area was 9× 9 m and 3 m height. The distance between 
each student was set 2.4 m which is greater than the recommended 1.8 m separation 
distance for COVID-19 mitigation. All students were created in similar dimensions 
with a cuboid body and head with a rectangular mouth surface. To investigate the 
virus cross-transmission in the classroom, different particle sizes embedded in the 
airflow were injected into the system. The overall proportion of particles that fall 
on the ground, desks, and the source student increases dramatically as particle size 
increases. The particles deposit quickly in less than a minute in the case of 50 µm 
particles, predominantly on the source student. Gravitational settling and the simpli-
fied, rectangular shape of the student modelled are responsible for the significant 
deposition of 50 m particles on the source student. 

Another article on the particles travelling on airplane [9] has determine the effect 
of reducing capacity of passengers as well as to compare with other intervention 
methods that is considered as cost-effective, for example sneeze guard (sneeze shield) 
applied in between passengers. The study also investigates the influence of coughing 
and speaking in emitting aerosol particles. The CFD results showed the particles do 
not diffuse over the full cabin space at any given moment. The particles are kept 
within one or two rows of the index patient at most. This shows that a single patient’s 
presence does not infect the entire cabin.
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Most of mosque are also considered a confined area or indoor space. To the 
authors’ knowledge, there are currently no reports investigating the COVID-19 parti-
cles transmission in mosque using computational modelling. Hence, this study aims 
to speculate the aerosol particles travelling inside a mosque using CFD modelling. 
The outcomes of this study may help the scientist and the authorities to under-stand 
how dramatic COVID-19 virus may spread in the confined praying area, hence, may 
enforce a better standard of procedure in a mosque. 

2 Methodology 

2.1 Praying Area Model and Mesh Construction 

A three-dimensional geometry of a praying area consisting of eight worshippers 
was created. The model uses a common praying area dimension and a realistic air 
conditioning (AC). The dimension of the praying area shown in Fig. 1 is 9 × 9 m2 

and 3 m height. The position of the worshippers is according to normal congrega-
tional praying arrangement, with the Imam is standing at the front and the others 
(Ma’mum) stand in straight parallel row behind the Imam, facing qibla. The distance 
between Ma’mums is 1 meter apart, following the COVID-19 standard of procedure 
implemented by the government of Malaysia to maintain the social distancing. Both 
Imam and Ma’mums are created based on cuboid body with the same dimensions of

Fig. 1 Three-dimensional (3D) geometry of a typical prayer room in mosque
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1.67 × 0.36 × 0.20 m3 with a rectangular mouth area of 0.06 × 0.03 m2. The mouth 
surface area is dedicated for the air and aerosol particles injected into the praying 
area. The 3D model also included the prayer mat, tables, chairs and holy Quran 
shelves. Worshippers are assumed to be exposed to aerosols to see the deposition 
among them with the influence of AC airflow.

The AC system in the praying area consists of five air supply diffusers and four 
return diffusers (Fig. 1). All diffusers have similar surface area of 0.294 m2, and the 
vertical air supply from the inlet diffuser is set at 0.395 m/s based on ASHRAE 62.1 
[10]. There is no opened window or door in the area considered in the simulations. 

The geometry was imported to ANSYS Workbench 2021 for mesh generation. 
An unstructured tetrahedral mesh is generated, creating an independent mesh with 
the total 2,145,198 elements (Fig. 2). Local refinement is specified near the surface 
of the wall and the worshippers to maintain the quality. The gradual transition of 
the mesh recorded the average quality of 0.828, average skewness of 0.241 and the 
aspect ration of 1.861. 

Fig. 2 Isometric view of unstructured mesh model of the prayer room
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2.2 Computational Details 

The CFD simulations in this study uses ANSYS Fluent 2021 to simulate the airflow 
and particle transport. The Navier-Stokes equations are solved entirely using the 
steady state laminar incompressible flow solver. The inlets airflow for the study 
consists of supply air from AC and from the worshippers’ mouth, specifically from 
the Imam and one of the Ma’mum. The  Imam and the Ma’mum are assumed to exhaled 
airflow from their mouths at 0.185 m/s with diameter of 1 µm, based on the range 
of the particle size of aerosol particles released in exhalation and talking [11]. The 
aerosol particle is assumed to release together with the airflow at the same velocity 
normal to the 0.06 × 0.03 m2 surface area of the mouth. 

The aerosol particle is set according to discrete phase model (DPM) that available 
in ANSYS FLUENT 2021. Every DPM sources of flow iteration is updated with 
DPM iteration interval of 10. The maximum number of steps used is 50,000 steps. 
The SIMPLE algorithm was implemented in ANSYS FLUENT 2021 to solve the 
pressure-based model where the governing equations were discretized using the 
second-order discretization scheme. 

3 Results and Discussion 

3.1 Praying Area Model and Mesh Construction 

Figure 3 shows velocity contours and vectors of airflow from the AC diffusers and 
aerosols emitted from the Imam and Ma’mum on a cross sectional plane throughout 
the praying area. The area of flow recirculation occurs throughout the spaces inside of 
the mosque. A few distinct flow recirculation is recorded around the human models 
due to pressure difference caused by the wall boundary of the human and the higher 
airflow velocity. For example, in the inset figure of Fig. 3, large flow recirculation 
is seen concentrated at the Imam with very low velocity. Vortices usually preferred 
to partially trap aerosol particles to the area and increase the chances of particles 
deposition on neighboring surfaces [8, 9]. 

For the purposes of characterizing the dynamics and the fate of exhaled aerosol 
particles, a single-release impulse source is used. To illustrate particles distribution 
in the praying area, the 1 µm aerosol particles dispersion to the air are illustrated 
at different points of in time since the particle release (Fig. 4). For 1 s time frame, 
both Imam (Fig. 4a) and Ma’mum (Fig. 4b) begin emitting aerosol particle through 
coughing with initial Z-velocity of 0.185 ms−1. On the second 10 s-time frame, the 
particle trajectory from the Imam starts to change from Z-axis to Y-axis as if the 
aerosol particle is moving towards the outlet of return air diffuser. On the other hand, 
particle trajectory for 10 s-time frame in Fig. 4b shows a slight direction towards 
Y-axis.
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Fig. 3 Airflow velocity contours and vectors on a cross-sectional plane of prayer room. Inset figures 
show obvious recirculation flow area 

Next, in 50 s timeframe, Fig. 4a is having a clear recirculation flow where the 
particle moves to the opposite downward direction of Y-axis towards the ground of the 
mosque before eventually flowing back to the earlier upwards Y-axis, whereas particle 
transmission of Fig. 4b is constantly moving toward the middle of the room and closer 
to the other Ma’mum. It is almost visible to see the occurrence of recirculation flow 
near the Ma’mum in the middle. In 100 s time frame, particle transmission in Fig. 3a 
shows a pattern of aerosol particles begins to exit the return air diffuser at the most 
front outlet. However, recirculation flow still takes places governing the trajectory of 
particle near the middle Ma’mum during 100 s in Fig. 4b. Only in 300 s time frame, 
the particles begin to exit the return air diffuser located at the left side of the mosque 
for the Ma’mum in Fig. 4b. It is also visible some particles transmit to the furniture 
at the front of the mosque. 

It takes approximately 539 s for most of the particles to exit the closed space of 
the mosque in Fig. 4a. For Ma’mum in Fig. 4b, most of the particle exits the mosque 
approximately 1257 s. 

The concentration of particles at the front and at the back areas of the praying room 
are consistent with the particle trajectory inside a classroom [8]. Particle transmis-
sions behavior emitted in a closed space are depending on the location of the person 
who coughing. The dispersion of aerosol particle remains close to the location of 
source and only disperse to nearby entities. Present study recorded almost 90% of 
the aerosol particles emitted by the Ma’mum stays at the worshippers’ row and may 
easily deposit to neighboring worshippers. The particles also stay longer time in 
spaces before exit at the outlet diffuser compared to the Imam source. The similar
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Fig. 4 Velocity streamlines at 6 Point of Time for aerosol particles trajectory emitted by a Imam 
and b Ma’mum in a closed-space praying area
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result is recorded by [8] on 100 s time frame, where recirculation of particle occurs 
around the student located in the middle of the classroom. Moreover, is also stated 
that most of the aerosol particle is deposited on the source student that is located at 
the back of the classroom. Generally, the vortices condition would cause the particle 
to deposit at the recirculated area.

4 Conclusion 

The investigation about the aerosol particles generated by coughing of COVID-19 
travel simulation specifically for indoor space is crucial to understand the pattern 
of how the viruses spread in a closed-space for COVID-19 mitigation measures. 
The extensive computer fluid dynamic simulation cases have been conducted and 
produced several outcomes to be highlighted: 

1. Aerosol distribution in a closed space praying room is not uniform and it 
is strongly influenced by the location of the coughing source and the air 
conditioning layout. 

2. Particles disperse in the praying area before exit at the outlet diffuser, making 
high concentration of aerosols at the diffusers. 

3. The effect of source location on aerosol transport is significant. Both Imam and 
Ma’mum transmitted aerosol mostly to their front area. Only less than 10% of 
aerosols from the Imam transmitted to the Ma’mum since the Imam is facing the 
qiblat, the opposite direction to the Ma’mum. However, more than 90% aerosols 
of the Ma’mum are well spread to the other worshipers. Therefore, Ma’mums 
are at the higher chance to get infected if one of the Ma’mum is the COVID-19 
carrier. 

4. This preliminary study didn’t include windows for open ventilation to be 
compared with closed space environment. According to previous study by 
Abuhegazy et al., 2020, opening window could significantly increase parti-
cles exit by 38% and would reduce the transmission between the worshippers. 
Hence, it is recommended to include windows in the future study. 

Acknowledgements The authors would like to thank Universiti Malaysia Pahang and research 
grant RDU200746 for supporting this study. 

References 

1. Jayaweera M, Perera H, Gunawardana B, Manatunge J (2020) Transmission of COVID-19 
virus by droplets and aerosols: a critical review on the unresolved dichotomy. Environ Res 
188:109819 

2. Mittal R, Ni R, Seo J-H (2020) The flow physics of COVID-19/. J Fluid Mech 894:F2



Covid-19 Embedded with Aerosol Particles Travel Simulation … 373

3. Morawska L et al (2020) How can airborne transmission of COVID-19 indoors be minimised? 
Environ Int 142:105832 

4. Anfinrud P, Stadnytskyi V, Bax CE, Bax A (2020) Visualizing speech-generated oral fluid 
droplets with laser light scattering. N Engl J Med 382:2061 

5. Suyadi, Nuryana Z, Fauzi FAN (2020) The fiqh of disaster: the mitigation of Covid-19 in the 
perspective of Islamic education-neuroscience. Int J Disaster Risk Reduction 51:101848 

6. Hashim JH et al (2021) COVID-19 Epidemic in Malaysia: epidemic progression, challenges, 
and response. Front Public Health 9:560592 

7. Tan MM, Musa AF, Su TT (2022) The role of religion in mitigating the COVID-19 pandemic: 
the Malaysian multi-faith perspectives. Health Promot Int 37:1–13 

8. Abuhegazy M et al (2020) Numerical investigation of aerosol transport in a classroom with 
relevance to COVID-19. Phys Fluids 32:103311 

9. Talaat K et al (2021) Simulation of aerosol transmission on a Boeing 737 airplane with 
intervention measures for COVID-19 mitigation. Phys Fluids 33:033312 

10. American Society of Heating, Refrigerating, and Air-Conditioning Engineers, in ASHRAE 
Standard 62.1-2007 (2007) Ventilation and acceptable indoor air quality, ASHRAE, Inc., 
Atlanta, GA 

11. Wurie F et al (2013) Characteristics of exhaled particle production in healthy volunteers: 
possible implications for infectious disease transmission. F1000 Res 2:14



A Review on Automotive Tires 
Significant Characteristic Identification 
for General Consumers 

Ahmad Noor Syukri Zainal Abidin, Arief Hakimi Azmi, 
Khairil Anwar Abu Kassim, Ahmad Shahir Jamaludin, 
and Mohd Nizar Mhd Razali 

Abstract A tire serves various types of services and distance overs its lifespan. 
Moreover, for the safety and comfort of vehicle occupants, tire performance is 
critical. An assessment of literatures on tire-related properties that contribute to 
better safety performance was conducted in this study. The review elaborates on 
the most discussed topics from the overall reviewed articles. This study highlights 
the significant characteristics that be further implemented in tires for specific situa-
tions or general consumers. It was determined that tire wear is resulted from several 
factors. Increasing slip angles cause higher abrasion and temperature on tire surface. 
Modelling of wear rate can be done realistically with computation. From the review, 
it is also known that knowledge of tire-pavement and/or ice interactions behavior is 
improving. Semi-empirical methods in simulation of tire and terrain interactions are 
a promising candidate for use in multi-body dynamic software (MBS) simulation and 
vehicle simulations. Thermal aging in rubber tires will result in lower tensile strength. 
Production of tire wear particles increase 2–3 fold with abrasion from increased slip 
angles. Carbon back type N220 possess the best tensile, tear, and conductivity qual-
ities. Overall, not much information was able to be obtained with regards to types 
of tires. Nonetheless research on tire safety performance should be extended so that 
each of tire component can be continuously improved to enhance tire safety criteria, 
particularly among the less discussed areas, such as commercial vehicle tires. 
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1 Introduction 

A tire is a device that is used to cover the circumference of a wheel. In technical 
terms, it is a rubber wheel cover reinforced with nylon, fiberglass, or other materials. 
A tire is pumped full of compressed air. Most land vehicles require rubber tires. 
For truck, agricultural, industrial, and specialty tires, as well as cycle tires, there 
are a variety of rubber tires with maximum inflation pressure retention. Tires can 
attenuate road surface vibrations, protect the wheel from wear and tear, and form 
a high friction contact between the vehicle and the ground to improve acceleration 
and handling. Complex interactions between tire, road pavement and other factors 
could result in degradation of the tire safety performance. Synthesized and natural 
rubber with varied constituents produce different resilience. Collective revision of 
past studies concentrating on key elements, that contributes to a better safety stan-
dard for future tires is the focus of this study. The literature review covered the most 
prevalent factors relating to tire safety performance. Even under the most unusual 
circumstances, understanding the behavior that influences tire performance proves 
insightful. Commercializing changes to tires for public use using knowledge of inter-
action between tire and ice for example can vastly prove tire standards in countries that 
experience changing seasons. When it comes to tire tread materials, wear resistance is 
unquestionably crucial [1–14]. Besides that, tire manufacturers have also performed 
research and studies to forecast tire tread wear. However, such research hasn’t consid-
ered abrasion’s history or directional impacts. Rubber’s nonlinear behavior, as well 
as the tire’s composite composition, must supply every performance required to 
properly fit on a vehicle [15–19]. Regulatory reform aiming at decreasing regulatory 
burden while preserving current tire safety standards is needed. Examining existing 
regulations to see if ought to be updated to keep up with new technologies should be 
always kept in mind [20–22]. 

2 Wear, Tear, and Interactions of Tires 

These are the three properties that massively contribute to the performance of a tire. 
Each research has different focus elements but conclude to the betterment under-
standing of wear, tear, and friction under different conditions. Predicting the amount 
of wear in road vehicle tire could be difficult to be done consistently. A multi-
variable tribo-system includes the tire-pavement contact. It is plausible to conclude 
that a better understanding of tribological variables will provide a clearer image of 
friction and wear phenomena once the pavement surface and rubber tire are linked to 
transportation safety, fuel consumption, wear rate, noise generation, and other [12].
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2.1 Wear of Tire with Controlled and Variable Side Slip 
Angles 

Grosch et al. [3] has concluded that tire wear increases with increasing slip angle, as 
does tire surface temperature and abrasion pattern intensity; the severity dependency 
of the relative wear rating of any two types of tires is primarily owing to differences in 
their temperature and abrasion pattern coefficients. In agricultural tractors it is shown 
that the longitudinal slip increases as the side slip angle increases, increasing rolling 
resistance; however, the increase is greater at higher normal loads [15]. When a loaded 
tire is tested at a small slip angles, the area of slip at the rear of the contact area and 
the magnitude of this side slide are both low, but when the slip angle increases, the 
area of slip at the back of the contact area and the magnitude of this side slide rapidly 
increases. This trend is reflected in the cornering force intensity curves, which show 
that as the slip angle increases, the overall cornering force also increases [10]. An 
experimental setup where Pirelli Scorpion Verde All Season 235/55 R19 105 V SUV 
tire is used for accelerated wearing. Using the Dynamic Tire Test Trailer (DTTT) 
on a coarse concrete surface, where tread would be noticeably degraded in less than 
50 km of effective tire travel [14]. This was made possible by combining longitudinal 
and lateral braking on a regular basis sweeping slip angle. In addition, it was also 
found aircraft tire treads at low temperatures, slip angle is a major determinant of 
tread material wear performance. With increasing slip angle, the distance between 
protrudes grows [13]. It can be summarized that as the slip angle increases, the tire’s 
total wear increases as well. 

2.2 Modelling of Wear Trends 

For rubber, an enhanced abrasion model was proposed [8]. It has a strong ability 
to forecast rubber abrasion, where the pattern or intrinsic abrasion can be observed 
as a characteristic. The model’s most intriguing feature is its capacity to explain 
a wide range of wear scenarios. Greater sliding direction changes, with the same 
moving distance and two distinct directions, can create more wear but less abrasion. 
Furthermore, by altering the sliding velocity properly and fast on a continual basis, 
the intrinsic abrasion may be determined, resulting in the least amount of material 
lost. Using meta-models, a new friction model was built that accounts for the friction 
coefficient’s nonlinear dependence on local contact pressure and sliding velocity in 
the contact surface [11]. The increased contact surface frictional qualities allow for 
a more accurate calculation of the friction energy dissipation rate and, as a result, the 
wear rate, resulting in a more realistic geometric configuration change due to wear. 
Furthermore, incorporating geometry adjustments into the numerical wear analysis 
also enabled the development of criteria for reduced wear volume and uniform wear 
distribution at the contact surface. Cho et al. [1] employing a power function wear rate 
model derived from laboratory research, offered a numerical approach to forecast



378 A. N. S. Z. Abidin et al.

tire wear amount. The frictional energy dissipation through the tire footprint on 
abrasive terrain was calculated. using a 3D patterned tire model’s frictional dynamic 
simulation. Using this, once the outdoor driving and load parameters are set, the 
suggested approach can predict the tread wear amount in an exceptionally short 
period of time. As proven by past studies. The modelling of wear rate can realistically 
replicate real life data without major disadvantages. 

2.3 Tire and Pavement/Ice Interactions 

Interaction investigations between tire and pavement have been carried out by tire 
engineers and chemists for many years in isolation. It is quite difficult to develop 
a tire that can handle the enormous diversity of road layout, pavement, condition, 
climate, and traffic situations that exist, even in the simplest scenario of straight-
ahead braking [6]. The optimization of interaction between tire and road requires 
compromises to be a solution. To determine if there is a relationship between the tire 
and pavement categorization indexes, an experimental investigation was carried out. 
D’Apuzzo et al. [21] determine that using the derived relationship, it was possible 
to construct a road friction surface categorization that is specific to European tires. 
From the standpoint of pavement friction, road surfaces may be classified into five 
categories, and this material about the performance of the road surface can be easily 
transmitted to consumers. Even with the evolution of automobile and tires safety 
standards, driving on ice proves unpredictable and a safety hazard. Hence a compre-
hensive understanding of the behavior of tire on ice is essential. An Advanced Tire-Ice 
Interface Model (ATIIM) was created to identify the rise in temperature at the contact 
patch, as well as sections of dry and wet regions in the contact patch [23]. It was 
discovered that the water film is thickest near the contact patch’s trailing edge, where 
the temperature rise is greatest. Because of the temperature rise at the contact patch, 
the thin water film acts as a lubricant, reducing the amount of friction available. 
During temperature changes, different tire–ice behavioral tendencies are found. The 
development of standard test protocols that consider the various factors that influ-
ence the friction coefficient is an urgent need. Bhoopalam and Sandu [24] stated to 
calculate the friction coefficient at the tire ice interface, state-of-the-art test facilities 
and procedures that simulate real-world road and weather conditions are necessary 
to improve vehicle safety. 

2.4 Tire-Terrain Interaction Modelling 

The problem of off-road vehicle tire-terrain interaction is complex enough that it 
cannot be solved precisely. Different terrain properties, as well as design and oper-
ational parameters, influence the approaches for modelling and assessing wheeled 
vehicle performance over deformable terrains. The contributions of models to the
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progress of soil, tire, soil–tire interaction, experimental analysis, model parameteriza-
tion, and model validation methodologies are highlighted. The most basic empirical 
approaches to the most advanced finite element methods are all available. Taheri et al. 
[25] concluded that empirical models for wheeled vehicles are useful for rudimen-
tary mobility assessments, but they can’t be generalized beyond the test data used 
to build them. To develop a practical framework for dealing with the complicated 
topic of soil–tire interaction, the physics-based models incorporate methods such 
as computational physics and numerical analysis. El-Sayegh et al. (2020) presented 
a new model for the interaction of off-road truck tires and gravelly soil [26]. The 
simulations and measurements were found to be in good agreement when it came 
to predicting tire rolling resistance characteristics. The error percentage was shown 
to be within a reasonable range. Because of their highly discretized structures, these 
models necessitate a lot of computing power. However, Yang et al. [27] has shown 
the computational efficiency of some DEM-FEM, which is GPU-based, proves to 
be a potent tool for modelling the interactions between an off-road tire and granular 
terrain. The semi-empirical technique, which is well-known in the terra-mechanics 
community, has been debated and developed in order to include all of an off-road 
tire’s significant features into a single model. The model is tire geometry sensitive 
and consistently predicts the reaction to varying tire load and inflation pressure [28]. 
Semi-empirical model techniques, such as high-fidelity formulations and computa-
tional tools, were shown to be a feasible alternative capable of forecasting system 
dynamic behavior and computing important mobility measures for a wide range of 
off-road wheeled vehicle simulation scenarios [29]. Babulal et al. [30] used algo-
rithms for deformable terrain are numerically implemented 3D system based on 
semi-empirical formulations. Experimental data is used to validate the simulation 
results for the normal and shear stress distributions for stiff wheels’ oil contact. 
To get high quality results while minimizing processing effort and model variables, 
semi-empirical methods combine empirical relationships with analytical approaches. 
As a result, they’re considered promising candidates for use in MBS simulations and 
vehicle simulations. They concluded the FTire model predicted the most accurate 
lateral tire behavior for large off-road tires. The model is proven to be able to fore-
cast tire wear and a wide variety of operating conditions. It is, nevertheless, the 
time-consuming and computationally costly model. 

3 Thermal Aging of Rubber in Tires 

Rubber is in high demand due to the rubber industries and vehicle industry’s rapid 
development. Rubber ageing, on the other hand, may accelerate the rate of usage 
and lower the service life. Rubber products will lose their suppleness and harden, 
making them unsuitable for usage. Thermal aging remains to be one of the biggest 
components accelerating the decline performance of tires. Zhang et al. [19] shown  
that the ultimate tensile strength and ultimate strain of vulcanized NR are degraded 
by thermal ageing. The difference in strength between thermally aged and unaged
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rubbers under the same force is negligible. For 4 and 6 weeks, aged styrene butadiene 
rubber samples were stored in an oven at 80 °C [18]. The tensile strength of the 
rubber samples after this treatment was significantly lower than before the ageing 
was also determined. To keep the correct reaction rate in tires, a crucial minimum 
concentration of oxygen is essential. It is indisputable that the amount of oxygen in 
the tire cavity reduces as the time spent in the oven increases [16]. The rubber in a 
tire oxidizes with both the oxygen in the air used to inflate the tire and the oxygen 
in the air surrounding the tire, which is less well-known. Two-sized radial tires from 
a well-known manufacturer have been fitted on an Airbus jet. Tread throw failures 
have occurred on multiple occasions with these tires. Xie et al. [22] determined high 
temperatures accelerated micro-crack initiation and growth, resulting in increased 
load and decreased rubber mechanical properties. This eventually resulted in tire 
failure. Therefore, thermal aged rubber will cause produce dominos effects that will 
end in the decrease the rigidity of the rubber in the tires. The efficiency and life 
services of tires will be dramatically reduced. 

3.1 Tire Wear Particles (TWPS) 

Because many chemicals are utilized in tire manufacture, tire materials are compli-
cated combinations. Fillers, reinforcement agents, processing aids, accelerators and 
retarders, adhesives, and activators may be added in addition to the rubber itself. 
The composition of a specific tire is dictated by its use, despite the regular use 
of general elements. Tire variables (size/width, chemical composition, cumulative 
mileage), vehicle characteristics (weight, engine power, state of maintenance), and 
road surface characteristics (material (bitumen/concrete), texture pattern, wetness, 
temperature) all influence emission factor [4]. With multiple factors in play, only 
a few should be investigated at a time. Chang et al. [31] concluded abrasive wear 
is a major wear mechanism that occurs when the tread wear is low and the road 
roughness is high, making it easier to generate large particles. The wear process is 
predominantly fatigue wear when the roughness is low or there is water lubrication, 
which enhances the possibility of small particle production. Furthermore, abrasion 
from slip angle appears to boost TWP production. PM10 and PM2.5 concentrations 
were 2–3 times greater in TWPs generated at constant speed with a 4° tire slip 
angle than in TWPs created under constant speed circumstances alone. Increased 
slip angles resulted in a lateral frictional force bias, which accelerated tire tread attri-
tion. According to the authors, the creation of these microscopic particles could be 
explained by the evaporation and condensation of volatile chemicals from the tire 
material.
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3.2 Reinforced Natural Rubber 

Rubber is one of the most important materials due to its good mechanical strength, 
conductivity, and adequate service life when other compounding elements such 
as fillers are included. Carbon black is a form of reinforcing filler that is used 
in NR (Natural Rubber) composites to increase mechanical qualities. Azura and 
Leow (2019) determined carbon back type N220 possessed the best tensile, tear, and 
conductivity qualities. Before ageing, at 20 phr (part per hundred parts of rubber) 
filler loading, the optimum tensile characteristics can be seen. However, after an 
ageing test, the results revealed that 30 phr provides the best tensile qualities. In 
addition, the best abrasion resistance and thermal stability are found in NR nanocom-
posites comprising both carbon black N220 and hyper branched polyester modified 
nano Al2O3 [20]. When Al2O3 was combined with carbon blacks, the mechanical 
properties, abrasion resistance, and thermal stability of the nanocomposites were 
significantly improved. According to preliminary findings from Mané et al. [7], 
silica-reinforced natural rubber samples with wear resistance equivalent to, if not 
superior than, carbon black-reinforced natural rubber samples can be made. 

4 Conclusion 

From the meta-analysis of over 100 articles, a general analysis was conducted by 
grouping similar points to get the overall trends of the reviewed literature. Only 30 
papers were selected for final review and were further elaborated. From Fig. 1, it is

Fig. 1 Reviewed literatures by research keyword
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Fig. 2 Reviewed literatures by method of study 

shown that from the research keyword grouping for wear, tear and friction of tires 
have the highest percentage at 21%. The second highest was usage of 3d modelling 
and FEM, and interaction between tires and pavement. With third being interaction 
between tires and materials. For methodology employ to validate data, Fig. 2 illustrate 
the most common method. Laboratory test is first a 38%. Meanwhile usage of FEM 
software and experiments to validate is placed second. Lastly laboratory and field 
test come at third. Majority of these topics with the details about the process for the 
experiments have been further discussed above.

This paper present major findings from the present literature review. Tire safety 
performance closely impacted by several factors. Wear and tear of tires is mainly 
resulted from the abrasion of the tire surface from increased slip angle. Generated 
particles from wear also experience similar trend where slip angle produce 2–3 times 
more particles. In addition, wear rate can be replicate similar real-world data in soft-
ware’s using numerical functions and meta models under proper use of parameters. 
Complex interaction between tires and terrains are better understand using computa-
tion simulation improving efficiency and time management. Lower ultimate tensile 
strength can be when rubber is aged in high temperature. This relates the high-
performance tires required for long usage or intense stress in a short period. Last of 
all, carbon black type N220 provided the best reinforcing properties when in mixture 
with rubber tires. 

Clearly shown, most of the literature reviewed doesn’t specify what type of tires 
used. Only a few individual papers specify on the type of tires used for example 
off-road, SUV, and aircraft other than the standard passenger car tires. No paper 
was found discussing on heavy vehicle tires during the review. Instead using the 
general term “rubber” does not differentiate on what kind of tires is used in the
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automotive industry vehicle wise. Modelling of tire- terrain and pavements inter-
actions are adequate but requires experimental validation. Additionally, few finite 
element models can produce accurate results to a certain degree in the define param-
eters. Proper knowledge is essential for the utilization of the models to not intrude 
its limits. The reviewed literature is placed in specific scenarios. As a result, more 
research is needed to gain a better grasp of the issues where there are insufficient 
examinations of elements and criteria. 

The development of tires safety performance will always be the subject of future 
research to ensure continuous improvement in tire safety is obtained. Thus, clear 
and defined developments that is well documented should be reflected in legislations 
and standards so that consequently, the communities and industry can enjoy its full 
benefits. 
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Evaluation of Palm Oil Leaves Extracts 
as a Potential Environment Friendly 
Corrosion Inhibitor for Metals 

Arman Abdullah, Euodia Banius, Azizul Helmi Sofian, and Lum Wai Bin 

Abstract Carbon steel were used in various fields as it is economically affordable, 
environment friendly, highly durable and with high strength. However, carbon steel 
tends to corrode compared with other superior materials. Corrosion had brought 
negative effect to economic, health, safety, and also culture. One of the methods 
use in controlling the internal corrosion is by using the corrosion inhibitor. Inorganic 
corrosion inhibitor had long been used to suppress corrosion however they are toxic to 
health and also environment. Therefore, this research had been conducted to evaluate 
the potential of the corrosion inhibitor from palm oil leaves (POL) extract. The POL 
extract was extracted using Microwave Assisted Extraction method (MAE). After 
extraction, POL extract was sent to LC/MSQ-Tof analysis to test for active chemical 
component present. The presence of active component such as tannin, flavonoid and 
alkaloid help to inhibit corrosion. Corrosion inhibition testing were conducted by 
using weight loss method and electrochemical Tafel plot. SEM test show that carbon 
steel without inhibitor corrodes more than 90% compare with carbon steel coupon 
contain POL extract as an inhibitor. 

Keywords Corrosion inhibitor · Oil palm leaves · Carbon steel · Green inhibitor 

1 Introduction 

Corrosion is the deterioration of a metal as a result of the chemical reactions between 
it and the surrounding environment. Among the various methods to avoid or prevent 
destruction or degradation of metal surface, the corrosion inhibitor is one of the best 
know methods of corrosion protection [1]. Corrosion inhibitors are chemicals that 
are added to a chemical stream to prevent corrosion, or lowering the rate of corrosion 
so that the processing equipment will have a suitable service lifetime [2]. However, 
there are growing concerns regarding the use of inorganic inhibitors that containing
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poisonous compounds such as chromates, phosphates, and heavy metals mainly due 
the issue of toxicity and disposal [3]. The use of these inhibitors is now restricted 
and need to be replaced with natural products [4]. 

To solve the drawback of toxicity and pollution, the employment of green 
inhibitors is important consideration. They are cost-effective regarding their abun-
dance in nature and almost composed of non-toxic substances. A lot of plants such 
as andrographis paniculata, and azadirachta indica had been tested for their potential 
for corrosion inhibitor [5, 6]. 

Previous research has revealed that plant extracts have excellent compounds 
for suppressing metal electrolyte reactions. Several plant extracts, including Carica 
Papaya, Rosmarinus, cashew, mango, Uncaria gambir, and Fiscusycomorus extracts, 
had been studied. These plants have sufficient cyclic organic phytochemicals, 
nitrogen, sulfur, and oxygen atoms, which are responsible for their inhibitory char-
acteristics. Many difficulties exist in the large-scale synthesis of diverse natural plant 
extracts. The most important of them is the extraction of certain plant extract compo-
nents having inhibitory properties. Nonetheless, numerous natural plant extracts have 
been shown to be effective corrosion inhibitors [7–9]. 

Malaysia is the second largest palm oil producing country and produce 85% of 
the global palm oil supply. The total palm oil plantation in Malaysia covers 5.85 
million hectares in 2018 [10]. These large amounts of oil palm tree generate a lot of 
waste annually [11]. The leaves and trunks are usually left in the field [12], which 
may cause various problems if it is not managed properly. Then, utilize the palm oil 
waste by looking into the new application of the waste as corrosion green inhibitor 
is a remarkable environmental effort. 

This research seeks to evaluate the use of POL extracts for corrosion prevention 
and control by evaluating its corrosion preventive characteristics of on mild steel 
in HCl solution. The interaction of palm oil leaves extracts and mild steel in HCl 
solution become substantial. In industry, hydrochloric acid is the most commonly 
used acid for pickling, cleaning, and descaling, according to [13], this acid solution 
is usually utilized in acidification process in the oil and gas industry. 

2 Methodology 

2.1 Apparatus and Materials 

Some of the apparatus and chemical used in this experiment include, carbon 
steel coupons, emery paper (SIC 800, 600, 400, 100), filter paper, desiccator, 
blender, microwave extractor, beaker 500 ml, beaker 100 ml, weighing boat, spatula, 
measuring cylinder, oven, electronic balance, bristle brush, distilled water, dropper, 
round bottom flask, petri dish, aluminum foil, universal bottle, schott bottle, sieve, 
hot plate, hydrochloric acid 37% AR grade, methanol AR Grade and acetone AR 
Grade.
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2.2 Sample Collection 

The palm oil leaves for this study were collected from Felda Lepar Hilir Dua, 
Gambang, Pahang. The leaves were freshly cut down from the palm oil tree in the 
morning. The leaves were collected, and drying process were conducted at UMP, 
FTKKP laboratory. 

2.3 Preparation of Palm Oil Leaves Extract 

Palm oil leaves collected were washed and then dried in the oven at 40 °C for a day 
[14]. The leaves were then grinded into fine powder. The oil palm leaves extraction 
were obtained using microwave assisted extraction. 25 g of oil palm leaves were 
mixed with 200 ml of methanol. The mixture was placed into Ethos microwave for 
extraction process. The temperature of the microwave was set to 40 °C, power at 
100 W and total extraction time 82 min. This extraction time include 2 min preheat, 
60 min extraction and 20 min for cooling. The mixture was filtered to remove the 
solid. The filtrate was then evaporated in the rotatory evaporator to remove part of 
the solution and then further dried in oven at 40 °C until all the methanol were 
evaporated. 

2.4 Phytochemical Screening of Palm Oil Leaves 

The palm oil leaves extract were sent to the central lab UMP Pahang to run the 
LC/MS Q-Tof analysis to determine the chemical component present in the extract. 
The model used in this analysis was Waters brand of model Vion IMS LCQTOF MS. 

2.5 Respond Surface Methodology (RSM) 

Carbon steel of size 1 cm × 1 cm  × 5 cm will be polished and then coiled with a wire 
and then covered with resin. Resin was cut to expose a surface area of 1 cm × 1 cm  
of coupon. The carbon steel coupon was then polished and cleaned before used for 
potentiostat study. A typical schematic three-electrode set-up was used with carbon 
steel as working electrode, graphite as counter electrode and Ag/AgCl as reference. 
The potentiostat study apparatus was set up and let to run. Tafel plot and the corrosion 
rate was obtained using Gamry interface 1000E. Corrosion rate obtained was key 
into Design expert 7 for optimization of experiment.
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Table 1 Experimental range and coded level of independent variables 

Factors Units Range and level 

−α −1 0 +1 +α 
Inhibitor concentration ppm 32 100 200 300 368 

Temperature °C 26.5 30 35 40 43.5 

Acid concentration M 0.1 0.2 0.3 0.4 0.5 

Parameter chosen for study were acid concentration, inhibitor concentration and 
also temperature. Each independent variable was studied at five different coded levels 
(−α, −1, 0, +1, +α) as shown in Table 1. 

2.6 Surface Analysis Test 

Carbon steel coupons of size 3.5 cm × 1.5 cm × 0.7 cm was polished with sand 
paper until all the rust present on the surface were removed. Carbon steel coupon was 
then degreased with acetone to remove the oil and washed thoroughly with double-
distilled water and dried [15]. The clean coupons were dried with clean cloth. One 
carbon steel was immersed into a beaker with 200 ml of 0.5 M hydrochloric acid 
and one into a beaker with 200 ml of 0.5 M hydrochloric acid with 300 ppm palm 
oil leave extract. One was store in desiccator. The carbon steel was taken out after 
2 days and sent for scanning electron microscope (SEM) analysis. 

3 Results and Discussion 

3.1 LC/MS Q-TOF 

Figure 1 shows the Base Peak Chromatogram (BPI) plot of blank methanol and also 
the oil palm leave extract obtained after performing the LC/MS Q-TOF analysis. 
A lot of constituent were identified present in the oil palm leave extract based on 
the database of the LC/MS Q-Tof. Some of the major component identified include 
the Riboflavin (Vitamin B), Santin and 3,5,6-Trihydroxy-3',4',7-trimethoxyflavone 
which are part of the flavonoid group and also Arecatannin A1 which belong to the 
tannin group and also Picrasidine which belong to the alkaloid group. Other identified 
constituents are listed in Table 2. 

The LC/MS Q-Tof tested that alkaloid, tannins and flavonoid was present in the 
oil palm leave extract. The presence of the tannins, flavonoid and alkaloid, with 
functional group containing nitrogen, oxygen and carbon functional group enhance 
the process of adsorption on the mild steel and act as corrosion inhibitor [16]. This
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Fig. 1 Base peak chromatogram plot of blank methanol and oil palm leave extract dissolved in 
methanol 

Table 2 Constituents identification in oil palm leaves extract produce by LC/MS Q-Tof 

Component name Formula Observed fragment 
ions m/z 

Observe retention 
time (min) 

Class 

Riboflavin (Vitamin 
B2) 

C17H20N4O6 382.18648, 399.1257, 
429.13644 

1.8 Flavonoid 

Tilianin C22H22O10 295.06004, 
325.07079, 469.1134 
2.9, 547.14485, 
611.16131 

6.70 Flavonoid 

Senkirkine C19H28NO6 350.13403, 
371.16745, 
373.18308, 403.15692 

4.48 Alkaloid 

Isaindigotidione C23H22N2O5 295.06003, 
379.08146, 
397.09180, 
547.14559, 

7.03 Alkaloid 

Arecatannin A1 C45H38O18 247.0644, 409.09185, 
579.17033, 867.2134 

4.13 Tannin
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Fig. 2 Active component present in palm oil leave extract. a Riboflavin (Vitamin B2), b Tilianin, 
c Senkirkine, d Isaindigotidione, e Arecatannin A1 

also corroborates the work of [17–19]. The presence of these compounds has been 
reported to promote the corrosion inhibition of mild steel in aggressive acid media 
[20].

Molecules containing nitrogen and acetylenic alcohols are claimed to form a film 
on the metal surface and can retard the metal dissolution process (an anodic reaction) 
as well as hydrogen evolution (a cathodic reaction) [21] (Fig. 2). 

There are also other studies that found that tannin, flavonoid and alkaloid are good 
green corrosion inhibitor. Mature leaves of Combretum bracteosum were used for 
the corrosion inhibition of mild steel in H2SO4. Inhibition efficiency increases when 
the plant extracts concentration increases and tannic acid is proven to be present in 
the green inhibitor [22]. 

3.2 Response Surface Methodology 

The potentiodynamic polarization curves of the carbon steel in various conditions of 
temperature, acid and inhibitor concentrations are presented in Fig. 3. The design of 
experiments and experimental result were reported in Table 3. The corrosion rates 
obtained were estimated using Tafel extrapolation method. From the experimental 
result, the lowest corrosion rate recorded was 0.0003471 mm/yr, whereas the highest 
corrosion rate recorded was 320.3 mm/yr. The predicted quadratic model that relate
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Fig. 3 3-D graph of temperature and inhibitor concentration 

corrosion rate with the other entire variable is shown in Eq. 1. It is the final equation 
in term of coded factor. 

Corrosion  rate  = 154.09 + 17.09A + 8.18B + 42.41C + 40.32AB  
− 30.25AC − 11.78BC + 9.03A2 + 17.85B2 + 1.8C2 (1) 

A Inhibitor concentration (ppm) 
B Acid Concentration (M) 
C Temperature (°C). 

The fitness of the model from the experimental result and predicted values was 
verified using the value of coefficient of determination (R2). Using Design Expert 
7 software, the value of R2 was found to be 0.8218. This R2 value means that 
approximately 20% of the total variations did not fit the proposed model, whereas 
80% out of the total variations fit and was justified by the model. It can also be said 
that 82.18% of the total variation in the response was justified by the fitted model. 
The obtained R2 value showed that the model is marginally acceptable and reliable 
in predicting the response as more than 80% of the variability in the experiment were 
covered. The R2 obtained is also larger than the minimal R2 of 0.75 for adequate 
explanation on the variability in the experiments [23]. 

To further justify the model, ANOVA test was conducted by analysis of the vari-
ance. The results of the analysis are presented in Table 4. It was found to be significant 
as p-value was less than 0.05 and the F-value (5.13) obtained by the software was 
higher than the F-value of distribution table (F0.05,2,27 = 3.354) which confirm that 
the model was significant. The lack of fit obtained also insignificant. 

Based on Table 5, a negative “Pred R-Squared” implies that the overall mean is a 
better predictor of the response than the current model. “Adeq Precision” measures
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Table 4 Analysis of variance 

Source Sum of 
squares 

Degree of 
freedom 

Mean 
square 

F-value P-value Remark 

Model 1.192E+005 9 13,240.37 5.13 0.0088 Significant 

A-Inhibitor 
concentration 

655.62 1 655.62 0.25 0.6253 

B-Temperature 71,216.26 1 71,216.26 27.57 0.0004 

C-Acid 
concentration 

38,908.35 1 38,908.35 15.06 0.0031 

Residual 25,834.20 10 2583.42 

Lack of fit 19,516.82 5 3903.36 3.09 0.1206 Not 
significant 

Pure error 6317.37 5 1263.47 

Table 5 ANOVA result for 
corrosion rate 

R-squared Adj R-squared Pred R-squared Adeq precision 

0.8218 0.6615 −0.0880 7.549 

the signal to noise ratio. A ratio greater than 4 is desirable. The ratio of 7.549 indi-
cates an adequate signal. This model can be used to navigate the design space. The 
3D-graphical figures from RSM that represent the interactions between independent 
variables and corrosion rate are shown in Figs. 3, 4 and 5. Figure 3 illustrates the rela-
tionship between corrosion rate with temperature and inhibitor concentration. The

Fig. 4 3-D graph of acid concentration and inhibitor concentration
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Fig. 5 3-D graph between acid concentration and temperature 

response increased with increasing parameters. As temperature increase, the corro-
sion rate also increases. However, as the corrosion inhibitor increases, the corrosion 
rate decreases. Temperature also has a steeper slope indicating that the effect of 
temperature to corrosion rate is higher.

Figure 4 shows the 3-D graph which shows the relationship between acid concen-
tration and inhibitor concentration. Corrosion rate increases as acid concentration 
increase despite the increase of inhibitor concentration. Acid concentration has a 
more significant effect compare to inhibitor concentration. Figure 5 shows the 3-D 
graph which shows the relationship between acid concentration and temperature. 
The graph shows that as acid concentration and temperature increases, the corrosion 
rate increases. 

3.3 Corrosion Surface Morphology 

Figure 6 shows the image of the carbon steel coupon presents under scanning electron 
microscope (SEM). Figure 6a is the morphology of the polished blank carbon steel 
coupon. Figure 6b is the carbon steel coupon which had been immersed into 0.5 M 
hydrochloric acid for two days. Lastly, Fig. 6c is the morphology of carbon steel 
coupon which had been immersed in 0.5 M hydrochloric acid and 300 ppm oil palm 
leave extract for two days. 

From the images we can see that the blank carbon steel coupon has the smoothest 
surface. There are only some scratches shown on the carbon steel coupon. The carbon 
steel coupon immersed in 0.5 M hydrochloric acid show the worst condition. The 
surface of the carbon steel coupon had become rough and irregular due to corro-
sion. Corrosion pits had started to form. Carbon steel coupon immersed in 0.5 M
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Fig. 6 Morphology of carbon steel coupon at 1 mm (a), morphology of carbon steel coupon at 
1 mm after  immersing into 0.5  M HCl  (b), morphology of carbon steel coupon at 1 mm after 
immersing into 0.5 M HCl and 300 ppm oil palm leaves inhibitor (c) 

hydrochloric acid and 300 ppm oil palm leaves extract was smoother compare to the 
carbon steel coupon which is only immersed into the acid. It shows that the oil palm 
leaves extract had successfully act as a corrosion inhibitor. The leaf extract forms a 
protective thin film as a barrier from the corrosive medium, therefore, reducing the 
effect of corrosion (the roughening) on the surface of the mild steel. This effect of 
smoother surface of the metal with the presence of successful corrosion inhibitors 
was observed in several papers [24]. 

4 Conclusion and Recommendation 

In conclusion, this research was achieving its objectives. 

1. Oil palm leaves extract had successfully been extracted using the microwave 
assisted extraction. 

2. LC/MS Q-Tof analysis shows that active component such as tannins, alka-
loid and flavonoid is present in the oil palm leaves extract. The presence of 
these active components with functional group containing nitrogen, oxygen 
and carbon functional group enhance the process of adsorption on the mild steel 
and thus act as a corrosion inhibitor.
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3. The experimental models had been obtained through a statistical approach, RSM 
and are able to estimate the corrosion rate as a function of acid concentration, 
inhibitor concentration and temperature. 

4. The morphology study also show that corrosion rate is low when POL extract 
is presence. 

To improve this research, more parameters can be added into the RSM so that we 
can understand more about how those parameters affect corrosion rate. On the other 
hand, more analysis can be done to study corrosion and corrosion inhibitor such as 
the X-ray diffraction analysis, Fourier-transform infrared spectroscopy (FTIR) and 
wettability test. 
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