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EDITORIAL MESSAGE

The ITUM Engineering Journal Vol. 26 No. 2 continues its mission of advancingscholarly excellence
by featuring 22 high-quality papers that span a wide spectrum of engineering disciplines. This issue
brings together cutting-edge research showcasing the dynamic and multidisciplinary nature of
engineering in addressing real-world problems.

Researchers explore sustainable and biologically driven innovationsin the realm of Chemical and
Biotechnology Engineering. Notably, identifying Rhizopussp. fungi asan alternative lactic acid source
and the ozonation of vegetable oils underscore efforts toward environmentally friendly biochemical
processes. Civil and Environmental Engineering contributions highlight using natural materials for
infrastructure, focusing on the feasibility of treated natural bitumen as a replacement for petroleum -
based asphalt—an approach aligned with sustainable construction practices.

The most significant representation comes from Electrical, Computer, and Communications
Engineering, where numerous works delve into Al, signal processing, secure communications, and
sensor networks. From deep learning-based anomaly detection and vision transformer analysis for
driver fatigue, to latency evaluations of LEO and GEO networks under tropical conditions, these
studies reflect the growing importance of digital intelligence and communication resilience.
Contributions on flexible antenna designs, mobile applications for dyslexic learners, and modified grey
relationalanalysis further showcase how electronics and Al are increasingly embedded in daily societal
functions.

In Materials and Manufacturing Engineering, the research on MSW-derived biochar for iron
production and voltage-induced void formation in boiler tubes exemplifies innovation in resource
utilization and reliability of industrial systems. Additionally, enhancing photocatalytic materials for
water treatment presents promising strides in environmental engineering. Mechatronics and
Automation Engineering advancesare evident in developing regenerative braking systems for electric
motorcyclesand smart [oT-based solutions fore-bike sharing systems, both addressing urban mobility
and energy efficiency. Finally, contributions in Engineering Mathematics and Applied Science provide
theoretical underpinnings crucial for innovation, such as the study on the elliptic drum of vertical
spindle cotton pickers, demonstrating the importance of mathematical modeling in optimizing
mechanicaldesign.

This issue affirms the journal’s commitment to featuring impactful, interdisciplinary research that
bridges theory and application. The editorial team extends sincere appreciation to all contributing
authors, dedicated reviewers, and section editors whose efforts ensure the continued quality and
relevance of the [IUM Engineering Journal.

We hope this collection will inspire further research, inform policy and industrial practices, and foster
collaborations across academia and industry to pursue sustainable and inclusive technological
development..

We extend our gratitude to the authors, reviewers, and editorialboard fortheirunwavering commitment
to excellence. Your contributions ensure this journal thrives as a beacon of scholarly inquiry and
practicalimpact. Let us embrace these breakthroughs as stepping stones to a brighter, more sustainable
future.

Prof. Ir. Ts. Dr. Teddy Surya Gunawan
Executive Editor

ITUM Engineering Journal
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ABSTRACT: The search for eco-friendly alternatives to conventional petroleum-based
materials has intensified in an era marked by a growing global awareness of environmental
sustainability. This study addresses the critical need for molecular identification and
characterization of fungi sourced from a tempeh commercial starter culture for their potential
role in fungal-based polymer production. The problem is the limited knowledge and
understanding of the genetic composition of these fungi and their suitability for lactic acid
(LA) production, which is a crucial component of fungal-based polymer manufacturing. This
research examined the tempeh starter culture fungi to identify suitable strains for LA
production. The fungi were genotyped by DNA sequencing of the ITS region. The study
revealed that the Ragi tempeh commercial starter culture contained only one strain of
Rhizopus (R. microsporus), which was verified through ITS rRNA sequencing with 99.8%
similarity to the GenBank database, simplifying control over fungal growth and potentially
leading to consistent biomaterial yields. The method employed, involving DNA PCR (and
sequencing of the ITS region, proved to be accurate, straightforward, and not excessively
labor-intensive. The PCR conditions were as follows: initial denaturation at 98°C for 2 min,
followed by 25 cycles of denaturation (98°C for 15 seconds), annealing (60°C for 30 seconds),
and elongation (72°C for 30 seconds), with a final extension at 72°C for 10 min.
Consequently, the consistent presence of only one Rhizopus species in commercial starter
cultures of tempeh presents a promising avenue for sustainable biomaterial production,
particularly in LA production. The pilot flask setup at 1 x 107 spores/mL was inoculated into
150 mL shake flasks with 1.2 g/mL glucose, incubated at 37°C for 1 to 7 days with 100 rpm
shaking, yielding 1.037 g/g after 5 days, demonstrating the feasibility of using this strain for
industrial applications.

ABSTRAK: Dalam era yang semakin menekankan kesedaran global terhadap kelestarian
alam sekitar, pencarian alternatif mesra alam kepada bahan berasaskan petroleum
konvensional semakin giat dijalankan. Kajian ini menangani keperluan kritikal untuk
mengenal pasti dan mencirikan kulat secara molekul daripada kultur pemula komersial
tempeh bagi potensi penggunaannya dalam penghasilan asid laktik (LA), komponen penting
dalam pembuatan polimer berasaskan kulat. Masalah utama yang dibincangkan ialah
kekurangan pengetahuan dan pemahaman mengenai komposisi genetik kulat ini serta
kesesuaiannya untuk sintesis LA. Kajian ini menumpukan kepada pemeriksaan kulat dari
kultur pemula tempeh bagi mengenal pasti strain yang sesuai untuk pengeluaran LA.
Penjujukan DNA kawasan internal transcribed spacer (ITS) digunakan untuk mengenal pasti
genotip kulat tersebut. Hasil kajian menunjukkan bahawa kultur pemula komersial Ragi
tempeh hanya mengandungi satu strain sahaja, iaitu Rhizopus microsporus (disahkan melalui
penjujukan ITS rRNA dengan 99.8% kesamaan dengan pangkalan data GenBank). Kehadiran
satu spesies ini memudahkan kawalan pertumbuhan kulat dan berpotensi meningkatkan
konsistensi hasil pengeluaran. Kaedah yang digunakan melibatkan PCR DNA dan penjujukan
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kawasan ITS, yang terbukti tepat, mudah, serta tidak terlalu memerlukan tenaga kerja yang
banyak. Keadaan PCR adalah seperti berikut: penyahdenaturan awal pada suhu 98°C selama
2 minit, diikuti 25 kitaran yang terdiri daripada penyahdenaturan (98°C, 15 saat),
pengannealan (60°C, 30 saat), dan pemanjangan (72°C, 30 saat), dengan pemanjangan akhir
pada 72°C selama 10 minit. Kehadiran spesies Rhizopus yang konsisten dalam kultur pemula
tempeh komersial membuka peluang yang menjanjikan untuk pengeluaran asid laktik yang
mampan. Penggunaan susunan flask perintis pada suhu 30°C menghasilkan 1.037 g/g selepas
5 hari, membuktikan potensi strain ini untuk aplikasi industri.

KEYWORDS: DNA sequencing of the ITS region, DNA PCR sequencing, fungal polymer
production, lactic acid production, molecular identification of fungi.

1. INTRODUCTION

There has been growing interest in bio-based polymer production compared to traditional
petroleum-based polymers. This shift is primarily driven by bio-based polymers' renewable
and eco-friendly nature, particularly considering the declining petroleum reserves [1, 2].
Among the prominent bio-based polymers, polylactic acid (PLA), often called bioplastic, has
garnered significant attention. Polylactic acid (PLA), commonly called bioplastic, has attracted
considerable attention among these polymers. Lactic acid (LA), a key precursor of PLA, is
produced through fermentation and exists as two enantiomers, D-LA and L-LA. While D-LAs
are considered hazardous, L-LAs are deemed safe and widely used in the food and beverage
industries [3, 4].

Both lactic acid bacteria (LAB) and fungi produce LA. Still, fungi are preferred for
biomaterial production because of their adaptability to a wide range of renewable substrates,
such as sugar and starch, compared with LAB [4]. Additionally, purification technology for
fungal-derived LA is more mature and cost-effective. Fungi are abundant, easy to cultivate,
and require minimal nutrients. Among the various fungal species capable of LA production,
Rhizopus sp., including R. oryzae, R. arrhizus, and R. microsporus, have emerged as promising
biomaterial sources [5].

Several studies have demonstrated the ability of Rhizopus spp. to produce LA. For
instance, [6] demonstrated how well R. oryzae produces LA using a range of agro-industrial
residues as substrates. Similarly, [7] observed that R. arrhizus produced a high yield and
productivity of LA when the fermentation conditions were optimized. Using R. microsporus
and corn stover as substrates [8] demonstrated high LA production. Furthermore, [9]
highlighted the potential of food waste as a cost-effective substrate for LA production in R.
oryzae. A study by [10] successfully demonstrated LA production using R. arrhizus with
cassava pulp as the substrate (Table 1). In this context, high production refers to efficiently
generating large amounts of LA. This is typically indicated by high yield (>1.0 g LA/g
substrate), fast production rate, and high final concentration in the fermentation broth.

Despite these advances, the potential of fungi from tempeh starter cultures to produce LA
remains to be explored. Traditional identification methods have primarily focused on LAB,
overlooking the efficiency and sustainability of the fungal species. DNA PCR and sequencing
are the key molecular techniques used for genotyping and studying fungal sources [11-13].
This study aimed to bridge this gap by focusing on the molecular identification and
characterization of fungi derived from tempeh starter culture. Specifically, the internal
transcribed spacer (ITS) region, a widely used fungal DNA barcode, was analyzed to achieve
precise species identification and to characterize inter- and intraspecific variations. The
findings of this study could contribute to a more sustainable and efficient bio-based polymer
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production. The LA generation route begins with glucose traveling via glycolysis, which breaks
it down into pyruvic acid, while producing ATP and NADH. Lactate dehydrogenase (LDH)
converts pyruvic acid to LA under anaerobic conditions by oxidizing NADH to NAD", a
necessary step for glycolysis. Microorganisms such as Lactobacillus and Rhizopus sp.
efficiently ferment sugars from various renewable substrates, facilitating this process [14].
The ability of fungi to exploit lignocellulosic biomass and other agro-industrial leftovers makes
them a possible source for long-term LA production [15].

Table 1. Recent Similar Studies on Fungal-Based Lactic Acid Production

Fungal . S
Species Substrate Used Yield (g/g) Key Findings Ref
Agro-industrial Efficient conversion of agro-industrial
R oryzae residues 0.9 residues to LA [6]
R arrhizus Optlmlzeq . 12 ngh.}{leld and productivity under optimized [7]
fermentation media conditions
R.. Corn stover 1.05 ngh LA production using lignocellulosic [8]
Microsporus biomass
R oryzae Food waste 115 Potential of food waste as a cost-effective LA [9]
substrate
R. arrhizus Cassava pulp 1.0 Efficient LA production from cassava pulp [10]

Pyruvic

O acid

Glycolysis Fermentation End product

Figure 1. LA Production Pathway
2. MATERIALS AND METHODS

2.1. Yeast growth and genomic DNA extraction

The Ragi tempeh commercial starter culture, sourced from PT Aneka Fermentasi Industri
in Indonesia and known to contain Rhizopus sp., was cultured, isolated, and cultivated on potato
dextrose agar (PDA) at an incubation temperature of 37°C for a period of 7 days. Subsequently,
Rhizopus growth on the agar was excised (0.5 cm x 0.5 cm) using a sterilized blade and
transferred into 1.5 mL centrifuge tubes. This process was performed in triplicate to collect the
yeast samples. Genomic DNA (gDNA) of the Rhizopus isolates was extracted using the
Presto™ Mini gDNA Yeast Kit (Geneaid, GBYB100), followed by PCR amplification of the
Internal Transcribed Spacer (ITS) gene using the universal primers ITS1 and ITS4.
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2.2. Application of the ITS region

Amplification of the fungal ITS gene was accomplished using a pair of universal primers,
ITS1 (5’-TCCGTAGGTGAACCTGCGG-3’) and ITS4 (5’-TCCTCCGCTTATTGATATGC-
3’). Each reaction mixture, totaling 25 pL in volume, consisted of purified gDNA, 0.5 pmol
DNA template, deoxynucleotide triphosphates (ANTPs, 200 uM each), thermostable DNA
polymerase (0.5 U), PCR buffer, and dH20. The PCR procedure included an initial
denaturation cycle at 98°C for 2 min followed by 25 cycles of denaturation at 98°C for 15 s,
annealing at 60°C for 30 s, and extension at 72°C for 30 s. The final extension step was
performed at 72°C for 10 min. The PCR products were visualized on a 1% TAE agarose gel at
100 V for 60 minutes [17]. The amplified PCR products were purified and subjected to
bidirectional sequencing using M13F (-20) and M13R-pUC (-26) primers and the BigDye®
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems). Sequencing was performed by
First BASE Laboratories (Apical Scientific Sdn. Bhd.).

2.3. BLAST and phylogenetic tree of the ITS region

The resulting ITS sequences (~700 bp) were analyzed and compared against the NCBI
nucleotide database (nr/nt) using BLAST for fungal identification, accessible on the National
Centre for Biotechnology Information (NCBI) website [18]. Neighbor-joining analysis was
conducted to create an unrooted phylogenetic tree. This analysis was performed using the
NCBI BLAST tree method available on the NCBI website [18].

2.4, Culture Rhizopus in the fermentation medium

The fungi were cultured on potato dextrose agar (PDA) at 37°C for one week in Petri
dishes with replicates. After sporulation and proliferation, 10 mL of distilled water was poured
aseptically onto each agar plate, which was then scraped to release spores. The spore
suspension was centrifuged for 10 min at 4,000 rpm, washed, and resuspended in 1 mL of
distilled water. Then, a 1 mL spore suspension containing approximately 1 x 107 spores/mL
was utilized to provide a constant quantity of spores for each experiment. The spores were
inoculated and grown in each medium within a shake flask (150 mL) containing 1.2 g/mL
glucose at 37°C, for 1-7 days, and at an agitation speed of 100 rpm in an incubator shaker.
Fungal spore concentration was determined using a hemocytometer (Neubauer improved
chamber) under a light microscope (40x magnification). After culturing the fungi on potato
dextrose agar (PDA) at 37°C for one week, spores were harvested by adding 10 mL of sterile
distilled water to the petri dish and scraping the surface. The spore suspension was centrifuged
at 4,000 rpm for 10 min, washed, and resuspended in 1 mL sterile distilled water. A 10 pL.
aliquot of the well-mixed spore suspension was loaded onto the hemocytometer, and spores
were counted in four large squares of the grid. The spore concentration was calculated using
the following formula:

(1

The final concentration was adjusted to 1x107 spores/mL by dilution with sterile distilled
water or concentrating via centrifugation before inoculation into the fermentation medium.

. Spores Average spore count per squarexDilution factorx10*
Spores concentration ( P ) = g 5P P q !
mL Volume of counted samples (mL)

2.5. LA Concentration Analysis

The LA concentration was determined using a colorimetric assay with iron (IIT) chloride
(FeCls) at a wavelength of 540 nm using a DR5000™ Hach UV-VIS spectrophotometer. A
stock LA solution with a concentration of 89 g/L. was prepared by dissolving 1.2 g/mL of LA
(89% purity) in distilled water to prepare the LA standard curve. Serial two-fold dilutions were
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performed to generate six LA solutions with concentrations ranging from 0 to 5 wt.%. A 0.2%
FeCls nanoparticle solution was prepared by dissolving 0.2 g of FeCls nanoparticle in a 100
mL volumetric flask and diluting it with distilled water to the required volume. The solution
was stored at 25°C (room temperature) and swirled until thoroughly mixed. For the absorbance
measurements, 2 mL of 0.2% FeCls solution was mixed with 50 pL of each LA standard
solution. These solutions' optical density (O.D.)/absorbance ratio was measured at 540 nm
using a UV-VIS spectrophotometer, and a standard calibration curve was constructed. The
equation of the standard curve was determined as follows:

y = 0.9939x )

where y represents the absorbance value (a.u.) and x is the LA concentration (wt.%). The
coefficient of determination for the calibration curve was R* = 0.99, ensuring the accuracy of
the concentration calculations. To determine the LA concentration in the fermentation samples,
2 mL of 0.2% FeCls solution was mixed with 50 puL of the experimental sample, and the
absorbance was measured at 540 nm. The LA concentration was calculated using Eq. (2) based
on a plotted standard curve.

3. RESULTS AND DISCUSSION

3.1. Yeast ITS Region PCR Amplicon Result

DNA extraction was successfully performed. Assessment of DNA purity through
spectrophotometric measurements within the 240-260 nm range indicated a ratio greater than
1.8, signifying good quality [19]. Moreover, amplification of the Rhizopus 1solate ITS amplicon
was successfully achieved, resulting in a single band of approximately 750 bp (Fig. 2). Notably,
a positive control band appeared at approximately 700 bp. This variation is anticipated because
the positive control employed a universal ITS, which may have slight differences in the length
of its ITS region compared to that of Rhizopus sp.
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Figure 2. Gel electrophoresis image showing PCR amplicons. M, DNA ladder; —ve, no
template control; +ve, positive control (purified plasmid with ITS region insert, 1 ng);
1: Rhizopus isolate from Ragi tempeh.
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3.2. DNA Sequencing and BLAST Analysis

Purified ITS amplicons from the Rhizopus isolate were successfully processed and
sequenced. The sequencing outcomes obtained using the ITS region's forward and reverse
primers yielded pure, high-quality, and easily readable DNA sequences (Fig. 3. Table 2
provides the complete ITS DNA sequence assembled from Rhizopus isolate sequencing.
Subsequently, the ITS DNA sequence (Table 2) was compared to the GenBank database using
BLASTN [18]. The phylogenetic tree results, illustrated in Figure 3, revealed a single cluster,
all indicating the Rhizopus microsporus strain.
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Figure 3. DNA sequence of the first 100 bp obtained from the Ragi tempeh Rhizopus
isolate. Amplicons were obtained using an ITS reverse primer. The black line indicates
the start of a good, readable sequence.

==

Table 3. ITS sequence identified from Ragi tempeh Rhizopus isolate.

ASII; ﬂ:;,cl(:,n ITS Sequence Identify
CCAGTTCCGTAGGTGAACCTGCGGAAGGATCATTAACTAATGTATTGGCACTTTA
CTGGGATTTACTTCTCAGTATTGTTTGCTTCTATACTGTGAACCTCTGGCGATGAA
GGTCGTAACTGACCTTCGGGAGAGACTCAGGACATATAGGCTATAATGGGTAGG
CCTGTTCTGGGGTTTGATCGATGCCAATCAGGATTACCTTTCTTCCTTTGGGAAGG
AAGGTGCCTGGTACCCTTTACCATATACCATGAATTCAGAATTGAAAGTATAATA

Ragi tempeh TAATAACAACTTTTAACAATGGATCTCTTGGTTCTCGCATCGATGAAGAACGTAG

Rhizopus CAAAGTGCGATAACTAGTGTGAATTGCATATTCGTGAATCATCGAGTCTTTGAAC

isolate GCAGCTTGCACTCTATGGATCTTCTATAGAGTACGCTTGCTTCAGTATCATAACCA
ACCCACACATAAAATTTATTTTATGTGGTGATGGACAAGCTCGGTTAAATTTAAT
TATTATACCGATTGTCTAAAATACAGCCTCTTTGTAATTTTCATTAAATTACGAAC
TACCTAGCCATCGTGCTTTTTTGGTCCAACCAAAAAACATATAATCTAGGGGTTCT
GCTAGCCAGCAGATATTTTAATGATCTTTAACTATGATCTGAAGTCAAGTGGGAC
TACCCGCTGAACTTAAGCATATCAATAAGCGGAGGAGTCAT
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This study successfully identified a specific Rhizopus strain found in the Ragi tempeh
commercial starter culture. According to the latest Rhizopus taxonomy, our findings strongly
suggest the exclusive presence of a single Rhizopus species within the Ragi Tempeh
commercial starter culture. The ITS rRNA sequence obtained from the Ragi Tempeh
commercial starter culture was confirmed to belong to the species R. microsporus. The obtained
ITS rRNA sequence from the Ragi tempeh commercial starter culture was analyzed using
BLAST, revealing 99.8% similarity with R. microsporus strain. The highest identity matches
confirmed a 627 bp sequence length, aligning with reference ITS sequences for these species.
The substantial genetic similarity supports the isolate classification as Rhizopus microsporus,
as it shares identical ITS rRNA sequences with known R. microsporus strains. Conserved ITS
regions further validate this identification, confirming its role as a dominant species in tempeh
fermentation.

This study also highlighted the effectiveness of ITS sequences as DNA barcodes for
identifying fungal species. Identifying a singular Rhizopus sp. species was well-founded,
considering that tempeh commercial starter cultures have long been recognized to contain only
one Rhizopus sp. strain. The reduction in Rhizopus diversity in tempeh, linked to the
widespread use of commercial tempeh starters in Indonesia since the early 2000s, is evident
[20]. This phenomenon was clearly illustrated in the phylogenetic analysis of the ITS sequence
results obtained from Rhizopus isolated from a commercial starter culture (see Figure 4). ITS
sequences, which are shared by numerous fungal kingdoms, including Rhizopus sp., have been
extensively documented and continue to be updated [13].

Adopting DNA PCR and sequencing of the ITS region proved accurate and user-friendly,
significantly reducing the labor involved compared to alternative methods, such as microscopic
morphological characterization or random amplified polymorphic DNA analysis [21]. This
advantage holds particular value at the industrial level, especially during quality control
assessments of Rhizopus growth.

Y Rhizopus microsporus isolate PUWJ004

¢ 4 Rhizopus microsporus strain 379N

—_— 0 Rhizopus microsporus var. microsporus

m— U Rhizopus microsporus var. microsporus

l

Rhizopus microsporus var. rhizopodiformis

— J U Rhizopus microsporus strain ATCC 11559

J ————————J Rhizopus microsporus isolate F2-02

J Rhizor i porus var. rhizopodiformis strain ATCC 200758

1 Rhizopus microsporus

=3

STOCK_CULTURE_FROM_RAGI_TEMPEH_705bp

2 Rhizopus microsporus strain DTO 402-G1

Figure 4. The BLAST results of the query sequence to the most similar biological
sequences are available in the NCBI database.

The outcomes of the molecular identification and the resulting phylogenetic tree analysis,
based on the ITS region of the isolated Rhizopus strain from the Ragi tempeh, confirm that the
prolonged use of tempeh commercial starter cultures has led to the decline of traditional
Rhizopus strains used in tempeh production [22] Traditionally, the inoculum for tempeh
fermentation, known as "Usar," is typically derived from the leaves of Hibiscus tiliaceaus [23].
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It has been documented that when Usar is the source of the initial tempeh inoculum, multiple
strains of various Rhizopus species, such as R. delamar, R. oryzae, and R. arrhizus, have been
identified [22]. The reduction in Rhizopus species diversity within tempeh could potentially
affect its status as a healthy food product, although it may find applications in other industries.

Nevertheless, a single Rhizopus sp. species within the Ragi Tempeh commercial starter
culture could offer advantages for LA production. This is because various Rhizopus species
have been reported to exhibit distinct nutritional preferences for their growth [22].
Consequently, when fungi with complex nutritional requirements are used, it becomes
challenging to streamline LA production because multiple factors, such as nitrogen substrate,
temperature, and pH, need to be meticulously controlled. Furthermore, LA production
efficiency is highly susceptible to fluctuations when different fungi exhibit varying growth
rates [1]. Notably, interest in this field declined from 2017 onwards [23]. In contrast, only one
strain of Rhizopus (R. microsporus) within the Ragi Tempeh commercial starter culture
simplifies the control of fungal growth, potentially leading to consistent biomaterial yields. Fig.
5 shows the species image under ten times magnification of the light contrast microscope.

e o 5o P, - Y -y = ‘. g — pes N
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Figure 5. R. microsporus fungi under the naked eye on PDA. The image on the right is
the zoom view of the species under 10x magnification of the light microscope.

3.3. LA Yield from the identified strain

To prove the effect of fungal strain cell metabolism on the production of LA,
fermentation reactions using glucose yielded LA. Thus, the experimental yield was 1.037 g/g
after 5 days in the pilot flask size setup at 30 °C, as shown in Figure 6. The maximum LA yield
showed significantly higher results than a study done by [24], which recorded 0.95 g/g LA
yield, respectively.
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Figure 6. LA concentration produced by Rhizopus microsporus. over 7 days of
incubation time

4. CONCLUSIONS

Molecular analysis confirmed that the Rhizopus strain isolated from the Ragi Tempeh
commercial starter culture falls under the classification of R. microsporus. This molecular
identification method, which involves DNA PCR and ITS region sequencing, has proven
precise, straightforward, and efficient. Moreover, the consistent presence of a single Rhizopus
species within tempeh commercial starter cultures offers a promising opportunity for venturing
into biomaterial production. Specifically, it presents a potential avenue for LA production using
the tempeh commercial starter culture, as the LA yield was 1.037 g/g.
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ABSTRACT: Free ozone offers significant benefits in biological applications due to its
efficacy as a disinfectant, but toxicity and instability are associated with it. Hence, producing
ozonated vegetable oil (OVO) has been explored as a potential solution, yielding stable
ozonation by-products with medical potential, such as antimicrobial activity. Several studies
have explored OVO's characteristics and biological effects, including olive oil, sunflower oil,
and canola oil. However, optimizing ozonation conditions is still lacking, with many other
types of vegetable oils yet to be studied. This research comprises three phases: 1) ozonation
of selected oils: red palm oil (RPO), rice bran oil (RBO), peanut oil (PO), and virgin coconut
oil (VCO), ii) screening for the most effective OVO against three bacteria (Staphylococcus
aureus, Bacillus subtilis, and Escherichia coli), and iii) physicochemical testing. Results show
increased peroxide and acidity values in most OVO and a decrease in iodine value compared
to untreated oil. Ozonated virgin coconut oil (OVCO) exhibits the highest antibacterial
activity by showing a zone of inhibition of 11.3 mm and 84.35% killing rate at 30 minutes
incubation time, particularly against S. aureus. Further optimization using Design
Expert®6.0.8 software identifies the most effective ozonation conditions for OVCO,
achieving a peak killing rate of 100% against S. aureus with 360 mins of ozone exposure and
ozone flow rates of 1 I/min. Kinetic studies confirm rapid bacterial eradication, with over
90% of S. aureus killed by OVCO within 2 mins. Moreover, OVCO proved to be non-toxic
to human foreskin fibroblast (HFF1) cells, maintaining 80% viability even after exposure to
1 mg/ml OVCO treated with ozone for 120 and 240 mins. These findings underscore the
promising medical potential of OVCO, particularly in treating skin diseases.

ABSTRAK: Ozon bebas menawarkan manfaat signifikan dalam aplikasi biologi disebabkan
keberkesanannya sebagai bahan pembasmi kuman, namun ia turut dikaitkan dengan
ketoksikan dan ketidakstabilan. Oleh itu, penghasilan minyak sayuran berozon (OVO) telah
diteroka sebagai potensi penyelesaian, menghasilkan hasil sampingan ozonasi yang stabil
dengan potensi perubatan seperti aktiviti antimikrob. Beberapa kajian telah meneliti ciri-ciri
dan kesan biologi OVO termasuk minyak zaitun, minyak bunga matahari, dan minyak kanola.
Namun, proses pengoptimuman keadaan ozonasi masih belum lengkap dan banyak lagi jenis
minyak sayuran belum dikaji. Kajian ini terdiri daripada tiga fasa: i) ozonasi minyak terpilih
iaitu minyak sawit merah (RPO), minyak dedak padi (RBO), minyak kacang tanah (PO), dan
minyak kelapa dara (VCO), ii) saringan keberkesanan OVO terhadap tiga jenis bakteria
(Staphilokokus aureus, Basillus subtilis, dan Escherichia coli), dan iii) ujian fisikokimia.
Keputusan menunjukkan peningkatan nilai peroksida dan keasidan dalam kebanyakan OVO
serta penurunan nilai iodin berbanding minyak yang tidak dirawat. Minyak kelapa dara
berozon (OVCO) menunjukkan aktiviti antibakteria tertinggi dengan zon perencatan
berdiameter 11.3 mm dan kadar pembunuhan bakteria sebanyak 84.35% dalam masa inkubasi
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30 minit, khususnya terhadap S. aureus. Pengoptimuman lanjut menggunakan perisian Design
Expert®6.0.8 mengenal pasti keadaan ozonasi paling berkesan bagi OVCO, dengan
pencapaian kadar pembunuhan maksimum 100% terhadap S. aureus pada pendedahan ozon
selama 360 minit dan kadar aliran ozon 1 1/min. Kajian kinetik mengesahkan penghapusan
bakteria yang pantas, dengan lebih 90% S. aureus dibunuh oleh OVCO dalam masa 2 minit.
Tambahan, OVCO terbukti tidak toksik terhadap sel fibroblas kulit manusia (HFF1), dengan
mengekalkan 80% daya hidup walaupun selepas pendedahan kepada 1 mg/ml OVCO yang
dirawat ozon selama 120 dan 240 minit. Penemuan ini menekankan potensi perubatan OVCO,
khususnya dalam merawat penyakit kulit.

KEYWORDS: Ozonated vegetable oil, Cytotoxicity, Antibacterial, Killing rate

1. INTRODUCTION

Ozone is acknowledged for its powerful disinfectant properties in therapeutic and
biological applications, but its free form is harmful to living cells and the lungs when inhaled
[1]. To overcome this limitation, ozonated vegetable oil (OVO) has emerged as an alternative,
containing therapeutic by-products resulting from the alteration of unsaturated fatty acids
through ozonation to produce active oxygen and other active substances such as ozonides,
aldehydes, and peroxides. Moreover, unlike gaseous ozone, OVO offers enhanced stability and
efficacy [2]. OVO contains a series of ozonation by-products that remain active for years when
properly stored [3]. OVO possesses diverse biological properties, functioning as bactericidal
and antifungal agents, and facilitating wound healing. Thus, it is a potential substitute for
traditional antibiotics and antifungals, particularly in dermatology, dental care, ophthalmology,
and gynaecology.

Vegetable oils are rich in saturated fatty acids, unsaturated fatty acids, antioxidants, fat-
soluble vitamins, and various minor components. These oils have low allergenic potential, are
non-toxic, and are utilized in fuel, food, and functional products due to their natural therapeutic
properties [4]. Considering the benefits associated with vegetable oils, numerous studies have
been undertaken to explore the attributes and potential biological activities of diverse ozonated
vegetable oils, encompassing olive oil, grapeseed oil [2], sunflower oil [5], and soybean oil [2].
Studies have demonstrated that ozonation significantly enhances the antibacterial properties of
vegetable oils [6]. These studies also highlight variations in physicochemical properties, such
as density, viscosity, and ozonation by-products, which arise due to differences in oil
composition, including the levels of saturated and unsaturated fatty acids and the degree of
ozonation applied [7]. However, despite these findings, a comprehensive comparison of
various types of OVO under standardized ozonation conditions has not yet been conducted.
This gap limits the ability to determine which vegetable oils yield the most effective
antibacterial properties under similar conditions. With many vegetable oils having unique
compositions and origins, it is crucial to study their ozonated properties systematically. This
would facilitate the identification of the most potent OVO with antibacterial properties,
providing valuable insights for therapeutic and industrial applications. Additionally, while the
benefits of ozonation are well-documented, there has been limited focus on optimizing
ozonation parameters to maximize antibacterial activity. Another key gap in current research
is the limited investigation of potential toxicity linked to prolonged ozonation treatment times.
Addressing these gaps is essential to ensure the practical and safe application of OVOs in the
medical and pharmaceutical fields.

Thus, this study aims to address these gaps by investigating the physicochemical
parameters (peroxide values, acidity values, iodine values, and functional groups) and
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antibacterial properties of several other types of OVO including red palm oil (RPO), rice bran
oil (RBO), peanut oil (PO), and virgin coconut oil (VCO). OVO with the best antibacterial
activity against several different bacterial strains will be screened first before determining the
optimal ozonation conditions to achieve optimal antibacterial activity. The time-dependent
effect of the optimized OVO against the bacteria, as well as the toxicity effect of the OVO
against normal skin cells, was also investigated in this study. The comprehensive analysis
obtained from this study will contribute to understanding OVO's properties and investigate its
reasonable toxicity towards normal skin cell lines to support its utilization as a sustainable and
effective alternative for combating bacterial infections.

2. MATERIALS AND METHODOLOGY

2.1. Chemical and Materials

Vegetable oils (RPO, RBO, PO, and VCO) were obtained from a local supermarket, and a
NANO ozone generator from Absolute Ozone for ozonation was used in the ozonation process.
To analyze the OVO, potassium hydroxide (0.1 M), sodium thiosulfate (Na2S203), sodium
hydroxide (NaOH), Wijs solution, phenolphthalein, chloroform (CHCls), and deionized water
were obtained from Chemiz and Sigma. The bacteria used in the study are E. coli, B. subtilis,
and S. aureus obtained from INHART, IIUM.

2.2. Ozonation of Vegetable Oils for Screening Process

The experiment started with 20 ml of each vegetable oil being ozonated in a Dresher bottle
(Quickfit®) connected to an ozone generator. Ozone is produced by the silent discharge of
oxygen (purity of 99.9%) from the ozone generator with a 30 mg/l ozone concentration. The
oils were exposed to the ozone at room temperature for 120 minutes with a 1.5 1/min ozone
flow rate.

2.3. Characterization of OVO

2.3.1. Density Value and Color Observation

Density represents the ratio between the mass of a substance and its volume at a determined
temperature, expressed in grams per milliliter (g/ml). The calculation involved determining the
ratio of the mass of a given volume of the ozonated vegetable oil at 20°C to the mass of an
equivalent volume of water at 4°C. All measurements were performed in triplicate [6]. Color
observation was conducted using visual inspection. Equal amounts of untreated vegetable oil
and OVO were placed in separate beakers. The samples were examined under consistent
lighting conditions, and any color differences were observed.

2.3.2. Peroxide Value

The peroxide value (PV) is a number that quantifies the number of peroxides present in
1000 g of a substance in 1 ml equivalents of active oxygen. In a 250 ml conical flask, 5 g of
the OVO was weighed and mixed with 30 ml of acetic acid/chloroform [18 ml Acetic Acid: 12
ml chloroform]. Then, 0.5 ml of saturated potassium iodide solution was added once the
material was completely dissolved. The solution was stirred and left for 1 min. Subsequently,
30 ml of distilled water was added to the solution, followed by titration with sodium thiosulfate
solution (0.05 M) and 1 ml of starch solution as an indicator. The steps were repeated without
oil for the blank sample. Each sample was analyzed in triplicate. Subsequently, the peroxide
value was calculated using Eq. (1).
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PV = 1000 (V; — VO).& (1)

where PV is the peroxide value, V; is the volume of the thiosulfate solution used for the
titration, 1} is the volume of the thiosulphate solution used to carry out a blank sample, c is the
sodium thiosulfate normality, and w is the mass of the oil sample (g).

2.3.3. Acidity Value

Acidity value (AV) is the amount of sodium hydroxide needed to neutralize the free acids
in 1.0 grams of the substance. It acts as an indicator of the oil's oxidation, reflecting how much
the triglycerides of the OVO have broken down to produce free fatty acids. The AV of the oil
samples was determined using ethanol titration with phenolphthalein as an indicator.

The experiment began by dissolving 1 g of each oil in 15 mL of ethanol in a measuring
flask. This resulted in a solution titrated with sodium hydroxide (NaOH), using phenolphthalein
as an indicator [6]. Three replications were made for each of the samples. Eq. (2) was used to
calculate the acid value.

Ay =M< )

w

where AV is the acid value (mg NaOH/g fat), M is the molar mass of NaOH (g/mol), c is the
concentration of NaOH (M), V is the volume of NaOH utilized (ml), and w is the mass of the
oil sample (g).

2.3.4. Iodine Value

The iodine values (IV) can be used to determine the presence of double bonds in vegetable
oils. It measures the amount of iodine that can react with the oils' carbon-carbon double bonds,
indicating their unsaturation rate. When the ozonation process is successful, the iodine value
of the vegetable oil decreases.

The experiment started by dissolving 2.5 g of the OVO sample in 12.5 ml of carbon
tetrachloride (CCl4), then 12.5 ml of Wijs solution was added to the mixture along with 1 ml
of potassium iodide, and the mixture was kept in the dark for approximately 1 h to complete
the reaction. Subsequently, 50 ml of deionized water was added and was titrated with 0.05 M
sodium thiosulfate (Na2S203) until reaching the endpoint (turning into a milky white color
solution). The same procedure above was repeated for a blank sample without the OVO. Each
sample was analyzed in triplicate. Subsequently, the peroxide value was calculated using Eq.

3).

_12.69(V;-Vo)N

% )

where IV is the iodine value, V; is the volume of the thiosulfate solution used for the titration,
I, is the volume of the thiosulphate solution used to carry out a blank sample, N is the sodium
thiosulfate normality, and w is the mass of the oil sample (g).

2.4. Screening of OVO for Antibacterial Activity

2.4.1. Seed Culture Antibacterial Testing

A single colony of bacteria was taken from the culture plate using an inoculum loop and
dipped into 10 mL sterile LB broth in a 50 mL centrifuge tube. The cultures were incubated
overnight at 37°C with 150 rpm in the incubator shaker. After overnight incubation, the cultures
were collected and centrifuged at 3500 rpm for 5 minutes. The supernatant was then discarded,
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and the pellet was dissolved in PBS. The optical density (OD) of the solution was adjusted to
a specific value of 0.1 using a spectrophotometer.

2.4.2. Antibacterial Testing

The study used two methods to investigate the antibacterial properties of the untreated
vegetable oil and OVO: the agar diffusion method and the plating method. The agar diffusion
method is a common technique to study the antibacterial properties of OVO. The procedure
described involves mixing 0.5 ml of DMSO with 4 ml of oil in a 15 ml centrifuge tube,
incubating the mixture for 30 minutes at 37°C, and then spreading 0.1 ml of the seed culture
sample on LB agar. Discs are impregnated with 0.04 ml of the incubated solutions and dropped
on the agar plate containing the seed culture. Each sample was analyzed in triplicate. The agar
plates were incubated overnight at 37°C, and the inhibition diameter was calculated to
determine the antibacterial activity of the OVO.

For the plating method, 0.5 ml DMSO with 4 ml oil and 0.5 ml seed culture is added to a
15 ml centrifuge tube. The samples were vortexed and incubated for 30 minutes at 37°C.
Afterward, 0.1 ml of the sample was plated onto LB agar and continued incubating overnight
at 37°C. Three replications were made for each of the samples. Then, the number of colonies
was calculated using Eq. (4) to obtain the percentage of the killing rate as follows:

Killing Rate (%) — (control colony number—tested colony number) % 100 (4)

control colony number

2.5. Optimization of the ozonation condition for antibacterial activity

The optimization study used Design Expert® 6.0.8 software, employing the Response
Surface Method (RSM) with a Face-Centered Central Composite Design (FCCD). The best
OVO found after the screening process on the efficacy of antibacterial properties using the
plating method was chosen for the optimization study. In this experiment, two independent
variables were selected: ozone exposure time (120 mins to 360 mins) and ozone flow rate (1
1/min to 3 1/min). The range was selected based on a previous study [2][3].

2.6. Kinetic Study

A kinetic study on the antibacterial activity was conducted using the best OVO from the
optimization study at 120 mins and 360 mins ozone exposure time with a flow rate of 1 I/min.
The procedure was the same as the plating method. The cultures were incubated separately at
various incubation periods before being plated onto LB agar and incubated overnight at 37°C.
Then, the number of colonies was calculated to obtain the percentage of the killing rate using
Eq. (4). All samples were performed in triplicate. Graphs of the percentage killing rate of the
OVO against time were plotted to obtain the kinetic pattern of antibacterial activity over time.

2.7. Cytotoxicity Test

Cell viability of HFF1 (normal fibroblast skin cells) upon exposure to the OVO was
assessed by performing the MTT assay. Cells were cultivated in 96-well plates at 50,000 cells
per well. Subsequently, the cells were treated with variable concentrations of OVO produced
at different ozonation times. This treatment spanned a period of 48 h within a 5% COa2
incubator, maintaining a temperature of 37°C. After the treatment period, the cells were rinsed
and exposed to 0.01 ml of MTT solution, following which the plates were incubated at 37°C in
a dark environment for 4 h. Once formazan crystals had formed, 0.1 ml of DMSO was added,
and the absorbance was quantified at 570 nm utilizing a microtiter plate reader [7].
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3. RESULTS AND DISCUSSIONS

3.1. Physical Characterization of Ozonated Vegetable Oils Illustrations

Physical characterization studies the changes in density and color of vegetable oils before
and after ozonation. Table 1 shows that all vegetable oils showed a slight increment in their
density after the ozonation process. ORPO has the highest density at 0.962 g/ml, reflecting an
8.09% increase, followed by OVCO at 0.945 g/ml, with a 3.85% increase. OPO has a density
0f 0.935 g/ml, showing a 1.63% increase, while RBO has the lowest increase of 1.13%, with a
density of 0.895 g/ml. A higher percentage of density increment for ORPO is primarily due to
its high levels of unsaturated fatty acids (50%), such as oleic and linoleic acids, as well as
reactive components like carotenoids and tocopherols. These substances undergo significant
ozonation, resulting in the creation of heavier oxidation products and polymerized structures.
Conversely, RBO with the lowest increment at only 1.13%, likely has its unique antioxidant
profile, including oryzanol and tocotrienols, which helps stabilize the oil during ozonation and
reduces the formation of denser oxidation products [8].

The ozonation of vegetable oils transforms their original color, yellow, to a lighter
yellowish and eventually a colorless appearance for RBO, PO, and VCO. In contrast, untreated
RPO has a distinctive red color because it contains high carotene and low free fatty acid levels.
It shows a significant change in color to deep yellow, losing its original color as ozonation time
increases. Additionally, RPO is known for its balanced fatty acid composition, consisting of
50% saturated fats (palmitic and stearic acids), 40% monounsaturated fats (oleic acid), and
10% polyunsaturated fats (linoleic acid). This particular composition allows it to remain semi-
solid after ozonation [1]. Compared to untreated vegetable oil, OVO is more transparent and
has a thicker texture with a tendency to solidify.

3.2. Chemical Characterization of Ozonated Vegetable Oils

Chemical characterization of oils involves assessing key parameters like peroxide, acidity,
and iodine values to evaluate the oil changes after ozone exposure. The ozonation process can
modify the composition of linoleic acid in unsaturated fatty acids by breaking double bonds,
forming various degradation products such as ozonides, peroxide, and aldehydes with different
chemical properties [9].

Table 2 presents untreated and ozonated oils' peroxide, acid, and iodine values. RPO, RBO,
and PO exhibit higher peroxide values after ozonation than VCO, which has a much lower
peroxide value. This is due to their higher unsaturated fatty acid content, approximately 50%
for RPO, 70% for RBO, and 80% for PO. Unsaturated fatty acids are more reactive with ozone,
forming hydroperoxides, peroxides, diperoxides, and polyperoxides [10].

Despite its relatively low level of unsaturated fatty acids (9%), OVCO shows a significant
increase in peroxide value from 3.78 meq/kg to 26.31 meq/kg, a rise of 596.03%. This notable
increase is likely due to the high concentration of lauric acid (40%-60%) in VCO, which is
reactive with ozone. The ozonation process generates various reactive intermediates that
contribute to increased peroxide values. A higher peroxide number indicates more ozone
reacted with fatty acids, reflecting the effectiveness of the ozonation process. Measuring
peroxide levels is crucial, as peroxides are indicators of oxidation and contribute to the
biological activity of oils [10,11].
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Table 1. Physical properties of the vegetable oil

. Color Changes Density (g/ml)
Types of Oil Before After Before After
Red Deep Yellow
RPO 0.890 0.962
RBO 0.885 0.895
PO 0.920 0.935
VCO 0.910 0.945

Table 2. Chemical characterization of untreated vegetable oils and OVO

Peroxide Value Acidity Value Iodine Value
Types of Oil Untreated Untreated Untreated
vegetable oils ovo vegetable oils ovo vegetable oils ovo
RPO 38.34 116.16 2.39 3.52 3.74 1.69
RBO 34.87 71.52 0.75 2.13 2.06 1.82
PO 13.91 63.01 1.09 7.86 3.52 1.38
VCO 3.78 26.31 0.30 0.91 1.37 0.32

The acid value measures the amount of free fatty acid in oil, reflecting its degree of
oxidative degradation. Table 2 shows that the acid values of oils generally increase after
ozonation, signifying higher acidity. OPO exhibits the most significant rise in acid value,
increasing from 1.09 mg NaOH/g to 7.86 mg NaOH/g, representing a 621.1% increase. This
substantial increase is likely due to the breakdown of triglycerides into free fatty acids during
ozonation, a process accelerated by the high reactivity of ozone with double bonds in
unsaturated fatty acids, such as oleic acid or linoleic acid [12]. This reaction forms peroxides,
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aldehydes, and carboxylic acids, ultimately contributing to higher acidity levels. In contrast,
RPO shows the smallest increase in acid value, rising by only 47.28% from 2.39 mg NaOH/g
to 3.52 mg NaOH/g. This is likely due to antioxidants like tocopherols and carotenoids, which
can neutralize free radicals and reduce the formation of acidic compounds during ozonation

[1].

The iodine value measures the degree of unsaturation in oils, indicating the number of
double bonds available to react with iodine. Ozonation reduces iodine values across all oil types
due to ozone's cleavage of double bonds [4]. Thus, all types of OVO have decreased iodine
values as depicted in Table 2, which suggests that ozonation succeeds in attacking and lowering
the double bond on the vegetable oils. OVCO experiences the highest reduction in iodine value
by 76%, attributed to its high saturation and susceptibility to ozone. Conversely, ORBO
demonstrates the lowest reduction in iodine value due to its unique antioxidant content,
including y-oryzanol, tocopherols, and tocotrienols. These antioxidants shield the double bonds
in unsaturated fatty acids from oxidation by neutralizing reactive intermediates, thereby
preserving a higher degree of unsaturation [13].

3.3. FT-IR Spectroscopy

The FT-IR spectroscopy is used to highlight differences in the functional groups before
and after the oil ozonation, particularly the decrease of the bands corresponding to both C =C
and =C—H stretching and the increase of the band corresponding to ozonide C-O and peroxides
stretching [14].

From Figure 1 (a-c), the conversion of double bonds to ozonides was observed in ORPO,
ORBO and OPO as shown by the expected decreases in the characteristic wave numbers for
C=C double bond stretching (1500 cm™") and =C—H stretching (3000 cm™), along with an
increase in the ozonide C-O stretching signal (1100 cm™), which aligns with Criegee's
mechanism during ozonation [5]. Additionally, ozone reacts with the linoleic and oleic acids
in all vegetable oils under study, producing peroxides at 2920 cm™ [15]. The FT-IR spectrum
of each OVO consistently shows a reduction in the frequency of the characteristic wave
associated with double bonds. However, in OVCO, the presence of ozonides is not visible and
remains undetected, though a peak at C-H is observed (Fig.1d). This absence of detectable
ozonides may be due to the lower amount of unsaturated fatty acids in OVCO [12], which leads
to ozone reacting more with saturated fatty acids like lauric acid. This reaction could result in
the formation of fewer aldehydes. In the IR spectra of an aldehyde, a peak typically appears
around 2720 cm™. It often manifests as a shoulder peak adjacent to the alkyl C—H stretching
vibrations compared to more unsaturated oils. The resulting ozonide intermediates may be
unstable or transient, quickly decomposing or reacting with other constituents in the oil, which
could explain their undetectable levels. The chemical changes are further supported by the data

in Table 2, where OVCO exhibits the lowest number of peroxide values compared to other
OVOs.
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Figure 1. FT-IR Spectroscopy of the untreated and OVO; a) RPO, b) RBO, ¢) PO, d)
VCO

3.4. Antibacterial screening of different types of OVO

OVO exhibits significant activity against the tested bacterial strains, as its ozonation by-
products (such as peroxides and ozonides) contribute to its ability to destroy bacterial
membranes [16]. In agar diffusion, the size of the zone of inhibition diameter in the
antibacterial studies indicated that OVO has significant activity against the bacteria tested
under study, as shown in Table 3. Gram-positive bacteria: B. subtilis and S. aureus are the
strains most sensitive to OVO and have a larger inhibitory zone diameter than E. coli. The thick
peptidoglycan layer in B. subtilis and S. aureus makes them more susceptible to certain
antibacterial substances like OVO. The high peroxide value of OVO is the main reason for its
high antibacterial activity. The previous study's findings [17] confirm this hypothesis, as they
discovered a link between the peroxide value of OVO and its antibacterial efficacy against
gram-positive bacteria.

In the zone of inhibition test, it was observed that both ORPO and OVCO exhibited
significant antibacterial activity compared to the other types of OVO studied. The inhibition
zone diameters for ORPO against E. coli, B. subtilis, and S. aureus are 3.7, 8.0, and 10.2 mm,
respectively. Meanwhile, for OVCO, inhibition zone diameters are 6.6, 8.4, and 11.3 mm,
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respectively, the highest among the other tested OVOs. This finding shows that peroxide is not
the only ozonation by-product toxic to the bacteria, as OVCO has the lowest peroxide value.
A plating method was used to confirm the result further and identify which specific bacteria
were most sensitive to OVCO and ORPO.

Table 3. Antibacterial activities of vegetable oils using the zone of inhibition test

Zone of Inhibition Diameter (mm)

Types of Oil Bacteria
E. coli B. subtilis S. aureus
RPO 4.5 6.0 5.0
ORPO 3.7 8.0 10.2
RBO 5.4 5.0 5.0
ORBO 39 6.1 9.7
PO 38 4.2 6.0
OPO 5.2 7.3 9.5
VCO 5.5 7.0 55
ovCoO 6.6 8.4 11.3
100
B orPO
| Jovco
84.4
80
74.2 755
714
57.1
—_ 63.7
2 60+
&
I
2
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¥
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E. coli B. subtifis 8. aureus

Types of bacteria

Figure 2. Antibacterial activities of OVO using a plating method.

Figure 2 shows that B. subtilis and S. aureus are the most sensitive towards OVCO and
ORPO. The results indicate that OVCO can kill up to 74.2% of B. subtilis and up to 84.35% of
S. aureus within a 30-minute incubation period compared to ORPO. Hence, OVCO has been
identified as having the highest antibacterial activity against the gram-positive bacteria S.
aureus compared to B. subtilis and E. coli. This high level of effectiveness is likely due to the
presence of lauric acid in VCO (40-60%) compared to RPO (0.2%). Lauric acid is known to
have antibacterial, antiviral, antifungal, and antiprotozoal properties and can also enhance the
immune system [18]. Studies have shown that ozonation of oils by reacting with saturated fatty
acids like lauric acid can enhance their antibacterial activity [17]. Thus, the high lauric acid
content of VCO and the potential benefits of ozonation enhanced the synergistic effect of
OVCO for antibacterial activity. Therefore, OVCO was chosen to be further optimized for its
antibacterial properties against S. aureus by varying the ozone treatment time and flow rates.
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3.5. Optimization of the OVO conditions

The effects of two parameters (A: ozonation exposure time and B: ozone flow rate) for
treating OVCO were analyzed using a percentage of killing rate towards S. aureus as the
response test to determine their bactericidal activities. The ozonation conditions (120-360 mins
and 1-3 1/min) used in this study are consistent with previous research on vegetable oil
ozonation. These parameters balance effective ozone interaction with the oil’s unsaturated
compounds while minimizing oxidative degradation and unwanted by-products. In this design,
a total of 13 runs were carried out in triplicate, and the experimental results are shown in Table
4.

Table 4. Response Surface Method with Face-Centered Central Composite Design and

Responses
Run Factor 1: Ozone Exposure Factor 2: Ozone Flow Response: Killing
Time (mins) Rate (I/min) Rate (%)

1 120 3 78.3

2 360 2 100

3 360 1 100

4 240 3 87.01

5 240 1 99.78

6 240 2 91

7 120 1 90.33

8 240 2 92.7

9 240 2 98

10 120 2 90.3
11 240 2 93.4
12 360 3 97.8
13 240 2 93

Table 4 suggests that runs 1 through 13 of an experiment show significant antibacterial
activity against S. aureus. The highest percentage of killing rate (100%) was achieved in runs
2 and 3 with 360 mins of ozone exposure time and 2 1/min and 1 I/min flow rate, respectively.
Run 1, with 120 mins of ozone exposure time and 3 1/min ozone flow rate, had the lowest
percentage of killing rate at 78.3%. The findings indicate that longer ozone exposure times with
lower flow rates improve the bactericidal activity of OVCO. Longer reaction times allow for
more complete interactions between ozone and the double bonds in the oil. In contrast, higher
ozone flow rates may decrease the contact time and reduce the effective ozone concentration
available for reaction [19].

Table 5. Analysis of Variance (ANOVA) for killing rate (R1)

Sum of Degree of Mean

Source Squares Freedom,df  Square F-value p-value Impact
Model 373.31 2 186.66 21.02 0.0003 Significant
A: Ozone Exposure 251.81 1 25181 2836  0.0003
Time
B: Ozone Flow Rate 121.50 1 121.50 13.68 0.0041
Residual 88.81 10 8.88
Lack of Fit 61.48 6 10.25 1.50 0.3620  Not significant
Pure Error 27.33 4 6.83
Cor Total 462.12 12

The ANOVA analysis in Table 5 suggests that the model and selected parameters used in
the Design Expert software are linear and significant, with a p-value less than 0.05. The optimal
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ozone conditions for the antibacterial study were 357.52 mins of ozonation with a 1.39 I/min
ozone flow rate.

The ANOVA analysis in Table 5 tests the significance of the ratio of mean square variation
due to the regression coefficient and residual error. The ANOVA result for R1 shows an F-
value of 21.02, implying that the terms in the model significantly affect the responses. A large
value of F indicates that most of the variation in the response can be explained by the regression
models. The associated p-value estimates whether F is large enough to indicate statistical
significance. A p-value of 0.0003, lower than 0.05, indicates that the model is statistically
significant. Results show that both selected parameters in the optimization study are significant
for antibacterial properties, which is crucial for the potential use of OVCO in skincare and
medical treatments.

3.6. Kinetic study of OVCO against S. aureus

Throughout the study, OVCO inhibits a significant antibacterial effect against S. aureus,
and the killing rate increases as the ozonation time increases and the flow rate decreases. The
growth pattern for the killing rate of S. aureus when exposed to OVCO ozonated for 120 mins
and 360 mins with a flow rate of 1 I/min was examined.
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Figure 3. Kinetic study of OVCO against S. aureus at different times

Figure 3 depicts the quantitative evaluation of antibacterial properties for OVCO using a
biocidal kinetic test. At the start of the incubation phase, the cell survival rate remained constant
at 100%. After 60 mins of incubation, the residual live S. aureus was detected at 3.78% and
0.01% for 120 mins and 360 mins of OVCO ozonation, respectively. The killing rate for OVCO
ozonated at 360 mins was very fast, which killed 96.4% of the bacterial cells within 2 2-minute
incubation period. The graph shows a sharp decline in cell viability to 3.6%. The difference in
the kinetic pattern of the killing rate proves that the ozone exposure time significantly affects
the bactericidal properties. However, if a shorter ozonation period of vegetable oil can still
result in strong antibacterial properties, it would be more efficient and cost-effective for
manufacturers to produce the OVO along with environmental benefits, since 120 mins of
OVCO can kill almost 100% of bacteria within 60 mins.
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3.7. Cytotoxicity Test

The cytotoxicity of OVCO was further evaluated using HFF1 fibroblasts, a model for
normal skin cells. Based on Figure 4, it was observed that OVCO demonstrated minimal
toxicity and can be safely administered, as 100% cell viability was achieved at a concentration
of 1 mg/ml for samples exposed to ozone for 120 mins. This suggests that OVCO treated with
120 mins of ozone exposure is the safest formulation among the tested samples. However,
extended ozone exposure times resulted in reduced cell viability. Specifically, samples exposed
to ozone for 240 mins displayed slightly higher than 80% cell viability at 1 mg/ml, while
samples exposed for 360 mins showed less than 80% cell viability.
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Figure 4. Dose-dependent cytotoxic test of the OVCO at different treatment times

Despite the observed decline in cell viability at higher ozone exposure times, OVCO
consistently maintained over 80% cell viability at concentrations up to 500 mg/ml, indicating
low cytotoxicity. These findings align with previous studies on ozonated oils, such as ozonated
olive oil [3] and sunflower oil [2], demonstrating low toxicity to normal skin cells while
retaining therapeutic benefits, including antimicrobial and wound-healing properties. The
findings demonstrate the potential of OVCO as a therapeutic agent, particularly for
dermatological and medical applications. The combination of low toxicity at therapeutic
concentrations and strong antibacterial properties makes it a promising option for skincare and
medical treatments. The peroxide value of OVCO is significantly lower than that of other
OVOs, which enhances its safety profile. Maintaining a low peroxide value is essential to
minimize oxidative damage to healthy cells, making this formulation highly suitable for
managing chronic wounds, burns, and various dermatological conditions where protecting
healthy tissue is a priority. These characteristics support its role as a safe and practical choice
for skin tissue care [20].

4. CONCLUSION

Ozonation of vegetable oils (RPO, RBO, PO, and VCO) resulted in increased antibacterial
properties against E. coli, B. subtilis, and S. aureus compared to untreated samples. From the
screening processes, OVCO was found to have the highest bactericidal activity among the
studied OVOs, with notable potency against gram-positive bacteria. The high bactericidal
activity of OVCO is believed to result from the combined effects of lauric acid and ozonation
by-products such as peroxides and aldehydes. Furthermore, optimization of ozonation
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conditions through DOE achieved a 100% bacterial killing rate within 2 minutes, using an
ozone exposure time of 360 minutes and a flow rate of 1 1/min. The kinetic study confirmed
that longer ozone exposure times reduce the time needed to reach a 100% bacterial killing rate.
The cytotoxic test also demonstrated that OVCO is non-toxic to normal skin cells. However,
despite its strong antibacterial properties, OVO requires the addition of a surfactant as a
solubilizing agent to improve its bioavailability. Future studies could focus on enhancing the
properties of OVO formulations without chemical surfactants to increase their efficacy further.
These findings provide a strong foundation for exploring the pharmaceutical potential of OVO.
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ABSTRACT: In recent years, the search for economic and environmentally friendly
alternatives has become a global necessity to achieve sustainability and preserve raw
materials. From this concept, natural bitumen (NB) derived from sulphur springs is now one
of the most promising alternative energy resources for many applications, especially in asphalt
pavement construction. Its low price and abundance characterise NB since sulphur springs
produce thousands of tonnes of NB annually and are used in very limited fields. Two main
objectives were adopted for this work. The first objective is to examine the virgin NB
properties from five sulphur springs and compare them with petroleum asphalt. The second
objective is to enhance NB properties by applying heat treatment. The experimental results
reveal that heat treatment is highly effective in improving the NB properties. This was
confirmed by conducting many tests, such as asphalt, Marshall, SEM-EDX, and indirect
tensile strength tests. Based on the experimental test outcomes, virgin NB properties do not
conform to asphalt specification limits and are unsuitable for flexible roads. Also, MS-NB
significantly affected the mechanical properties of the asphalt mixture, as Marshall's stability
increased by 41.3% compared to the conventional mixture. In addition, SS-NB was more
effective in moisture damage resistance due to increasing the tensile strength ratio by 5.72 %
and provided a higher stiffness index than the conventional mixture by 40.36%. In conclusion,
the treated NB can successfully be used as a binder material in hot asphalt mixtures.

ABSTRAK: Beberapa tahun kebelakangan, pencarian alternatif baharu ekonomi dan mesra
alam telah menjadi satu keperluan global bagi mencapai kemampanan dan memelihara bahan
mentah. Melalui konsep ini, bitumen asli (NB) yang diperoleh daripada mata air sulfur kini
merupakan satu sumber tenaga alternatif yang berguna bagi digunakan dalam pelbagai
aplikasi, terutamanya dalam pembinaan turapan asfalt. NB dicirikan oleh harga yang rendah
dan kelimpahannya kerana mata air sulfur menghasilkan beribu-ribu tan NB setiap tahun dan
digunakan dalam bidang terhad. Dua objektif utama telah dipakai untuk kajian ini. Objektif
pertama adalah memeriksa sifat NB dara daripada lima mata air sulfur dan
membandingkannya dengan asfalt petroleum. Objektif kedua adalah meningkatkan sifat NB
dengan menggunakan rawatan haba. Dapatan eksperimen mendedahkan bahawa rawatan haba
sangat berkesan dalam meningkatkan sifat NB. Ini disahkan dengan menjalankan pelbagai
ujian, seperti ujian asfalt, ujian Marshall, ujian SEM-EDX, dan ujian kekuatan tegangan tidak
langsung. Berdasarkan dapatan eksperimen, sifat NB dara tidak mematuhi had spesifikasi
asfalt dan tidak sesuai untuk jalan fleksibel. Selain itu, MS-NB mempunyai kesan ketara pada
sifat mekanikal campuran asfalt kerana kestabilan Marshalls meningkat sebanyak 41.3%
berbanding campuran konvensional. Tambahan, SS-NB lebih berkesan dalam rintangan
kerosakan lembapan kerana meningkatkan nisbah kekuatan tegangan sebanyak 5.72 % dan
memberikan indeks kekukuhan yang lebih tinggi daripada campuran konvensional sebanyak
40.36%. Kesimpulannya, NB yang dirawat boleh berjaya digunakan sebagai bahan pengikat
dalam campuran asfalt panas.
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1. INTRODUCTION

Road construction is crucial for improving connectivity by creating efficient, safe, and
durable routes for traffic movement, while also enhancing the quality of life for communities
and promoting economic growth. Therefore, ensuring high performance and quality of paved
roadways is essential to maximize progress across the industrial, agricultural, and commercial
sectors. More specifically, high-performance roads are necessary for the industrial sector to
accommodate larger wagons safely. For the agricultural sector, roads enable easier market
access to preserve perishable products and reduce transportation costs. For the commercial
sector, roads offer faster routes for transporting goods over short distances, thereby minimizing
costs and reducing delays. This requires continuous road development efforts by developing
maintenance programs, expanding road networks, and, most importantly, enhancing road
pavement quality to prevent failures. The evolving landscape of technologies and materials
supports the development of a global social economy, leading to the adoption of innovative
approaches and materials in road construction [1-5].

The global issue of high-viscosity oil and natural bitumen (NB) commercial development
is influenced by increasing hydrocarbon consumption, oil reserve structure changes, heavy
crude dominance, and innovative technologies for bitumen production and processing [6], [7].
Oil remains a significant global resource, representing over 30% of energy consumption. In
2019, global oil stockpiles decreased by 0.1%, leading to decreased quantities of asphalt binder
produced from refinery oil, as part of the crude oil is converted to asphalt binder during the
distillation process. Furthermore, Venezuela, Saudi Arabia, Canada, Iran, and Iraq have the
largest proven reserves [8-9]. This has prompted road engineers to search for alternatives, as
asphalt affects the properties of the mixture and is considered 7-8 times more expensive than
aggregate. The high cost and lack of resources have prompted the search for alternatives to
industrial asphalt. NB exists in bitumen deposits, asphalt lakes, asphalt rocks, etc. It improves
pavement performance and reduces hot mixture asphalt (HMA) prices [10].

The first major discovery of NB in the UK was at Alphalt in 1877, which became the first
oil shale mine. However, oil extraction and refining became more critical than the mine, and it
closed in 1919 as the shale oil industry phased out. Despite its numerous advantages, NB
remains a lesser-known material globally because it is found in specific places worldwide and
cannot be used in pavement production without treatment [11].

NB is a complex mixture of organic compounds with a chemical composition that includes
long hydrocarbon chains and intense, polar aromatic rings. This gives asphalt a wide range of
properties, from solid to liquid, encouraging researchers to study and improve its properties for
use as an alternative in paving operations. NB is a unique material found in Trinidad and the
Dead Sea. It has been used for centuries in various applications, including bath construction,
embalming, shipbuilding, and waterproofing [12-13].

Bitumen, a natural asphalt found in Iraq, is formed from decomposing living organisms
and solids. It is a petroleum derivative that remains on the Earth's surface after the evaporation
of light elements. Bitumen is found in geological areas affected by faults or fissures, causing
groundwater to flow from the ground to the surface. It contains salts and sulphur in high
percentages. The Heet region is oil-rich, as evidenced by bitumen springs [14].

28



ITUM Engineering Journal, Vol. 26, No. 2, 2025 Mohsin et al.
https://doi.org/10.31436/iiumej.v26i2.3452

Bitumen is a petroleum-derived, non-crystalline solid or viscous substance that dissolves
in carbon disulfide. Its composition consists of carbon (87%), hydrogen (11%), oxygen (2%),
and trace amounts of nitrogen, iron, and nickel [15]. It has a brown or black appearance. It is a
suitable option for construction materials, as it is porous, brittle, and prone to oxidation.
Although flammable, it is difficult to ignite [16-17]. NB is a black, hard, and brittle material
made from a mixture of high molecular weight hydrocarbons, with many carbons, up to 150
atoms. It has a viscous fluid consistency, a special smell, and is easily soluble. There are two
forms: solid asphalt rocks and sticky materials from warm sulphur springs [18].

Many physical and chemical processes have been used to treat and develop NB and meet
the requirements of industrial use. Shlimon et al. [19] evaluated oil wells in the Kurdistan
region (North of Iraq) to determine the origin of NB and its components. Also, the chemical
properties of NB from the springs in the Heet region are investigated by Farhan et al. [20] by
conducting many chemical tests and identifying the chemical elements of NB. Also, Muttar et
al. [21] studied the NB and water of the three springs in Heet: Al-Khader, Al-Khalidiyah, and
Al-Shuhada. In this study, the NB was dried, separated from the water, and treated by heating
to enhance its properties. The physical and chemical properties were examined, and
improvement was shown. Furthermore, the study revealed a chemical similarity between NB
and conventional asphalt.

The investigation by Al-Dulaymie et al. [14] studied the components of NB from the Abu
Al-Jeer spring. It evaluated the characteristics of the water from this spring and its components.
In this study, a ranking and screening technique was developed to assess preferred sulphur
springs specified for natural therapy, and the application of this technique demonstrates four
graded, consequent preferred sulphur springs for balneotherapeutic investment. In Abdul-Jaleel
and Najres [22] investigation, oxidation treatment was applied to enhance the properties of NB
produced from the Abu Al-Jeer spring. In this treatment, NB was heated in an oven at 160°C
for different periods: 5, 10, 25, 35, and 55 hours. The chemical test results indicated that the
aromatic ratio was decreased, whereas the asphaltenes increased due to oxidation. This leads
to the transformation of the NB to a gel type. Also, increasing viscosity and ductility, along
with reducing penetration, are other effects of oxidation treatment on the physical properties of
NB.

The extraction and examination of NB for use as an alternative to refinery asphalt were
studied by Abdul-Jaleel et al. [23]. There were two methods to conduct the study: the first,
using liquid chromatography, the asphalt was separated, then Sarah N-pentane was used as a
solvent to examine the chemical properties, and Fourier Transform Infrared (FT-IR) analysis
was performed to analyze the components thoroughly. Improving the rheological properties of
NB derived from the Abu-Aljeer sulphur spring was the second strategy by combining NB after
removing water in specific proportions (5, 15, 35, and 35) % with natural, readily available, in
large quantities in the Al-Anbar governorate, and low-cost minerals (limestone), due to the
great effectiveness of calcium oxide CaO (limestone) and its ability to create bonds of
adsorption Chemo—Physics to form the connection between asphalt hydrocarbon chains. The
outcomes revealed that the softening point, flash point, fire point, and viscosity are increased,
and the penetration is decreased with the addition of limestone; moreover, the optimal ratio of
limestone addition is 35%.

Mahmood et al. [24] studied and evaluated the NB derived from Heet city and used
polyvinyl chloride (PVC) pipes as a modifier to enhance the properties of NB and lower the
harmful impact of this waste on the environment. PAV powder was added to NB in three
percentages (10, 20, and 30%) by the weight of NB. The findings indicated that adding PVC
to NB produced a notable decrease in penetration and a significant increase in viscosity. This

29



ITUM Engineering Journal, Vol. 26, No. 2, 2025 Mohsin et al.
https://doi.org/10.31436/iiumej.v26i2.3452

enhancement in the physical properties of NB is due to the chemical compatibility between NB
and PVC, which provides more adhesion and cohesion between the two, as both PVC and NB
are considered hydrocarbon materials. According to local and international specifications, NB
modified with 45% to 60% of PVC is suitable for roofing works such as waterproofing and
insulation purposes. Meanwhile, Ahmed et al. [25] used heat treatment to enhance the
properties of NB from the Abu Al-Jeer spring to use it in asphalt pavement. NB is heated at a
temperature of 163°C for various periods (5, 10, 15, 20, and 25 hours) to improve its physical
properties. The results showed improved penetration, ductility, softening point, and other
properties. The Marshall test for asphalt mixtures containing NB demonstrated an increase of
17.8% in Marshall stability values compared to asphalt mixtures made from petroleum asphalt,
as heat treatment increased the stiffness of NB more than that of petroleum asphalt. To avoid
the external heat treatment costs, Ahmed et al. [16] studied the process of mixing NB with
petroleum asphalt in different proportions (20, 40, 60, and 80) %. The outcomes of the
experimental tests revealed that the combination of NB and refinery asphalt leads to the
production of a new asphalt that meets the requirements of the local standard for asphalt used
in road construction. The mixtures that contain 80% NB have greater Marshall stability values
than traditional mixtures by 23.5%.

In the present research, NB was supplied from five sulphur springs: Al-Mamora, Al-Jabal,
Atatt, Al-Atffa, and Al-Askaree, which were located in the city of Heet, Anbar Governorate.
Previous studies have been conducted to evaluate the NB from these springs and have focused
on its physical properties. Therefore, an extensive and deep analysis is needed to understand
the nature of NB produced from these springs. This research has two main aims. The first aim
is to investigate the suitability of virgin NB in producing HMA within the specification limits.
The second aim is to improve the physical properties of NB by applying a heat treatment for
different periods depending on the spring type. Also, the chemical composition and
microstructure scanning of treated NB and petroleum asphalt are examined. In addition, the
current study assesses NB's ability to improve mechanical properties and resistance to water
damage for asphalt pavement. Finally, the experimental results for the virgin and treated NB
are compared to those of petroleum asphalt from crude oil refineries.

2. STUDY AREA

The sulphur springs are the primary source of NB in Iraq. The research area comprised
many bitumen springs in Heet, inside the Anbar Governorate, approximately 190 km west of
Baghdad, Iraq, as shown in Figure 1(a). The city of Heet was situated between longitudes
15°42'-15°43" to the east and latitudes 15°33'-38°34' to the north. Five of the numerous springs
in the study region were selected for this study, as indicated in Figure 1(b). The selected springs
are Al-Mamora, Al-Jabal, Atatt, Al-Atffa, and Al-Askaree.
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Figure 1. Sulphur spring sites in Heet city, Anbar governorate.

3. MATERIALS

This project used materials locally in Iraq to achieve economic benefit and take advantage
of national resources. The materials are listed in the following sections.

3.1. Petroleum Asphalt

It 1s derived from the distillation process of crude oil in the Doura refinery and asphalt
approved for use in central and southern Iraq for paving AC (40-50), following the
specifications of the Department of Roads and Bridges [26].

3.2. Natural Bitumen

Natural bitumen (NB) was provided from five springs in different areas of Anbar
Governorate in Iraq. As illustrated in Figure 2, NB extracted from these springs differs in
physical and chemical properties from the synthetic asphalt resulting from the destructive
distillation of crude oil, whose characteristics are largely controlled by the Doura refinery. NB
contains a large water concentration and pollutants, so it cannot be used directly. Therefore,
NB must be dried and treated before being used in paving operations.
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Figure 2. Sulphur springs in Heet city.

3.3. Fine and Coarse Aggregate

The fine and coarse aggregates in this work were provided by the Al-Nibaie quarry.
Aggregate retained between sieve No. %4’ and sieve No. 4 are categorized as coarse aggregates.
Meanwhile, the aggregate retained between sieve No. 4 and sieve No. 200 is categorized as
fine aggregates. In the road laboratory, fine and coarse aggregates were sieved and combined
to produce the selected gradation within the limits of the local specification [26], as illustrated

in Figure 3. The physical characteristics of fine and coarse aggregates were tested and listed in
Table 1.
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Figure 3. Aggregate gradation curve for wearing layer.
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Table 1. Fine and coarse aggregates properties

Property Test Method Test Result Specification Limit [26]
Coarse aggregate
Wearing (Los Angeles Abrasion), % ASTM C-131 11.6 30 Max.
Bulk Specific Gravity ASTM C-127 2.63 -
Water Absorption, % ASTM C-127 0.19 -
Fractured Pieces, % ASTM D-5821 96.3 90 Min.
Flat and Elongated Particles, % ASTM D-4791 3.75 10 Max.
Fine aggregate
Water Absorption, % ASTM C-128 0.93 -
Bulk Specific Gravity ASTM C-128 2.661 -
3.4. Mineral Filler

The limestone filler was prepared from the city of Karbala in southeastern Iraq. The
properties of this filler were tested, and the outcomes are presented in Table 2.

Table 2. Limestone properties

Property Result
Specific Gravity 2.73
Percentage Passing Sieve No. 200 by Weight, % 94

4. WORK PROGRAM

NB's properties were investigated through experimental testing both before and after heat
treatment. In addition, many tests were applied to investigate the suitability of using the treated
NB as a binder material in preparing HMA instead of petroleum asphalt.

4.1. Natural Bitumen Processing

Drying and isolating the NB extracted from the sulphur springs is the initial action in the
treatment process. This is accomplished by heating the NB in a convection oven to a
temperature of 110 °C for a variable amount of time, depending on the spring's type and water
content, while keeping in mind that asphalt does not burn [27]. The second stage of treatment
involves heating the NB in a convection oven to a temperature of 163 °C, with the required
time varying for each sample, depending on the confirmation that the bitumen has been
separated from the water and making it conform to the local specifications [26]. NB is obtained
from five springs and treated as follows:

4.1.1. Al-Mamora Spring (MS)

Al-Mamora Spring is located on the Heet-Kabisa road. Because of its liquid nature and
high water content, the NB recovered from it requires two hours to dry in an oven at 110 °C.
Next, to align with the properties of asphalt AC (40-50) used in paving operations, following
the local specification [26], the NB is heated in a convection oven at 163 °C for 17 hours,
divided into periods of 5, 10, 15, and 17 hours.

4.1.2. Al-Jabal Spring (JS)

Al-Jabal Spring is in the Jabal neighborhood of Heet-Anbar, also known as Ein Al-Khader.
The liquid NB contains a significant amount of water, which is removed by drying in the oven
at 110 °C for approximately two and a half hours. Then, it is equipped with heating in the oven
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at 163 °C for 25 hours and separated into periods ranging from 5 to 25 hours to match the
asphalt used for pavement operations according to the local specification [26].

4.1.3. Atatt Spring (TS)

Atatt Spring is located in Heet-Anbar, close to the Al-Mamora Spring. The drying process
for the NB and removing water takes two hours in an oven at 110 °C. The heat treatment lasts
21 hours at 163°C, with the time divided into periods 5, 10, 15, 20, and 21 hours, ensuring
compatibility with the local specification [26].

4.1.4. Al-Atffa Spring (AS)

Al-Atffa Spring is located in Heet-Anbar, in the fire pit neighborhood. Drying the NB from
the water took an hour and a half in an oven at 110 °C because the bitumen extracted from this
spring is solid and has a low degree of penetration compared to other sulphur springs. The heat
treatment takes two hours to meet the limits of the local specification [26].

4.1.5. Al-Askaree Spring (SS)

Al-Askaree Spring is located in the Askaree neighborhood of Heet-Anbar. It is also called
the Siali Spring, as the NB found here is of the Siali type, which is very liquid and has a high
degree of penetration. The drying process took two and a half hours in an oven at 110 °C to get
rid of the water and separate the bitumen. The NB was then treated by heating for 26 hours,
divided into periods of 5, 10, 15, 20, 25, and 26 hours, to conform to the local specification
[26].

4.2. Asphalt Cement Tests

As shown in Table 3, many tests were conducted on petroleum asphalt, untreated NB, and
treated NB from the five springs, heated for varying durations according to each sample.

Table 3. Asphalt binder tests

Test Methods
Penetration ASTM D-5
Ductility ASTM D-113
Softening Point ASTM D-36
Flash Point ASTM D-92
Specific Gravity ASTM D-70

4.3. Scanning Electron Microscopy-Energy Dispersive X-Ray Analysis (SEM-EDX)

The chemical composition of bitumen's molecular components significantly impacts the
material's internal structure. Bitumen is a complex blend composed mainly of hydrocarbon
compounds, with some structurally similar heterocyclic species, as well as functional groups
comprising oxygen, nitrogen, and sulphur atoms. In addition, bitumen contains trace amounts
of metals such as vanadium, nickel, iron, aluminium, and calcium, which exist as inorganic
salts, oxides, or porphyrin complexes.

Energy dispersive X-ray analysis (EDX) in Figure 4 is an analytical technique used to
analyze a sample's elements or chemical characterization based on the interaction of specific
sources. The device is manufactured in the Netherlands. The EDX device's operation principle
analyzes the X-rays emitted from the sample when the electron beam collides and interacts
with the sample atoms. Each element has a distinct X-ray energy, and the EDX detector records
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the emitted X-rays, distinguishing the elements present and their concentrations. This technique
is used to study environmental pollution, where EDX microanalysis can greatly detect heavy
metal pollution [28].

In addition to these detectors, modern SEM tools are equipped with an inbuilt EDX sensor,
which allows for compositional analysis of materials, called scanning electron microscopy
(SEM) with EDX spectroscopy (SEM-EDX). EDX testing can assist road engineers in
understanding the physical-chemical behavior of asphalt pavements through chemical element
analysis. On the other hand, SEM images can provide information about elemental analysis in
conjunction with EDX, as they help analyze the surface and interactions and understand the
surface properties of compounds. Also, SEM-EDX testing helps to examine changes occurring
at the atomic and molecular levels [29]. The principle of operation of SEM involves generating
a beam of electrons directed to the sample through a column containing electromagnetic lenses.
The electrons then interact with the surface of the sample. As a result of this interaction,
different signals are emitted. The detectors collect these resulting signals to generate three- or
two-dimensional images with fine details, such as surface composition.

Figure 4. SEM-EDX device.

4.4. Marshall Test

As specified in ASTM D6927-15, the Marshall test is employed to arrange, compress, and
verify the samples. The asphalt and aggregate are heated separately for a couple of hours, with
temperatures reaching 135 °C and 150 °C, respectively. Avoiding excessive heating and
preheating of the asphalt is essential, as this can alter its properties and negatively affect the
overall mixture. According to the local specification [26], the asphalt binder content for the
wearing layer must be between 4% and 6%. Therefore, five asphalt proportions with a constant
increment of 0.5% (4.0%, 4.5%, 5.0%, 5.5%, and 6.0% based on the aggregate weight) are
combined with the heated aggregate to find the optimum binder content (OBC). The mixture
must be agitated for at least three minutes to ensure consistent application of the asphalt cement
on every aggregate particle.
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The conventional cylindrical Marshall test moulds possess a diameter of 102 mm and a
height of 64 mm. Before use, these moulds are heated to a temperature of 130 °C. The mould
is then filled with the heated mixture and compressed using a Marshall hammer, applying 75
impacts from each side for heavy traffic roads. The compressed Marshall sample is permitted
to cool. After a duration of 24 hours, the mould is unsealed, and the specimen is immersed in
a water bath at a temperature of 60 °C for a period of 30 minutes before examination.

The mixture characteristics of petroleum asphalt and NB from the five springs post-
treatment are evaluated. These characteristics include flow value, Marshall stability value, air
void ratio, asphalt-filled voids, voids in mineral aggregate, and OBC. Figure 5 illustrates the
detailed Marshall test procedures.

(c) Specimen testing (d) Fractured specimens

Figure 5. Marshall test.

4.5. Moisture Damage Test

Moisture damage refers to the progressive decline in the performance of the pavement
mixture caused by the weakening of the adhesive link between the bitumen and the surface and
the reduction in cohesive resistance. Moisture leads to a loss of adhesion between the bitumen
surfaces and aggregates. Consequently, the mixture undergoes separation, resulting in a decline
in stability, strength, and hardness due to reduced cohesion.

The compacted mixtures' tensile strength ratio (TSR) was tested according to ASTM D
4867 M-96 to evaluate their susceptibility to water harm. This test is indicated to determine
whether water reduces the adhesion between asphalt particles and aggregate. To achieve this,
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for the petroleum asphalt and NB after undergoing specific treatment durations for each spring,
Marshall samples were prepared using the optimum binder content (OBC). These samples were
categorized into two groups: the unconditioned group, which was placed in a water bath at a
temperature of 25 °C for 20 minutes, and the conditioned group, which underwent one freeze-
thaw cycle followed by immersion for one hour at the same temperature. The minimum
requirement for HMA (Hot Mix Asphalt) TSR is more than 80%. TSR is calculated using the
following equation:

IDTyet

TSR = —*¢ % 100 (1)
ID dry
2000xP
IDT = — )

where TSR is the tensile strength ratio (%), IDT,,.; is the average indirect tensile strength of
the conditioned groups-wet (kPa), IDTy,, is the average indirect tensile strength of the
unconditioned groups-dry (kPa), P is the peak load, t is the specimen thickness (mm), and D
is the specimen diameter (mm).

Figure 6 shows the procedures for conducting the TSR test as stated previously. Each
specimen was tested by applying a rate of 50.8 mm per minute. After the load reached its
maximum value, the specimen was fractured entirely, and this load was recorded.

(d) Thawing cycle (e) Specimen testing (f) Fractured specimens

Figure 6. Moisture damage test.
5. RESULTS AND DISCUSSION

5.1. Asphalt Properties

The physical properties of untreated NB derived from springs and petroleum asphalt are
shown in Table 4. Physical testing shows that petroleum asphalt meets all requirements
stipulated in the local specifications [26], including penetration, flash point, ductility, and other
tests. Compared to petroleum asphalt, the test results reveal that NB has a much higher
penetration value and does not meet the specification requirements [26]. It needs to be treated
to improve its qualities and make it conform to the local specifications for paving asphalt.
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Table 4. Physical properties of petroleum, asphalt, and untreated NB

Results Specification
Test Petroleum MS- JS- TS- AS- SS- Requirements [26]
Asphalt NB NB NB NB NB for AC (40-50)
Penetration, 1/10 mm 42 130 143 120 58 142 40-50
Ductility, cm >100 68 63.7 66.7 65 64 >100
Softening point, °C 535 39 35 43.2 42.5 36.2 -
Flashpoint, °C 324 180 158 175 175 175 232 min
Specific Gravity 1.02 1.04 1.052 1.03 1.028  1.04 -
Table 5. Physical properties of treated NB
Heating Period in Hours Specification
Test Requirements [26]
0 S 10 15 17 - - for AC (40-50)
MS-NB Results
Penetration 130 95 72 58.6 45 - - 40-50
Ductility 68 82.9 94 >100 >100 - - >100
Softening point 39 45 48.7 50.4 52 - - -
Flash point 180 216 224 240 248 - - 232 min
Specific Gravity 1.04 1.0415  1.042 1.043 1.0431 - - -
JS-NB Results
0 5 10 15 20 25 -
Penetration 143 97 88.8 72 66 44 - 40-50
Ductility 63.7 75 80 88 >100 >100 - >100
Softening point 35 41 46.7 48 51 53.5 - -
Flash point 158 183 197 213 224 232 - 232 min
Specific Gravity 1.052 1.0524 1.0528 1.053 1.0532 1.054 - -
TS-NB Results
0 5 10 15 20 21 -
Penetration 120 83 72.6 65 50.8 44 - 40-50
Ductility 66.7 74 86 91 >100 >100 - >100
Softening point 43.2 44.6 47 48.7 51 53.5 - -
Flash point 175 188 190 210 230 240 - 232 min
Specific Gravity 1.03 1.031 1.0316 1.032 1.0323 1.0327 - -
AS-NB Results
0 2 5 - - - -
Penetration 58 45 40 - - - - 40-50
Ductility 65 >100 >100 - - - - >100
Softening point 42.5 52.3 54 - - - - -
Flash point 175 238 242 - - - - 232 min
Specific Gravity 1.028 1.03 1.033 - - - - -
SS-NB Results
0 5 10 15 20 25 26
Penetration 142 115 90.6 83 69 52 45 40-50
Ductility 64 70 80 88 97 >100 >100 >100
Softening point 36.2 40 43 47.6 50.1 53.5 56 -
Flash point 177 187 198 213 224 232 245 232 min
Specific Gravity 1.04 1.042  1.0426 1.043 1.0434 1.044 1.0441 -

Table 5 displays the physical characteristics of NB after treatment and reveals
improvements in these properties. MS-NB is classified as liquid, with a penetration of 130 (0.1
mm). Also, it requires a heat treatment period of about 17 hours. Heating the asphalt for a
longer period, for example, 20 hours, leads to poor results and increases its hardness due to a
high rate of oxidation, which in turn affects the asphalt mixture and causes issues. Therefore,
the ideal penetration rate was 45 (0.1 mm) after just 17 hours. Meanwhile, JS-NB has a high
degree of penetration and was treated for 25 hours, after which the penetration became 44 (0.1
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mm). This is within the limits of the local specifications [26] and is close to the penetration of
the petroleum asphalt. Continuous mixing and heating cause the oxidation of all parts of the
asphalt, which alters its properties, making it harder and giving it a dark black color. Thus, this
affects the mechanical performance of the asphalt mixture.

In addition, the heating treatment for TS-NB took a total of 21 hours; if the treatment were
carried out for 25 hours, the degree of penetration would be very low and not meet the limits
of the standard specification [26]. At 21 hours, the penetration was 44 (0.1 mm), which
complies with the specification because the heat increases the softening point of asphalt and
enhances its hardness. Moreover, AS-NB is considered the best of the five types of NB because
the bitumen extracted from this spring is considered solid, with a low penetration of 58 (0.1
mm), and contains a very small amount of water. Therefore, the treatment period was only two
hours, the penetration became 45 (0.1 mm), and the ductility was greater than 100 cm.
Therefore, this bitumen type will increase the resistance against cracking formation and extend
the lifespan of the asphalt mixture. It conforms to the specification limits, and the improvement
in properties is attributed to the heating process. The longer the heat treatment, the higher the
percentage of sulphur, which improves the properties of asphalt.

Due to its fluid nature and high water content, SS-NB took a long time to dry. The longest
heat treatment period required 26 hours to reach the required degree of penetration, which is
45 (0.1 mm). The material has a ductility exceeding 100 cm, a softening point of 56 °C, and a
flash point of 245 °C, all meeting the specification limits.

The NB of Abu Al-Jeer spring was treated to improve the physical properties through the
same heat treatment process for 25 hours, as conducted in the previous study by Ahmed et al.
[25]. This is approximately compatible with the treatment time in this study for NB from JS
and SS. In addition, Altameemi et al. [27] treated NB-MS by applying heat treatment for 20
hours to enhance its properties, which is not consistent with the treatment period in the current
study, which is 17 hours. The variance in treatment periods for the same spring may be related
to changes in environmental conditions over the years, especially temperature fluctuations and
rainfall rate reductions, which lead to the production of different NB.

5.2. Morphology and Element Analysis Properties

Hydrocarbons, the main component of asphalt, have paraffinic, naphthenic, and aromatic
structures. They also include nitrogen, sulphur, and cyclic or non-cyclic oxygen molecules. In
addition, atoms of nickel, iron, and vanadium are present. Compounds containing sulphur,
nitrogen, and oxygen react with these elements. Various component fractions affect bitumen
compatibility and durability. However, the balance of these components gives bitumen its
unique viscoelastic characteristics, which are crucial for its use as an asphalt binder in paving
works. Thus, a lack of balance or compatibility between components leads to component phase
separation and undesirable characteristics [30]. Minerals significantly impact the physical
properties of asphalt because non-polar atoms cause molecular interference, which alters the
material's solubility, boiling temperature, and viscosity. The SEM-EDX analysis for petroleum
asphalt and treated NB is shown in Figure 7.

The microstructure of the asphalt binder significantly affects its properties, as this
microstructure is closely linked to asphalt chemical composition [31]. It explains the changes
that occur in asphalt due to chemical and environmental factors and helps detect defects and
impurities within the asphalt that affect its properties and quality. It also helps determine the
components' distribution, their homogeneity with the asphalt when applied, and their effect on
performance. From the SEM images, petroleum asphalt is a mass of homogeneous
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hydrocarbons, and the surface of this asphalt appeared primarily plain and clear of any
noticeable features in surface morphology. This is because the chemical composition of
petroleum asphalt is less diverse in its compounds than that of NB samples. It can be seen that
SS-NB is approximately similar to petroleum asphalt in morphology structure compared to NB
from other springs. This may be due to its high carbon content (88.7%) and lower component
diversity, with no trace elements in this NB. The percentage of chemical components in
petroleum asphalt and NB (after treatment) for each of the five sulphur springs is illustrated in
Figure 7 and listed in Table 6. Evaluating the structure information and molecular type is
important for a fundamental understanding of how the element compositions affect the
chemical reactivity and physical properties of bitumen.

Besides sulphur, most of the NB from sulphur springs consists of organic components such
as carbon and oxygen, small amounts of trace components such as iron, magnesium, and
silicon, and other contaminants. Also, NB is free of toxic elements such as lead, mercury, and
fluoride, which is advantageous for environmental preservation.

SS-NB had the highest carbon content, at 88.7. Increasing carbon has a positive effect on
the asphalt mixture, improving its flexibility, which decreases the failure stress of asphalt at
low temperatures. This is because carbon improves asphalt properties, especially anti-aging
behavior, and thermal and electrical conductivity, enhancing the behavior of asphalt roads
under different climatic conditions. Also, it enhances the asphalt's ability to resist deformation
at high temperatures and cracking under cold conditions, ultimately improving the durability
of the asphalt [32]. Asphalt contains sulphur, nitrogen, and oxygen, known as heteroatoms that
encourage reactions in materials. Compared to the hydrocarbon moiety, heteroatoms are a
minor component, and their concentrations are not constant and vary depending on the source
of bitumen. This is attributed to heteroatom moieties generally imparting polarity and
functionality to the molecules, contributing to differences in the physical properties between
asphalt binders supplied from different sources. Furthermore, sufficient amounts of these
heteroatoms made the hydrocarbon molecular structures more complicated; usually, one or
more heteroatoms per molecule may be present [33].
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Figure 7. SEM-EDX analysis for petroleum asphalt and NB from five sulphur springs.

For each of the six NB samples, the percentage of sulphur in Table 6 varied and was not
the same. AS-NB had the lowest content (6.2%), while TS-NB had the highest sulphur content
(16.4 %). The high density of the sulphur elements increases the density of the binder, which,
in turn, increases the service life of asphalt pavement and saves costs. For more clarification,
sulphur reacts with indole to form polysulfides. It leads to a change in its colloidal structure,
which leads to an increase in the proportion of asphaltenes/resins, which causes the structure
to change to a more stable and cohesive gel structure, increasing the density. Additionally, the
softening point rises with increased sulphur content, and this outcome aligns with the results
of the previous study [34]. NB from the five springs does not contain nitrogen and nickel
elements in its structure, compared to petroleum asphalt. Nitrogen increases the affinity of
asphalt with aggregate, improving the resistance of the asphalt mixture against weathering,
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especially stripping and oxidation [25]. Meanwhile, nickel is one of the trace elements, and
when heating the asphalt, higher concentrations of nickel can cause higher emissions of
pollutants [35]. Furthermore, the presence of calcium and magnesium in NB positively affects
its properties, as it increases hardness and improves stability [36].

Table 6. Elemental composition of petroleum asphalt and treated NB

El t, % *
Asphalt Type ement, %

C [0) S Si Fe Ca Mg Al N Ni

Petroleum Asphalt 83.4 1.2 11.7 0.1 - - - - 2.6 1.0
MS-NB 62.0 16.5 14.2 1.8 - 4.5 0.4 0.6 - -
JS-NB 71.6 16.2 10.6 0.4 - 0.7 - 0.5 - -
AS-NB 54.4 31.2 6.2 1.2 - 4.6 2.4 - - -
SS-NB 88.7 - 10.8 - 0.5 - - - - -
TS-NB 80.4 - 16.4 0.4 0.6 1.8 0.4 - - -

* Carbon (C), Oxygen (O), Sulphur (S), Silicon (Si), Iron (Fe), Calcium (Ca), Magnesium (Mg), Aluminium
(Al), Nitrogen (N), and Nickel (Ni)

5.3. Marshall Properties

The OBC is 5% for a conventional mixture prepared with petroleum asphalt. After
applying heat treatment to the NB samples, the OBC values are 5.2%, 4.9%, 5.3%, 4.93%, and
5.1% (by weight of the aggregate) for mixtures prepared with NB from AS, JS, MS, SS, and
TS, respectively. The Marshall properties of both combinations (conventional mixture and NB
mixtures) are shown in Figures 8 and 9. In the Marshall test, flow and stability are the most
important performance indicators of asphalt pavement.

The results in Figure 8 showed that the stability of NB mixtures, except for the JS-NB
mixture, was better than that of the conventional mixture. The results were (13, 10.8, 12.6, and
11.8) kN for mixtures with NB from MS, AS, TS, and SS, respectively. In contrast, the stability
of the conventional mixture was 9.2 kN. Compared to the conventional mixtures' stability, NB
mixtures' stability increased by 17.3%, 28.2%, 36.9%, and 41.3% for NB from AS, SS, TS, and
MS, respectively. This might be because NB contains a high percentage of sulphur, which
increases the hardness of asphalt by raising the temperature between 112 and 170 °C. Sulphur
consists of chemical chains that bind with the organic molecules of the compound, thus forming
polysulfates [16, 25, and 37]. However, the stability of the JS-NB mixture is 8.8 kN, which is
4.4% less than the stability of the conventional mixture. This may be because JS-NB is more
affected by high oxidation rates than other NB samples. Generally, all mixtures' stability values
meet the specification limits (8 kN minimum limit for wearing layer) [26].

Figure 9 shows the Marshall flow values of the conventional and NB mixtures, according
to the Marshall test outcome. The flow values are close, except for the MS-NB mixture, which
increases by 12.1% compared to the conventional mixture flow. According to the specification
limits, the flow should range between 2 and 4 mm, and all the mixtures comply with this
requirement.
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Figure 9. Marshall flow results.

Figure 10 shows conventional and NB mixtures' Marshall Quotient (MQ), or stiffness
index. MQ refers to the proportion of Marshall stability to Marshall flow and is considered an
indicator of the asphalt mixture's rutting resistance. Higher MQ values indicate better stability
and more resistance to deformation. Therefore, an increase in MQ means the stability of the
asphalt mixture has improved regarding its flow behavior. This is desirable for the durability
of high-quality asphalt pavements [38].

The volumetric properties for conventional and NB mixtures are listed in Table 7. Based
on local specifications [26], the air void (Vv) should be between three and five percent. An
increase in voids leads to rutting of the road, rapid oxidation of the asphalt, and higher
permeability, which leads to problems that shorten the road's lifespan. A decrease in the
percentage of voids can also lead to creep and eruption of asphalt [39]. The Vv % in
conventional and NB mixtures are similar, and both fall within the limits of the local
specification.
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The performance of a mixture depends on the voids in mineral aggregate (VMA), which
should be sufficiently high to ensure adequate bitumen content to meet durability requirements.
However, as VMA increases, the mixture becomes more susceptible to stability issues. The
results indicated that the VMA values for NB mixtures slightly differ from those of
conventional mixtures.
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Figure 10. Marshall quotient results.
Table 7. Volumetric properties for conventional and NB mixtures
Property Bulk Density g/cm® | Vv (%) VMA (%) VFB (%)
Conventional Mixture 2.323 3.8 16.4 76.8
o MS 2.340 3.6 16.1 77.6
£ JS 2.330 4.0 16 75
E AS 2.325 3.5 16.5 78
e TS 2.335 3.4 16.1 78.9
A SS 2332 3.6 16.1 77.6
Specification Requirements [26] - 3-5 14 Minimum -

The voids filled with binder (VFB) refer to the distances among aggregate particles in a
compacted mixture filled with bitumen. These voids impact the durability of the mixtures. The
findings reveal that VFB percentages for conventional and NB mixtures are either similar to or
lower than conventional values, except for TS-NB, which showed a 2.7% increase compared
to the conventional mixtures.

5.4. Moisture Damage Resistance

As aresult, it is necessary to recognize the harmful effects of water and humidity and take
measures to mitigate them, while also ensuring the mixture's hardness, durability, and
resilience under various conditions [40]. TSR can be defined as a coefficient of moisture
durability index, and its value should be at least 80%. TSR depends on the adhesion between
the aggregate surface and bitumen and the cohesion properties of the asphalt binder. Cohesion
refers to the overall integrity of the material when subjected to load and stress, and it is
influenced by several factors, including the viscosity and chemical components of the
asphalt binder, attraction inside the asphalt binder, and water penetration. Water can affect
cohesion by saturating and expanding the system of voids due to freezing and thawing cycles.
Asphalt adhesion to water can be affected by separation or displacement mechanisms.
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Adhesion depends on the aggregate gradation, Vv, and permeability. Adhesion under moisture
circumstances, adhesion may vary if any of these parameters change [41].

Figure 11 displays the TSR values for conventional and NB mixtures. The test findings
show that the NB mixture had the highest resistance to moisture and water conditions. The
mixture with SS-NB exhibited 5.72% greater resistance to moisture damage than the
conventional mixture. This may be attributed to the large amount of carbon in SS-NB, since
the high content of carbon elements increases the adhesion properties of the asphalt binder,
which increases durability and provides better resistance to moisture damage. Specifically,
carbon plays a crucial role. It is present in high concentrations and forms chains that help create
strong bonds within the NB structure, increasing the stability of the asphalt and its ability to
adhere to the aggregate. Furthermore, asphalt with high carbon content is an absorbent material,
which helps trap moisture and enhances the performance and moisture resistance of the asphalt
[32].
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Figure 11. TSR for conventional and NB mixtures.
6. COST ANALYSIS

Developing innovative processes and product models that simultaneously deliver
economic, technical, and environmental benefits is essential to ensure that policies effectively
target sustainable development goals. Environmentally friendly and more economical
alternatives must be discovered to achieve sustainable development. NB is considered one of
the natural resources available in abundance in Iraq, and it can be exploited across various
governorates, from north to south. Economic gains can be achieved by investing in NB or
incorporating it into road paving operations. This is because NB is more economical than
petroleum asphalt, which is derived from the distillation processes of crude oil, and it is a
national resource. Oil, a major energy source, represents over 30% of global consumption.
Countries such as Venezuela, Saudi Arabia, Canada, Iran, Iraq, and Russia possess large proven
oil reserves. During the distillation process in oil refineries, around 10% of crude oil is
converted into asphalt materials and other products through asphalt manufacture. This asphalt
produces various retail products, including asphalt emulsions, paving mixtures, paints, tar
roofing, and other products [42].
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Due to the continuous change in oil prices over the past six decades, which affects asphalt
prices, asphalt costs have increased by a factor of 20 due to oil refining operations. Asphalt
prices follow crude oil prices; consequently, the quantity and quality of asphalt are impacted.
For every 1% increase in crude oil, asphalt prices rise by 0.7%. The decisions made by the
Organization of the Petroleum Exporting Countries (OPEC), which consists of 12 countries,
have played an important role in determining the cost of asphalt [25, 43]. Some specialists have
stated that the oil peak occurred between 2010 and 2020 and will decrease over the coming
years due to the decrease in production quantities, the occurrence of a crisis at the global level,
and a significant rise in prices. Meanwhile, geologist Marion King Hubbert, in the 1950s,
predicted that the global productivity peak would occur between 2007 and 2037, according to
estimates from primary energy sources, after which production would decline to less than a
third of its previous levels. Therefore, the price of oil has a significant impact on asphalt
production and its prices, prompting road engineers to study alternative synthetic asphalt
materials to use instead that are more economical and environmentally friendly [44]. The
environment is given serious attention during the asphalt production process. There must be
strict regulations on emissions from asphalt producers and oil refineries. Reducing carbon
emissions during the transportation and production of asphalt pavement has become a global
priority. Finding more environmentally friendly natural materials is essential to managing and
minimizing greenhouse gas emissions as much as possible. The use of low-carbon technology
has become vital to achieving this goal. For this reason, there is an urgent need for future
investigations to study the carbon emissions rate and the economic benefits of using NB in
paving works.

7. CONCLUSIONS

This study conducted a series of experiments on natural bitumen (NB) derived from
sulphur springs, petroleum asphalt, and their mixtures to evaluate the suitability of using NB
in hot asphalt mixtures. Physical tests revealed that untreated NB does not meet the local
Standard Specification limits, making it unsuitable for direct use in paving. However, when
NB is properly dried and heat-treated at 163 °C for a duration dependent on the characteristics
of each spring and the penetration level, its properties significantly improve. Overheating
beyond 163 °C is discouraged due to potential degradation of performance. Post-treatment
physical and chemical analyses showed enhanced characteristics, including reduced
penetration, increased ductility and softening point, and improved flash point, bringing NB’s
properties closer to those of petroleum asphalt. Morphological observations highlighted that
the surface microstructure of petroleum asphalt closely resembles that of SS-NB, differing
notably from other NB types due to variations in elemental composition. Treated NB
demonstrated higher stability than petroleum asphalt, likely due to its elevated sulphur content,
which enhances mixture hardness and durability, with calcium and oxygen contributing further
to performance. Nonetheless, the JS-NB mixture did not significantly improve Marshall
stability due to its high oxidation rate, but did show a slight enhancement in water damage
resistance with a 4.35% increase. Notably, the SS-NB mixture achieved the highest tensile
strength ratio (TSR) at 85%, surpassing the conventional mixture by 5.7% and exceeding the
80% minimum threshold, indicating NB’s strong potential in mitigating moisture damage. In
conclusion, NB is a valuable and promising alternative for improving asphalt mixture
performance. Economically, it is highly advantageous, being widely available nationwide and
costing at least five times less than petroleum asphalt. As a national asset, NB warrants further
economic and engineering research to optimize its use in infrastructure applications.
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8. RECOMMENDATIONS

Future studies in several key areas may provide deeper insights and a more comprehensive
understanding of the current findings. Further investigation is needed to evaluate the intrinsic
properties of natural bitumen (NB), including its asphaltene origin, extraction process, and
influencing factors such as sediment age, extraction depth, and proximity to sulphur sources.
Environmental variables—such as rainfall, temperature fluctuations, and the geographical
location of the spring—may also significantly impact NB's characteristics. Additional studies
are encouraged to explore alternative treatment methods, such as enhancing NB with
inexpensive, readily available materials like fillers or utilizing solar energy by exposing NB to
sunlight over extended periods and periodically testing its properties for changes. Furthermore,
it is crucial to assess the rutting resistance of NB mixtures under repeated loading and elevated
temperatures and evaluate their fatigue cracking behavior to ensure performance under real-
world conditions. From a sustainability perspective, economic and environmental assessments
of NB usage should be conducted to determine its cost-effectiveness and environmental impact
as a substitute for petroleum asphalt, including strategies to minimize emissions associated
with its application.
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ABSTRACT: Metal pipes are the most integral part of transporting water, gas, and other
petrochemical substances over long distances. Higher strength, durability (along with wear
and corrosion resistance), and lower cost make these pipes suitable for extreme weather
conditions and hostile environments. Over time, these pipes experience significant impacts
that may lead to defects such as holes, cracks, bends, corrosion, and finally component failure
and property losses. Therefore, early detection of the defects in pipes is crucial to prevent
such failures. There are several methods to detect defects in metal pipes, including non-
destructive testing (NDT). However, high costs and declining performance are existing
concerns for those NDTs. A motor-induced vibration source is more robust and reliable than
a conventional vibration sensor. Thus, the feasibility of using a motor as a vibration source
for metal pipe crack detection is studied in this work. To achieve this, a DC motor is placed
on one side of the metal pipe and used as the vibration source. These vibrations are collected
by a piezoelectric polymer, specifically a Polyvinylidene fluoride (PVDF) sensor, on the other
side of the pipe. This work considers three types of pipe conditions: healthy pipe, bent pipe,
and cracked pipe. Additionally, two different sensor locations (180-degree rotation) and
sensor patterns (bent and not bent) are studied. From the studies, we can see that there are
significant differences in pressure responses for healthy pipe and cracked pipe conditions. The
maximum pressure response for a cracked pipe is 783 a.u. (intensity) whereas it is just 262
a.u. for a healthy pipe. Thus, the difference is sufficient to set a threshold margin. We have
set 300 a.u. as the threshold margin and applied it to an algorithm. The algorithm can
successfully detect a healthy or cracked pipe. However, it is very tricky in the case of a bent
pipe, as the pressure differences are less than 300 a.u. for three conditions and above for only
one. Hence, it might provoke an incorrect decision when detecting a bent pipe.

ABSTRAK: Paip logam adalah bahagian utama dalam mengangkut air, gas, dan bahan
petrokimia lain dalam jarak jauh. Kekuatan dan ketahanan tinggi (bersama rintangan hakisan
dan penggunaan), dan kos lebih rendah menjadikan paip logam sesuai bagi keadaan cuaca
dan persekitaran melampau. Walau bagaimanapun, dari masa ke masa, paip logam mengalami
kesan ketara seperti berlubang, retak, bengkok, hakisan dan akhirnya kegagalan komponen
dan kehilangan harta benda. Oleh itu, pengesanan awal kecacatan pada paip adalah sangat
penting bagi mengelakkan kegagalan tersebut. Terdapat kaedah tidak merosakkan (NDT) bagi
mengesan kecacatan pada paip logam. Walau bagaimanapun, kos yang tinggi dan prestasi
merosot adalah kebimbangan sedia ada pada NDT. Sumber getaran dari motor adalah lebih
berdaya tahan dan lebih dipercayai berbanding pengesan getaran konvensional. Oleh itu,
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kebolehlaksanaan motor sebagai sumber getaran bagi mengesan paip logam yang retak dikaji
dalam kajian ini. Bagi tujuan ini, motor DC diletakkan pada satu sisi paip logam dan
digunakan sebagai sumber getaran. Getaran ini dikumpul oleh pengesan polimer piezoelektrik
Poliviniliden Fluorida (PVDF) pada bahagian lain paip. Tiga jenis keadaan paip, iaitu paip
sihat, paip bengkok dan paip retak dipertimbangkan dalam kajian ini. Tambahan, dua lokasi
pengesan berbeza (pada putaran 180 darjah) dan corak pengesan (bengkok dan tidak bengkok)
dikaji. Dapatan kajian menunjukkan terdapat perbezaan ketara dalam tindak balas tekanan
bagi paip berkeadaan sihat dan retak. Malah, tindak balas tekanan maksimum bagi paip retak
adalah 783 a.u. (intensiti) sedangkan hanya 262 a.u. bagi paip sihat. Oleh itu, perbezaan ini
cukup bagi menetapkan margin ambang. Kajian ini telah menetapkan 300 a.u. sebagai margin
ambang dan menggunakannya pada algoritma. Algoritma ini berjaya mengesan paip sihat atau
retak. Walau bagaimanapun, adalah sangat rumit bagi mengesan paip bengkok kerana
perbezaan tekanan adalah kurang daripada 300 a.u. bagi tiga syarat tersebut. Oleh itu, ia
mungkin mencetuskan keputusan yang salah bagi mengesan paip bengkok.

KEYWORDS: Guided wave, Pipe inspection, Metallic pipe structures; Non-destructive
evaluation (NDE),; Remaining useful life (RUL)

1. INTRODUCTION

Pipelines are very crucial for resources like oil, gas, and water. Extracting these from
underground to transporting them to the consumer ends requires a steady and reliable medium,
and pipelines are the best solution. Resources can easily be transported over long distances or
between countries using pipelines [1,2]. However, despite the improved quality and reliability,
pipes are not meant to last a lifetime. Hence, quality and reliability both will degrade over time
or due to influence. This can cause accidents with serious consequences and can cause fatalities,
injuries, economic losses, and environmental damages [3]. According to the U.S. Department
of Transportation Pipeline and Hazardous Materials Safety Administration (PHMSA) data,
during 2002-2021, 680 pipeline incidents were recorded in the USA, with 260 fatalities, 1109
injuries, and over a billion dollars in damages [4]. Major reasons for these incidents are external
interferences, corrosion, construction defects/material failures, hot taps, ground movements
(earthquakes, landslides), and deformations [5].

Therefore, inspecting and monitoring the pipeline to maintain structural integrity is crucial.
Various solutions are available to detect the unusual structural deformations of the pipes.
However, sensor-based approaches have become the most convenient choice, along with
magnetic flux leakage (MFL) testing, ultrasonic testing (UT), electromagnetic acoustic
technology (EMAT), eddy current testing (EC), Electric Field Mapping (EFM), Eddy Current
Inspections, sonar mapping, and guided waves [6-9]. These sensors are already available in the
market and ready for use. Nevertheless, their functions are complex and multi-directional.
Moreover, their larger geometry makes longer pipes necessary, impacting lab-based quality
enhancements. On the contrary, we aim to investigate a more cost-effective and simpler
solution.

Guided waves are a widely used technique for nondestructive testing (NDT). In this
technique, waves produced by a vibration source are guided through the pipe to be inspected,
and a sensor collects the waves. The pattern of the received waves can define the deformity in
the pipe. These vibration sources (technically transducers) usually experience a decline in
performance over time and during their life cycle. These factors make their performance
unpredictable in the long run, especially when consistently influenced by temperature,
humidity, vibration, and shock [10,11]. Declined performance can lead to incorrect results and,
consequently, wrong recommendations [12]. Consequently, this makes them unsuitable as a
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vibration source for a sensory system, where the troubleshooting recommendation depends
entirely on the received results.

A motor, on the other hand, is more reliable compared to a conventional vibration sensor.
A motor's output, represented as Revolutions Per Minute (RPM), is fixed based on the input
rating. Therefore, applying a specific voltage can only achieve a specific RPM. The
combination of the motor's produced torque and RPM will create vibrations due to its rotation.
These vibrations can be propagated to an attached surface. Hence, the motor acts as a vibration
source. Motivated by this, we intend to investigate the feasibility of guided waves from motor
vibrations. Therefore, we propose using a DC motor as a wave source. These motor vibrations
can be guided through a metal pipe from one end and collected by a vibration sensor on the
other. We have used a flexible piezoelectric polymer, Polyvinylidene fluoride (PVDF), as a
sensor to collect the vibrations from the DC motor. In this work, we will focus on using guided
waves to detect a crack in a metal pipe. To achieve this, we consider two pipe conditions: a
healthy pipe and a deformed or cracked pipe. The characteristics of the received waves will
indicate any deformations on the surface of the pipe.

The rest of the paper is organized as follows: Section 2 presents the related work. Section
3 describes the experimental design, while Section 4 presents the results and evaluation. Lastly,
Sections 5 and 6 conclude this paper with some prospective future agendas and the limitations
of the work.

2. RELATED WORKS

The best way to monitor pipelines is to use cost-effective and less invasive screening
inspections that could provide a more global perspective of the pipeline while also suggesting
which areas may require additional attention [13]. One very simplistic example of said
screening inspections is sensors. Sensor technologies can include instruments that cover a wide
range of physical principles, including electrical, optical, radiographic, chemical, and acoustic
domains.

2.1. Magnetic Flux Leakage (MFL)

MFL inspection starts by saturating a magnetic field with a metallic surface, such as the
pipe. Defects on the pipe's surface will disrupt the magnetic field's flux, leading to an aberration
in the field outside the pipe surface. The aberration will indicate a pipe leakage, which is
measured by the Hall effect sensor [13].

2.2. Electric Field Mapping (EFM)

The EFM method uses two electrodes in contact with the pipe. Current will pass through
the pipe between the two electrodes, and the voltage drops between the two electrodes are
measured. Any anomalies on the surface of the pipe, like cracks and corrosion, will alter that
area of the pipe and thus the measured potential drop within the two electrodes [14, 15, 16].

2.3. Eddy Current Inspections

Eddy currents are structured electric currents that develop in a conductor due to changes
in the magnetic field. During eddy current inspections, a magnetic field can be passed through
the pipe, penetrating its surface, inducing current, and generating eddy currents on its surface.
Any cracks and anomalies on the pipe's surface will be identified by the disturbance in the
formation of eddy currents on the surface [17, 18].
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2.4. Sonar Mapping

Sonar technology uses sound waves underwater to detect objects, aid navigation, and
facilitate mapping. Multi-beam bathymetry and Side Scan Sonar (SSS) are commonly preferred
methods for subsea pipeline inspections. By analyzing the seabed with sound waves, one can
detect the return of the sonar pulse, the sea depth, and the position of anomalies by examining
the amplitude of the sound wave reflections [19-21].

Moreover, guided waves benefit pipe inspections for various reasons [22-25]. This can be
attributed to their long propagation and high sensitivity, but primarily, the interaction between
guided waves and materials can effectively identify cracks in a pipe. Guided waves are
particularly utilized in situations requiring high-sensitivity detection techniques. This includes
microscale damage such as the initiation of fatigue cracks, early-stage corrosion, and material
degradation. The excitation wavelength constrains the guided wave inspection technique,
which can only detect significant damage.

3. SYSTEM DESIGN AND WORKING METHOD

Flexible sensors typically exhibit a broad range of pressure responses. Depending on the
product definition and material volume, these responses range from very low to very high. A
monitoring platform can also detect these responses. We chose the Arduino-based temporary
monitoring system for its flexibility. Nevertheless, the limitation with Arduino is its inability
to detect piezoelectric reactions in terms of voltages. Instead, it presents the responses in terms
of sensor values. The highest value indicates the maximum voltage generated by the sensor.
These sensor values are adjustable. We divided the total sensor values into 1024 units for our
system. This implies that 1024 units will represent the highest pressure effect as the maximum
sensor value. The fluctuation in these values will help identify the patterns for the pipe crack
conditions.

Table 1. Experimental Setups Based on Pipe Conditions

Pipe condition  Sensor location  Sensor pattern

Top Not bent
. To Bent
Healthy pipe Bottom (+rl)80 deg) Not bent
Bottom (+180 deg) Not bent
Top Not bent
Bent pipe Top Bent
Bottom (+180 deg) Not bent
Bottom (+180 deg) Not bent
Top Not bent
Cracked pipe Top Bent

Bottom (+180 deg) Not bent
Bottom (+180 deg) Not bent

Table 2. Mechanical properties of the pipe

Mechanical Properties Metric
Ultimate Tensile Strength 310 MPa
Tensile Yield Strength 276 MPa
Modulus of Elasticity 68.9 GPa

Poisson's Ratio 0.33
Fatigue Strength 96.5 MPa
Shear Modulus 26 GPa
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Figure 1. Considered cases of metal pipes. (a) a healthy pipe without any damage, (b) a
bent pipe without an existing air hole, and (c) a cracked pipe with an existing air hole.

These fluctuations need to be stored as well for the sake of investigation. The data can be
stored using Arduino since it connects to a data reader. Thus, the data is stored in memory.

Figure 2. Experimental setup with a bent (left) and a cracked (right) pipe with damage.

3.1. Experimental Setups

Three types of pipe conditions are considered for the experiment. We have used aluminum
pipes (6061 aluminum alloy tube (aluminum magnesium silicon alloy)) with an approximate
diameter of 9 mm and 0.5 mm. Mechanical properties are mentioned in Table 2. First, we take
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a healthy pipe without deformation to find the threshold response values. These values will
later be compared with the other cases. A bent pipe without any holes is then experimented on.
Lastly, a cracked pipe is investigated to determine distinguishable differences. The pipe's bent
length is approximately 7 mm. The open hole in the pipe is approximately 8.5 mm. The
experimental setups are shown in Table 1 and demonstrated in Figure 2. All experiments are
performed using two criteria: sensor location and sensor pattern. Sensor location reflects the
position of the sensor with respect to the crack. Therefore, the top sensor location indicates that
the sensor is positioned at the end of the pipe and aligned with the crack. Additionally, the
sensor is attached to the pipe either parallel or bent according to the pipe surface, as illustrated
in Table 1.

3.2. Components

This investigation utilizes three main component blocks: vibration sources, reading
platforms, and recorders.

e Vibration Source: A vibration source will generate the prescribed vibrations. It is placed at
one end of the investigated pipe. As previously mentioned, a DC motor has been utilized
as the vibration source for this study. A power source is used to drive the vibration source.
We have applied 3V DC to run the source; the rated RPM of the motor is approximately
13000 RPM, 3V.

e Reading Platform: A reading platform can read traveling vibrations through the pipe as
responses. We have used Arduino Uno to read the pressure responses.

e Recorder: The pressure responses can be stored in memory. For this work, we have used a
16-gigabyte memory.

e Definition: The voltage presented in Section 4 (Results and Discussion) does not represent
the real-time measured voltage. As previously mentioned, Arduino Uno cannot display the
sensor output in volts. Therefore, we measured the supplied source voltage and distributed
it based on the sensor value range. The sensor value range is 1-1024, and the measured
voltage is 2 volts. Therefore, each sensor value represents (2000/1024) = 1.953 mV; the
1024 sensor value corresponds to 2 V.

3.3. Cases

Three types of cases are examined in the experiment based on the pipe's condition. In case
1, an intact pipe without any deformities is investigated. In cases 2 and 3, bent and cracked
pipes are analyzed in the investigation. The bent and cracked pipes are intentionally deformed,
not naturally occurring deformities. For all cases, 4 conditions are considered, with 2 kinds of
sensor locations and 2 types of bending patterns. The conditions are described as follows:

e C(Condition I: In this condition, the sensor is not bent and is attached in a parallel position
with respect to the pipe. The sensor is located at the end of the pipe.

e Condition 2: In this condition, the sensor is bent and is attached to a vertical position with
respect to the pipe. The sensor is located at the end of the pipe.

e Condition 3: Similar to condition 1, the sensor is not bent and is attached in a parallel
position with respect to the pipe. However, compared to condition 1, the sensor is located
at the end of the pipe with a 180-degree rotation.
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e Condition 4: Similar to condition 2, the sensor is not bent and is attached vertically to the
pipe as well. However, compared to condition 2, the sensor is located at the end of the pipe
with a 180-degree rotation.

4. RESULTS AND DISCUSSION

4.1. Case 1

In the first case, the pipe had no external damage. From the results, we can see that
conditions 1 and 4 both have the highest sensor value of 244 a.u. (intensity) with averages of
179.33 a.u. and 175.51 a.u., respectively. Conditions 2 and 3 both show the highest value of
262 a.u., with average sensor values of 179.11 a.u. and 172.45 a.u., respectively. Hence, we
can summarize that for case 1, the highest sensor value obtained was 262 a.u. The results are
summarized in Figure 3.
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Figure 3. Pressure responses from pipe with no external damage (case 1)

4.2. Case 2

In the second case, the pipe is bent, so it has existing damage. As Figure 4 shows, condition
1 exhibits 300 a.u. of maximum values with an average of 177.21 a.u., while condition 2 has a
maximum of 311 a.u. and an average of 190.54 a.u. It is 321 a.u. maximum and an average of
175.69 a.u., for condition 3 and a maximum of 590 a.u. with an average of 242.18 a.u. for
condition 4. Hence, the highest sensor value recorded for this case is 590 a.u.
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Figure 4. Pressure responses from a bent pipe without an existing air hole (case 2)
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Figure 5. Pressure responses from the pipe with a crack and an existing air hole (case 3)

. Case 3
In this case, the pipe is damaged with a crack. The results are depicted in Figure 5. In this

case, condition 1 exhibits 566 a.u. as the maximum values with an average of 216.65 a.u., while
condition 2 has a 572 a.u. and 363.49 a.u. average value. It is 783 a.u. and an average of 568.63
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a.u. for condition 3 and a maximum of 544 a.u. with an average of 279.13 a.u. for condition 4.
Hence, the highest sensor value recorded for this case is 783 a.u.

4.4. Discussion

Since we have the required values, we can now make the decisions from the
aforementioned discussions and results presented in Figures 3, 4, and 5. We can see a maximum
sensor value of 262 a.u. with an average of 179.11 a.u. indicates a healthy pipe response, as
shown in Figure 3. Comparatively, a bent pipe will experience a maximum of 590 a.u. with an
average of 242.18 a.u. of pressure responses. But for the case of a cracked pipe, a 783 a.u.
maximum value and average of 568.63 a.u. is found.

The compiled results are presented in Figure 6. From the figure, we can see a better picture
of the cases regarding distinguished responses. Figure 6 presents the received pressure
responses for conditions 1, 2, 3, and 4, where the sensor is either not bent or bent, either aligned
to the crack or not. Therefore, this number can be taken as a threshold value for the considered
cases.

However, the differences between a healthy and a bent pipe are very difficult to
distinguish. The maximum pressure responses are very close for conditions 1, 2, and 3, which
are 56 a.u., 49 a.u., and 59 a.u. Interestingly, condition 4 exhibits 346 a.u. pressure differences,
which are over the threshold value. Therefore, it might not be wise to consider all four
conditions when evaluating the metal pipe deformation.
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Figure 6. Cases and conditions comparison

We can now introduce an algorithm to determine the pipe health cases based on the
aforementioned results and data summary from Table 2. The cases are differentiable based on
the maximum sensor values in different conditions. Algorithm 1 presents the distinguishable
differences among the three cases.
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Table 2. Summary of all experiments

Experimental Maximum Sensor ~ Minimum Sensor Threshold Damage
Setup Value (a.u.) Value (a.u.) Value
Healthy pipe 262 244 No No
Bent pipe without an air hole 590 300 Yes Yes
Cracked pipe with an air hole 783 544 Yes Yes

Algorithm 1 Pipe Health Algorithm
Pipe Deformation (Threshold Pressure, Max Pressure)
Pressure Values, |0] — [1023]
Received Response, Rz= |0] — [Sensor Values];
Max Pressure, Ryua= Max [Rri, Rr2, R, ...... Rr.q]; where n = # of cases
Threshold Pressure, 7z = 3!|[Ruax||;
Condition, C = Cy; where N = # of conditions
while R0 > Tr do

Pipe Deformation = EXISTS

if R x> Tk && VN then

STATUS = Deformation Identified [CRACK]
else if R",c > Tr && — VN then
STATUS = Deformation Identified [OTHERWISE]

end if
end while
if R ,ax < Tr then

STATUS = HEALTHY PIPE
else

STATUS = ERROR
end if

Algorithm 1 depicts the decision logic for the induced pressure in the range of 0 to 1023,
as we designed it for the Arduino. Thus, the received responses will be recorded and compared
later to the threshold values. From the four different experimental setups, it is noticeable that
the sensor exhibits a distinct pattern when placed at the bottom of the existing crack. It remains
above the threshold values for all the samples for a cracked pipe. Therefore, this case will be
identified as a cracked pipe. However, all other cases for the bent pipe will show a significantly
lesser number of samples below the threshold. This scenario will distinguish the bent pipe from
the cracked pipe.

5. CONCLUSION

Non-destructive testing (NDT) is significant in structural health monitoring systems,
especially in fluid transportation using metal pipes. However, the decaying performance of
sensor-based systems at high costs poses a drawback. Therefore, a system with low cost and
minimal performance decay is desirable. We have utilized a DC motor as a wave source, which
offers significant advantages over traditional sensors. The primary objective of this study is to
assess the viability of using a motor as a vibration source for detecting potential cracks in a
metal pipe. A simple PVDF sensor was used at the pipe's other end to monitor the motor's
pressure responses. An Arduino platform is used to read and record the collected responses
afterward. Three types of scenarios are analyzed in this study. These scenarios include a healthy
pipe, a bent pipe, and a cracked pipe. Furthermore, four different conditions are also
considered, involving two sensor locations (180 degrees rotation) and sensor patterns (bent and
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not bent). The results reveal significant differences in pressure responses between healthy and
cracked pipes. The maximum pressure response for a cracked pipe is 783 a.u. whereas it is just
262 a.u. for a healthy pipe. Hence, the differences are sufficient to set a threshold margin. We
have set 300 a.u. as the threshold margin and applied it in an algorithm. However, it is very
tricky in the case of a bent pipe, as the pressure differences are less than 300 a.u. for three
conditions and above for only one. This could potentially result in an inaccurate decision when
detecting a bent pipe.

As previously mentioned, the primary objective of this study is to assess the feasibility of
a motor as a vibration source. Hence, no comparisons were made with existing NDTs in this
study. Consequently, only open-ended pipes were tested. The prepared pipe damages are
artificial (human-made) and not natural damages; hence, the crack pattern will be
distinguishable.
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ABSTRACT: Microservice, a widely adopted architectural paradigm to overcome monolithic
limitations, faces difficulties in efficient load balancing, scalability, and cost-effective
deployment. To address these issues, we introduce a Container Microservice Load Balanced
(CMLB) framework, which integrates the novel OEPTA algorithm. This framework aims to
optimize microservice-based applications deployed on Docker within cloud environments.
Common microservices scheduling strategies often grapple with load distribution challenges,
resulting in suboptimal resource utilization. Concurrently, traditional containerization
methods face difficulties reconciling trade-offs between scalability, deployment cost, and
execution time. Our primary goal is to present a comprehensive solution that enhances the
scalability, cost efficiency, and execution time of microservices deployment. This paper
introduces a novel deployment framework for microservices, leveraging Docker for
decentralized resource allocation across Microservice Controllers (MSCs). Additionally, a
specialized algorithm is introduced to evaluate the cost, execution time, and availability
aspects of microservice applications, enabling optimized resource allocation in a distributed
manner. The evaluation results demonstrate that the CMLB framework, driven by the OEPTA
algorithm, surpasses existing algorithms in achieving optimal scalability, cost efficiency, and
execution times. This research provides a robust solution to enhance microservices
deployment in cloud environments, effectively addressing key challenges in the field.

ABSTRAK: Mikroservis, sebuah paradigma seni bina yang diadaptasi secara meluas untuk
mengatasi keterbatasan monolitik, menghadapi kesulitan dalam penyeimbangan beban yang
cekap, skalabiliti, dan penyebaran kos efektif. Untuk mengatasi masalah ini, kami
memperkenalkan rangka kerja Container Microservice Load Balanced (CMLB), yang
mengintegrasikan algoritma OEPTA yang baru. Rangka kerja ini bertujuan untuk
mengoptimumkan aplikasi berasaskan perkhidmatan mikroservis yang digunakan pada
Docker dalam persekitaran awan. Strategi penjadualan mikroservis umumnya bergelut
dengan cabaran pengagihan beban, yang menghasilkan penggunaan sumber daya yang kurang
optimal. Pada masa yang sama, kaedah pengkontenaan tradisional menghadapi kesulitan
dalam menyeimbangkan pertukaran antara skalabiliti, kos penggunaan, dan masa
pelaksanaan. Matlamat utama kami adalah untuk  membentangkan penyelesaian
komprehensif yang meningkatkan skalabiliti, kos kecekapan, dan masa pelaksanaan dalam
penggunaan mikroservis. Dalam makalah ini, kami memperkenalkan rangka kerja
penggunaan yang baru untuk perkhidmatan mikroservis, dengan memanfaatkan Docker untuk
peruntukan sumber terdesentralisasi merentas Pengawalan Perkhidmatan Mikroservis
(MSCs). Selain itu, algoritma khusus diperkenalkan untuk menilai kos, masa pelaksanaan,
dan ketersediaan aplikasi mikroservis, membolehkan peruntukan sumber dioptimumkan
dalam cara yang diedarkan. Keputusan penilaian menunjukkan bahawa rangka kerja CMLB,
didorong oleh algoritma OEPTA, mengatasi algoritma sedia ada dalam mencapai skalibiliti
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optimum, kecekapan kos, dan masa pelaksanaan. Penyelidikan ini memberikan penyelesaian
yang teguh untuk meningkatkan penggunaan mikroservis dalam persekitaran awan,
menangani cabaran utama dalam lapangan dengan berkesan.

KEYWORDS: Algorithm, Cloud-based, Container, Docker, Load balancing, Microservice.

1. INTRODUCTION

Monolithic architecture refers to an application with a unified code base housing multiple
services that interact with external systems or consumers through diverse interfaces like Web
services, HTML pages, or REST API [1]. In this architectural model, all functionalities are
consolidated within a single application, resulting in modules that cannot function inde-
pendently [2]. This inherent characteristic of tight coupling means that all logic for handling a
request operates within a single process [3]. Despite the initial advantages of ease in develop-
ment, testing, and deployment for simpler applications, the drawbacks of monolithic architec-
ture become apparent as the application becomes more intricate. The monolith's structure ex-
pands in size, transforming into a cumbersome and challenging piece of software to manage
and scale [2]. As the application size and team grow, the limitations of this architecture become
increasingly significant [3]:

e Complexity in understanding and modifying the application, leading to a deceleration in
development speed.

¢ Difficulty in continuous deployment, where even minor changes necessitate the complete
rebuilding and redeployment of the entire monolith.

e Challenges in scaling the application, restricted to horizontal scaling within the confines of
monolithic architecture.

To overcome the challenges associated with monolithic applications and harness the ben-
efits of Service-Oriented Architecture (SOA), the microservices architecture pattern has
emerged as a lightweight subset of SOA, as exemplified by companies like Amazon [4]. In
recent years, microservices have gained significant traction in the business landscape, repre-
senting an enhanced and streamlined version of SOA [5]. According to [6], microservices ar-
chitecture is a specific implementation approach within SOA that facilitates the creation of
flexible and independently deployable software systems. This approach typically involves
breaking down a software application into smaller components that collaborate to achieve a
specific, complex task, thereby facilitating easier development and maintenance [7].

The Microservices architecture represents a paradigm shift away from traditional devel-
opment methods, placing emphasis on building the applications through small, autonomous
services that communicate via lightweight mechanisms [6]. It's essential to note that the term
"micro" in Microservices refers to the size of their contribution to the application, rather than
the lines of code they encompass [2]. Therefore, the architecture can be understood as a set of
small services with precise tasks that interact to achieve users' goals through standard commu-
nication channels [8, 9, 10]. This architectural approach offers a strategy for developing a co-
hesive application as a collection of small services. Each service operates independently in its
dedicated process and communicates through lightweight mechanisms, such as HTTP APIs
[10]. These Microservices are designed around specific business capabilities, enabling them to
be independently deployable through automated deployment processes [3]. Lately, there has
been a surge in using containers to distribute microservices across various cloud locations [11].
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Containers, an emerging virtualization technology, are gaining popularity over virtual ma-
chines (VMs) due to their superior performance, lightweight design, and enhanced scalability
[12]. These containers act as comprehensive packages, bundling applications with their de-
pendencies, facilitating easy and consistent deployment across diverse environments. Depend-
encies, including binaries, libraries, and configuration files, are essential for the application's
functionality [13]. Containers encapsulate self-contained, deployable components of applica-
tions, and may include middleware and business logic in the form of binaries and libraries [10].
Container engines, such as Docker, leverage containers as portable entities for packaging ap-
plications. This shift emphasizes the critical need to manage container dependencies [14]. The
application consists of individual, self-contained services that operate in their own processes
and communicate through a lightweight mechanism [14].

To mitigate the risk of a single instance becoming a bottleneck or a potential point of
failure [16], a load-balanced microservice scheduling system distributes requests for a specific
service across multiple instances of that service. Typically, a load balancer, positioned in front
of the service instances, achieves this distribution by directing incoming traffic to the least busy
instance [17]. The primary objective of load balancing is to optimize resource utilization, ena-
bling the system to handle increased traffic levels with minimal downtime or performance
slowdowns [18]. In microservices, load balancing plays a crucial role in maintaining uninter-
rupted services even if one or more components fail, utilizing failover [17]. This involves add-
ing and removing instances of applications in a balanced manner, preventing failures [19]. Nu-
merous research studies have aimed to improve Quality of Service (QoS) in Container Micro-
services through load balancing [20]. However, many of these studies have found existing
methods ineffective in enhancing user QoS as the methods often rely on queuing systems, lead-
ing to issues like increased network traffic, longer processing times, server overloads, and high
deployment costs [6,17,18,19,21]. This results in sudden load spikes, disrupting system balance
and degrading performance. While load balancing traditionally considers factors like traffic
and performance constraints, adjusting computational resources dynamically to optimize costs
based on load changes is also crucial [17]. Hence, applying load balancing strategies becomes
crucial for optimizing performance in such scenarios.

To address the challenges associated with load-balanced microservice scheduling systems,
we introduced a pioneering framework called CMLB. This framework is designed to optimize
server overloads, manage traffic spikes, and enhance the cost efficiency of microservices. We
developed a load balancing algorithm to determine the service deployment cost, improve reli-
ability, and ensure the availability of microservice applications. In our proposed system, the
allocation and management of resources for applications are decentralized and orchestrated by
the Master Load Balancer (MLB), operating through Local Load Balancers (LLB) on Micro-
service Controllers (MSCs). The MSCs play a vital role in decision-making related to resource
allocation, requesting resources for Execution Containers (ECs), monitoring task progress on
ECs, and overseeing the life cycle of ECs. Simultaneously, the ECs are responsible for execut-
ing assigned tasks, providing progress updates to the MSCs, and comparing their performance
against expected outcomes. The primary contributions of this paper are outlined as follows:

e Proposed a novel Container Microservice Load Balanced (CMLB) framework, designed
for deploying microservice-based applications with Docker, incorporating autonomous re-
source allocation on each controller in a distributed manner.

e Presented an OEPTA algorithm to optimize the cost, execution time, and scalability aspects
of microservice applications.

65



ITUM Engineering Journal, Vol. 26, No. 2, 2025
https://doi.org/10.31436/iiume;j.v26i2.3089

Rabiu et al.

e Implemented and evaluated the OEPTA algorithm's effectiveness, showcasing its capacity
to deliver positive outcomes regarding traffic spike management and server overload min-
imization.

The remaining sections of this paper are organized as follows: Section 2 presents a litera-
ture review on related works. Section 3 offers an overview of the methodology. Section 4 pre-
sents results and discussions. Section 5 provides a summary of the conclusion and outlines
future work. Table 1 highlights key processes, components, and challenges within the system.
Figure 1 summarizes the deployment of microservice applications with Docker Container,
while Figure 2 describes the elements of the cluster and introduces the concept of a Global
ResourceSpace. Figure 3 illustrates the workflow for application deployment and introduces
the Optimize EC Placement and Task Assignment Algorithm (OEPTA) for resource allocation
decisions. The presented frameworks aim to address the challenge of deploying and managing
microservice applications efficiently within clusters. The key problems include optimal re-
source allocation, load balancing, and timely task execution. The primary objectives are to
ensure minimal delays, maximize resource utilization, and maintain overall system perfor-
mance. The introduced OEPTA algorithm balances application demands, available resources,
and cluster configurations to make informed decisions for microservice deployment and exe-
cution. Table 1 lists the notations used in this section to aid understanding of the algorithm.

Table 1. Summary of the Notations used and their descriptions.

Notations Descriptions
Adr Application Deployment Request
MS Microservice
MSCs Microservice Controllers
ECs Execution Containers
PM Physical Machine
NP Set of physical nodes
A Set of applications needed to be deployed
G* Set of all clusters in which the application is deployed.
M Set of microservice M? for application G*
R%(w) Total resources available on PM 'i' for microservice 'u' in application 'a'.
CR*(u) Resource requirement of microservice 'u' in application 'a'.
CN™44(j a) | Cost associated with deploying application 'a' on physical machine (PM) 'i' in the cluster.
c° Cost of using resources
x(i,a,u) Resource usage of microservice 'u' in application 'a' on PM 'i'.
14(k,w) Processing time of task 'k' for microservice 'u' in application 'a’
1P(k,i) Predefined execution time requirement for task 'k' on PM 'i'.
I(k, i) Communication time between tasks on PM '1'.
RRP (i) Predefined resource requirement for cluster 'i'.
CP.s; Processing cost of the PM 'i'.
Ct(k) Cost of accessing the PM, which may depend on the microservice 'k'.
2. LITERATURE REVIEW

In recent years, an expanding body of research has focused on deploying and managing
microservice containers [17, 19, 20, 22]. The Microservices architecture has garnered signifi-
cant attention for its adaptability, cost-effectiveness, and scalability, leading large enterprises
to deploy microservices across diverse cloud locations [17, 20, 22]. Containers, known for their
lightweight nature compared to virtual machines, enable easy downloads and swift deploy-
ments [11,23]. Adopting a microservices architecture presents several advantages, including
reduced interdependence between services, faster recovery in the face of catastrophic events,
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and heightened reliability achieved by isolating the impact of failures to a small service seg-
ment [24]. However, as applications scale, challenges arise, notably in increased API calls.
This necessitates the implementation of effective load balancing solutions to manage API calls
across the architecture.

Contributing to this domain, [17] developed a microservices architecture utilizing Docker
containers to enhance scalability and elasticity in the cloud computing environment. Their ap-
proach aims to reduce deployment and operational costs while meeting service delay require-
ments. Expanding upon their work, our research enhances their framework by incorporating
additional parameters, including execution time, traffic spikes, and cost considerations. We
further augment the framework by distributing requests evenly across all PMs through a master
load balancer on the client side. This extension is designed to ensure Quality of Service (QoS)
for developers, responding to the growing demand for new software [25].

A key concern in container microservices cloud-based systems revolves around the intri-
cacies of load balancing. This process entails the equal distribution of workloads across servers
to forestall service failures, minimize response time, alleviate downtime, and safeguard against
data loss [17, 26, 27]. Effective load balancing is paramount for averting resource overload,
enhancing performance, handling unforeseen traffic spikes, curtailing response time, and opti-
mizing resource utilization [27]. In a correlated investigation, an inventive Load Balancing Ant
Colony Optimization (LBACO) algorithm was devised to distribute workloads throughout the
entire system, thereby reducing the makespan [21]. Meanwhile, [28] introduces a groundbreak-
ing approach to enhance performance and diminish latency by leveraging SmartNICs on edge
servers for middlebox processing. Their SmartL.B methodology deploys a load balancer and an
auto scaler entirely on the SmartNIC, resulting in judicious decisions and decreased CPU load.
Despite numerous existing methodologies for optimizing load balancing, container placement,
application deployment costs, operational costs, service failure, and traffic issues, many treat
these challenges as knapsack problems, often neglecting essential load balancing features.
Therefore, integrating these crucial features into our system will significantly enhance its over-
all performance.

3. METHODOLOGY

This section outlines the systematic scalability and cost optimization approach in the pro-
posed Load-Balanced Microservice Scheduling System. It details the overarching strategy for
developing and implementing the microservices framework with Docker containers and eval-
uates its performance. The methodology involves creating a simulation model, implementing
a novel scheduling algorithm, and thoroughly evaluating results based on predefined criteria.

3.1. System Model

To achieve a balanced distribution of requests across microservice instances, we defined
this process in a structured manner using our equations. These equations serve as a foundation
for the OEPTA algorithm, enabling it to make well-informed choices on resource distribution,
task delegation, and load equilibrium. The algorithm aims to minimize costs, ensure scalability,
and fulfill execution time criteria for deploying applications.

Our system model analyzes a physical network comprising a collection of Physical Ma-
chines (PMs). Each PM possesses finite physical resources, with our focus being on computa-
tional resources as a representative illustration of the resource allocation challenge. We assume
uniformity in capacity and pricing among the PMs. However, the PMs may install different
libraries in advance to support different microservices for applications.
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In the OEPTA algorithm, there are three equations used to guide the decision-making pro-
cess:

a. Cost

co x(i,a,u).CR%(u)

CN"Ode(i, a) = CP.s(i) + X Cl(k) + Yuema RA(w) (1)

Eq. (1) calculates the cost of deploying an application on a specific physical machine (PM)

in a cluster. It considers various factors such as the processing cost of the PM (CP.s(i)), the
cost of accessing the PM (C'(k)), and the cost of using resources on the PM (C°. %W).
By evaluating the cost for each PM in the cluster, the algorithm can select the PM with the

lowest cost for the given application.
b. Scalability

YGaea ZuEMama;;)—.(C:;Ol) < RRP(i),Vi € NP (2)

Eq. (2) is the scalability equation, which assesses the overall resource utilization across all
x(i,a,u).CR%(u) for each

R%(u)
microservice) u in the application across all clusters (G%) and compares it to a predefined re-
source requirement (RRP (i)). The algorithm proceeds to the next step if the total resource uti-
lization meets the scalability requirement. Otherwise, it revisits the allocation and assignment
process for better resource utilization.

clusters for a specific application. It calculates the ratio of resource usage

c¢. Execution Time

Bgoen "KL 1 iy < 19k, i), Vi € NP, u € MO 3)

Eq. (3) evaluates the expected execution time for each task (u) of an application on a spe-
cific PM; . It considers the processing time for the task on the PM (1*(k,u) and the communi-
cation time between tasks (I(k, i)). The equation sets a constraint (< [P (k, i)) on the execution
time, ensuring that the execution time for each task meets the predefined requirement. If the
execution time constraint is satisfied for all tasks, the deployment is considered successful.

Otherwise, the algorithm revisits the allocation and assignment process to optimize task exe-
cution time.

These equations help the OEPTA algorithm make informed decisions regarding resource
allocation, task assignment, and load balancing, aiming to minimize costs, ensure scalability,
and meet application deployment execution time requirements.

3.2. A Framework for Deploying Cloud-Based Microservice Container Applications with
Docker

This section introduces an adapted Container Microservice Load Balanced (CMLB)
framework that integrates the innovative OEPTA algorithm. This framework aims to improve
the performance of microservice-based applications deployed on Docker in cloud environ-
ments. The system uses microservices on ECs to process application requests within a frame-
work. Resource allocation and application management are decentralized, with Registry and
Service Discovery coordinating the process through a Load balancer on MSCs. The MSCs are
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responsible for making decisions on resource allocation, requesting resources for ECs, moni-
toring task progress on ECs, and managing the life cycle of ECs. Once a task is complete, the
EC reports back to the MSC on the progress compared to what was expected.

Fig. 1 shows the deployment of microservice applications with Docker containers. The
process begins with the user sending an application deployment request (Adr1) to the gateway.
The gateway then sends the request to the registry and Service Discovery (RSD) system, which
registers and assigns the request to the first cluster in the resource table (since the cluster place-
ment is done automatically, with a priority given to the least busy). Once the cluster receives
the registration request, the load balancer is notified and will register and update the status of
the microservices controllers and execution containers to execute the job. If more resources are
needed, the load balancer will select the best candidate for the available cluster resource status
in the global resourcespace to avoid delays or traffic. When a resource is picked from the global
resourcespace, it disappears, and the following available resource is released for use. While the
load balancer manages jobs, the other jobs in the queue will be assigned to subsequent clusters
that are available concurrently, following the same process.

Global ResourceSpace |

Cluster Container Status | j
e [P Tl pytho —
.

Load Load
Balancer Balancer

Docker Container e
Allocation K

Registry and Service
Discovery System

Internet

:.!.Ef?' >:§

Figure 1. Framework for deploying microservice applications with Docker containers

Fig. 2 illustrates the main components of PM in a Cluster. Each PM within the cluster has
a host operating system that runs Docker. This Docker engine is responsible for maintaining
the container's operating environment, embedding containers, and isolating containers operat-
ing on the same PM. The Registry and Service Discovery system that registers and directs
requests to the PM is also introduced. Each PM includes a load balancer that registers and
updates the status of the MSCs and ECs operating on that PM. Furthermore, a Global Re-
sourceSpace is introduced, allowing for the scaling up or down of the resources if needed.

The workflow of deploying the application deployment requests is illustrated in Figure 3.
When an application request is sent to the registry and service discovery system, the registry
and Service Discovery (RSD) system will register and assign the request to the load balancer
to manage the microservice controllers and execution containers in the physical machine within
the clusters. If more resources are needed, the load balancer will select the best candidate from
the available global resourcespace to avoid delays or traffic. When a resource is selected from
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the global resourcespace, it disappears, and the following available resource is released from
the cluster. While the load balancer manages cluster one, the other jobs in the queue will be
assigned to subsequent clusters that are available concurrently, following the same process.
Based on the application's requirements and available resources on PMs in the clusters, the
load balancer makes resource allocation decisions using the proposed Optimize EC Placement
and Task Assignment Algorithm (OEPTA).

1
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Cluster Cluster,, =d Cloud
Physical Machine, Physical Machine,,
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Figure 2. Components of physical machines (PMjy, ..., PM;) in the clusters embed
microservice controllers and execution containers.
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Figure 3. Workflow for deploying the application deployment requests.

3.3. Develop a Simulation Model and Implement the Proposed Algorithm.

This section outlines the overall design of the cloud-based container microservices frame-
work and the specific implementation of the microservices function. The simulation model is
established following the previously mentioned methodology. To assess the efficiency of the
suggested algorithm, Netflix, Spring Boot, and Spring Cloud are employed as microservice
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implementations and communication simulation tools. To address the scalable distributed-sys-
tems problems, the registry and service discovery system, load balancer, and global resource
space have all been utilized, resulting in practical solutions for scheduling requests. The design
framework is anticipated to boost the performance of the CBCM system.

3.3.1. Algorithm Implementation

A comparison of the algorithms under consideration reveals some of their strengths and
weaknesses. All of the algorithms are effective at resolving microservice scheduling issues [24,
26, 27]Although they are time-consuming and have a slow convergence speed for solving com-
plex scheduling problems, the algorithms have been modified to address more specific issues
such as cost, server overload, traffic spikes, and performance issues.

The OEPTA (Optimized Executive Containers Placement Task Assignment) algorithm
optimizes the placement and assignment of executive containers in a distributed computing
environment. It initializes variables and data structures, sets up clusters and physical machines,
and receives application deployment requests. The algorithm registers and assigns requests,
calculates costs for each physical machine, and selects the best candidate based on cost and
other factors. Tasks are assigned to the selected machine, and load balancing is performed. A
scalability check ensures resource utilization meets requirements, and execution time is calcu-
lated for each task. The system is updated by releasing resources, marking them as unavailable,
and updating load balancing. The process is repeated for the remaining deployment requests.
Overall, OEPTA aims to achieve efficient task execution through optimized placement and
assignment of executive containers.

Algorithm: (Optimized Executive Containers Placement Task Assignment)
Input: User Application deployment requests [Adr|1,Adr2, ...Adrn,]
Output: min{NT, Cost, Overloading}
1: Initialization:
2: Initialize necessary variables, data structures, and parameters.

Set up the clusters and their associated physical machines PMs.

Set up the global resourcespace.

: For each application deployment request Adr; in [Adr|1,Adr2_ Adrn_]:

3
4
5
6: Application Deployment Request:
7 Receive Adr; and its associated parameters.

8: Register and Assign Request:

9 Send Adr; to the registry and service discovery system (RSD).
10:  RSD registers and assigns Adr; to the load balancer (LB).

11: Resource Allocation and Task Assignment:

12:  Calculate the cost for each PM in the cluster for Adr; using Eq. 1:

30 CN™%(i,a) = CP.5(0) + T C1(K) + Zyeya €0 X2
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14: Select the best candidate from the available resources in the global resourcespace,
considering cost and other factors.

15: Assign Adr;'s tasks to the selected PM, updating the resource allocation.

16: Release the next available resource from the cluster's resource pool.

17: Cluster Management and Load Balancing:

18:  Manage the microservice controllers and execution containers on the assigned PM.

19:  If there are other jobs in the queue, assign them to subsequent clusters that are
available concurrently, following the same process.

20: Scalability Check:

21: Calculate the total resource utilization across all clusters for Adr(i) using Eq. 2:
i a
22: Ygeen ZuEMa%w < RRP(i),Vi € N?

23:  If'the condition in Eq. 2 is satisfied, proceed to the next step. Otherwise, revisit the
allocation and assignment process.

24: Execution Time Calculation:

25: Calculate the execution time for each task on the assigned PM using Eq. 3:

26: ZG“EA

1%(ku).x(i,au)

_ ; P(k i) Vi P a
R I(k,i) <IP(k,i),ViE NP\, ueM

27: If the condition in Eq. 3 is satisfied for all tasks, the deployment is successful.
Otherwise, revisit the allocation and assignment process.

28: Update the System:

29:  Release the assigned resources from the cluster and update the global resourcespace
accordingly.

30:  Mark the assigned resources as unavailable in the cluster.
31:  Update the load balancer and cluster management for the released resources.

32: Repeat the process for the remaining application deployment requests in the queue.

3.3.2. Algorithm Description

As shown in the algorithm, Steps 1 to 5 involve initializing necessary variables, data struc-
tures, and parameters required for the algorithm. Includes setting up the clusters and their as-
sociated physical machines (PM) and establishing the global resource space. Step 6 is the Ap-
plication Deployment Request. The algorithm receives an application deployment request and
associated parameters in these steps. The request contains information about the application
that needs to be deployed. Steps 8-10 are the Register and Assign Request. The algorithm sends
the deployment request to the registry and service discovery system (RSD) for registration and
assignment in these steps. The RSD registers the request and assigns it to the load balancer,
which handles the distribution of tasks. Steps 11-16, Resource Allocation and Task Assign-
ment; These steps involve calculating the cost for each PM in the cluster for the given applica-
tion using the cost equation (Eq. 1). The algorithm selects the best candidate PM from the
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available resources in the global resource space based on factors like cost and other consider-
ations. And the application's tasks are then assigned to the selected PM, and the resource allo-
cation is updated. The following available resource is also released from the cluster's resource
pool. Steps 17-19, Cluster Management and Load Balancing; In these steps, the algorithm man-
ages the microservice controllers and execution containers on the assigned PM. If there are
other jobs in the queue, the algorithm assigns them to subsequent clusters that are available
concurrently, following the same process. Steps 20-23, Scalability Check; The algorithm cal-
culates the total resource utilization across all clusters for the assigned application using the
scalability equation (Eq. 2). It checks if the resource utilization meets the predefined scalability
requirement RRP® for all clusters. If the condition is satisfied, the algorithm proceeds to the
next step. Otherwise, it revisits the allocation and assignment process to optimize resource
utilization. Steps 24-27, Execution Time Calculation; These steps involve calculating the exe-
cution time for each task on the assigned PM using the execution time equation (Eq. 3). The
algorithm considers the processing time for the task and the communication time between
tasks. It checks if the execution time constraint is satisfied for all functions. If yes, the deploy-
ment is considered successful. Otherwise, the algorithm revisits the allocation and assignment
process to optimize task execution time. Steps 28-31, Update the System; Once the deployment
is successful, this step involves releasing the assigned resources from the cluster and updating
the global resource space accordingly. The assigned resources are marked as unavailable in the
cluster, and the load balancer and cluster management are updated for the released resources.
Step 32, Repeat for Remaining Deployment Requests: The algorithm repeats the process for
the remaining application deployment requests in the queue. It continues deploying applica-
tions and optimizing resource allocation until all requests have been processed.

Overall, the OEPTA algorithm performs a systematic and optimized placement and as-
signment of application tasks on available physical machines in clusters, considering cost,
scalability, and execution time requirements. It aims to efficiently utilize resources and ensure
the successful and optimized deployment of applications.

3.4. Evaluation

Through trace-driven simulation studies, we evaluate the performance of our OEPTA al-
gorithm in various contexts. All evaluations are based on actual Google Cluster Traces. In var-
ious aspects, we compare the OEPTA algorithm to four strategies implemented in our paper,
including EPTA, Spread, Binpack, and Random. The allocation and management of resources
for applications are decentralized and performed by the load balancer on MSCs via the registry
and service discovery system. An MSC decides on resource allocation, requests resources for
ECs, monitors task status on ECs, and manages the life cycle of ECs. ECs complete the as-
signed tasks and report to the MSC on the status of their task execution in comparison to the
expected progress. We evaluate and compare the performance of our microservice by creating
job requests at random using non-load balancing and load balancing methods to display the
execution time that results from the system's random distribution.

3.4.1. Load Balanced Vs Non-Load Balanced

Load-balanced microservice scheduling systems improve scalability, availability, and re-
silience, but add complexity and infrastructure. Non-load-balanced systems are less compli-
cated, but they can introduce a single point of failure and do not provide the same level of
scalability and resilience [30]. The choice between the two approaches will be determined by
the system's specific needs and the acceptable trade-offs between complexity and availability.
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We first evaluate our algorithms randomly using non-load-balancing methods, then with a load-
balancing system, to examine the algorithm's behavior in both cases.
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Figure 4. Microservice Non-load Balanced execution time with varied number of jobs.
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Figure 5. Microservice Load-balanced execution time with a varied number of jobs.

Fig. 4 shows the non-load-balanced algorithm used to test the number of microservices
jobs against the execution time to see how the system behaved and changed compared to the
load-balanced algorithm in Fig. 5.

Fig. 6 depicts the difference between non-load-balanced and load-balanced microservice
job execution. We compared the number of microservices against the execution time of each
microservice to see how the CBCM system behaved when load-balanced or not. Based on the
figures above, load and non-load balancing are two distinct approaches to scheduling micro-
services in a distributed system. It also shows that we require a load balancing system to reduce
application deployment costs and execution time.
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Figure 6. Microservice Load Balanced Vs Non-Load Balanced execution time with
varied microservice

3.4.2. On the Number of Scaled Microservices

We assumed we had 200 microservices and used only 150 microservices (Active). The
inactive will be pushed to cache load balancing as shown in Fig. 3. In case the computing
resource requests overload the active microservices and have high traffic, then the system will
up-scale from the cache memory (inactive) automatically. The higher the number of micro-
services available, the higher the active nodes. Our OEPTA algorithm's number of scaled mi-
croservices is being compared to four strategies. We looked at the active rate in the network
and the total number of active microservices, while the number of available microservices
ranges from 60 to 140. Fig. 7 demonstrates that OEPTA outperforms other algorithms regard-
ing microservice scalability, whereas Spread is the most expensive. The expenses associated
with deploying applications using the three Docker swarm strategies are somewhere between
those of OEPTA and EPTA. When the number of scaled microservices increases from 60 to
140, the total number of active microservices used by OEPTA decreases slightly. With more
microservices available, finding a better PM to handle requests becomes more difficult. How-
ever, as illustrated in the figure, the number of scaled microservices used by other strategies
and algorithms increases since they occupy more microservices.
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Fig. 7. Number of scaled microservices with a varied number of active microservices
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3.4.3. On the Number Application Deployment Cost

Fig. 8 shows the costs of deploying applications using five strategies and algorithms. The
data reveals that OEPTA has the lowest cost, while ETPA has a considerably higher cost.
Binpack has the lowest deployment cost among the three Docker Swarm strategies, while
spread has the highest. This is because Binpack places microservices from the same application
on the same physical machine, whereas Spread and Random distribute microservices across
the network for load balancing. As a result, Binpack reduces the communication costs between
microservices. The data in the figure indicates that OEPTA outperforms other algorithms in
terms of total deployment cost, whereas Optimal-VM has the highest deployment cost. The
application deployment costs of the three Docker Swarm strategies fall between those of
OEPTA and EPTA. As the number of microservices increases from 60 to 140, the total deploy-
ment costs of OEPTA slightly decrease. This is because a larger pool of microservices increases
the likelihood of finding a better microservice to place. Conversely, the total deployment costs
of other strategies and algorithms increase because they utilize more microservices.
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Figure 8. Average application deployment cost with a varied number of microservices.

3.4.4. On the number of Execution time

As depicted in Fig. 9, utilizing the linear programming (LP) solver causes a rise in the
execution time of EPTA and Optimal-VM as the number of microservices within an application
grows. To improve performance, we have devised a specialized solver customized to their
problem and replacing the typical LP solver used in the EPTA algorithm. This new solver is
controlled by a load balancer, resulting in optimized execution time. Fig. 9 compares the exe-
cution times of the five strategies and algorithms. The figure indicates that as the number of
microservices grows, Optimal-VM and EPTA algorithms exhibit slightly better performance
than OEPTA. Among the four, Spread has the shortest execution time. Interestingly, as the
execution time increases from 0.2 to 2.0, the total number of microservices in OEPTA de-
creases compared to the other algorithms. This is because Optimal-VM and EPTA employ
linear problems and the LP solver. However, OEPTA incrementally expands the search area
instead of taking the entire physical network as input, resulting in a time complexity that does
not exponentially increase as the network scales.
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Figure 9. Average execution time with a varied number of microservices.

The paper employs a benchmarking approach to evaluate the proposed methodology
against four Docker Swarm strategies and a Hypervisor-based VM embedding algorithm. It
emphasizes state-of-the-art results in container microservice cloud-based systems, covering
deployment costs, scaled microservices, and execution time (Wan et al. 2018). Detailed com-
parisons with a VM placement algorithm and three Docker Swarm strategies, utilizing real data
traces, validate the proposed schemes. The paper explores strategies and algorithms, assessing
deployment costs and overall performance. The OEPTA algorithm outperforms EPTA and
other strategies in deployment cost, scaled microservices, and execution time, as shown in Ta-
ble 2.

Table 2. Algorithm Comparison Results

Algorithms Microservice Scalability Deployment Cost Execution Time
Outperforming EPTA It demonstrates the lowest Den?onst’rates competitive ex-
. cost compared to all strate- ecution time performance,
slightly decreased as the to- ) . o
. . gies. Deployment costs de- showcasing optimized execu-
OEPTA tal number of active micro- . . L
S . crease slightly with more tion time and successful de-
services increased (see Fig- ) . . . .
ure 7) microservices (refer to Fig- ploymgnt with efﬁcu.int task
) ure 8). execution (refer to Figure 9).
It demonstrates higher execu-
Demonstrates higher micro- | It is considered to have a tion tlme.,.wh}ch 1 attr.lbuted
. e . to the utilization of a linear
EPTA service scalability costs than | higher deployment cost than programming (LP) solver
OEPTA (refer to Figure 7). OEPTA (refer to Figure 9). compared to OEPTA (refer to
Figure 9).
Demonstrates the highest
microservice scalability Deploys linear problems and
among the three strategies Proven to have the highest an LP solver, causing an esca-
(Binpack, EPTA, and total deployment cost; how- | lation in execution time with
. OEPTA), but is still lower ever, OEPTA surpasses the growing number of micro-
Optimal-VM Lo . - .
than spread. Consequently, other strategies, including services, demonstrating
the number of active micro- | Optimal-VM (refer to Figure | slightly inferior performance
services in the OEPTA algo- | 8). compared to OEPTA (see Fig-
rithm surpasses all four strat- ure 9).
egies (refer to Figure 7).
Compared to EPTA and Demonstrates optimization It exhibits the shortest execu-
Binpack OEPTA strategies, more of deployment costs by con- | tion time compared to EPTA
scaled microservices with solidating microservices and Optimal-VM strategies
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varying active microservices
were demonstrated. Never-
theless, it exhibits lower
scalability than the Optimal-
VM and Spread strategies
(see Figure 7).

from the same application on
the same physical machine,
leading to a lower deploy-
ment cost than Spread and
Optimal-VM but higher than
OEPTA (see Figure 8).

while displaying higher execu-
tion time than Spread and
OEPTA (see Figure 9).

Spread

It demonstrates higher mi-
croservices scalability
among all four strategies
(see Figure 7). It distributes
microservices across the net-
work for load balancing, in-
creasing deployment costs
between microservices.

Compared to Binpack,
higher deployment costs are
the highest among the three
Docker Swarm strategies
(see Figure 8).

Demonstrates the shortest exe-
cution time compared to
Binpack, EPTA, and Optimal-
VM, whereas OEPTA
emerges as the shortest among
these compared to Spread (see
Figure 9).

Table 2 presents a comparison with Wan et al. (2018), illustrating that our newly developed
optimized algorithm (OEPTA) surpasses the adapted (EPTA) algorithm in terms of micro-
service scalability, deployment cost, and execution time. This highlights the efficacy of the
OEPTA algorithm, emphasizing its superior scalability, optimized execution time, and suc-
cessful deployment for efficient executional tasks, surpassing other strategies and algorithms
in this domain.

4. CONCLUSION AND FUTURE WORK

We developed the OEPTA algorithm and a cutting-edge framework that minimizes the
cost of deploying microservice applications while addressing the issue of load-balanced micro-
service scheduling systems. We use load balancing tools and libraries to describe our frame-
work thoroughly, and we described our improvement in terms of pertinent metrics like execu-
tion time, application deployment cost, and scalability. We created a load balancing algorithm
for container microservice scheduling optimization to ascertain the service deployment cost,
reliability, and availability of the microservice application. The distribution and control of re-
sources for applications occur in a decentralized manner. By conducting a comparative analy-
sis, we confirmed the effectiveness of the proposed strategies. We found that the OEPTA al-
gorithm delivered good results in terms of optimizing costs, traffic spikes, and server overload.
These measures can effectively balance user requests for deploying applications and enhance
the performance of the cloud-based container microservice system. In future work, we will
incorporate load balancing and auto-scaling features by leveraging a multi-objective algorithm.
This approach will consider additional optimization objectives, including latency and CPU uti-
lization. By doing so, we aim to address more refined challenges and enhance the overall per-
formance of container-based microservice cloud systems, ultimately improving users' quality
of service (QoS).
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ABSTRACT: One of the cheapest ways to improve photovoltaic (PV) systems is to create
LCPYV systems with polycrystalline silicon solar cells, which require less cost and have high
optical efficiency. Additional reflective mirrors were added to improve the optical efficiency
of the low concentrating photovoltaic (LCPV) system based on a Fresnel lens. Pi-shaped
LCPV cells were obtained and compared with an ordinary LCPV based on a Fresnel lens. The
proposed LCPV shows high optical efficiency even at 50 mm of cell-lens distance, while the
ordinary LCPV presents a maximum of 30% of optical efficiency. The concentration ratio of
8 suns can be achieved at 150 mm of cell-lens distance at the range +20° of the incidence
angle. When the cell-lens distance is 100 mm or 125 mm, the optical efficiency is more than
80%, and the concentration ratio (CR) is more than 2 suns at the range of incidence angle
+25°. The proposed LCPV design helps to work the system at +25° without the help of a solar
tracking system. Hence, when developing the LCPV system, increasing the acceptance angle
might reduce the work of solar tracking systems and the tracking errors. Good irradiance
uniformity can be achieved, and the acceptance angle can be increased.

ABSTRAK: Salah satu cara termurah bagi menambah baik sistem fotovoltaik (PV) adalah
dengan mencipta sistem LCPV menggunakan sel solar silikon polihabluran, di mana kos lebih
rendah dan kecekapan optik tinggi. Bagi meningkatkan kecekapan optik fotovoltaik rendah
tumpuan (LCPV) berasaskan kanta Fresnel, cermin pantulan tambahan diperlukan dan bentuk
Pi LCPV diperolehi dan dibanding dengan LCPV biasa berasaskan kanta Fresnel. LCPV yang
dicadangkan ini menunjukkan kecekapan optik tinggi walau pada jarak 50 mm antara sel dan
kanta, manakala LCPV biasa mencapai kecekapan optik maksimum sebanyak 30%. Nisbah
tumpuan sebanyak 8 kali pencahayaan matahari dapat dicapai pada jarak 150 mm antara sel
dan kanta dalam julat sudut kejadian £20°. Apabila jarak antara sel dan kanta sebanyak 100 -
125 mm, kecekapan optik adalah melebihi 80% dan nisbah tumpuan (CR) melebihi 2
pencahayaan matahari dalam julat sudut kejadian +25°. LCPV yang dicadangkan ini dapat
membantu sistem beroperasi pada julat sudut £25° tanpa bantuan sistem penjejak suria. Oleh
itu, dengan meningkatkan sudut penerimaan sistem LCPV semasa mencipta sistem, ini
berkemungkinan mengurangkan keperluan sistem penjejak suria dan mengurangkan ralat
penjejak, mencapai taburan pencahayaan seragam, serta meningkatkan sudut penerimaan
secara keseluruhan.

KEY WORDS: LCPV, Optical efficiency, Fresnel lens, Concentration ratio, Incidence
angle
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1. INTRODUCTION

Solar energy is becoming significantly crucial among renewable sources due to its low
price and affordability [1, 2]. However, the electrical efficiency of photovoltaic systems today
is insufficient to switch to green energy massively, and high-efficiency solar panels are
expensive [3]. Researchers are working on increasing the generated energy by PV panels.
Several factors affect the performance of PV efficiency, and they are increasing the amount of
incident sunlight, cooling the solar cells, and using solar cells with high efficiency [4, 5]. The
solar cell's temperature is reduced by applying a cooling system [6]. Using high-efficiency
multi-junction solar cells is more expensive and requires a high-precision solar tracking system.
There are many types of solar cells [7], and about 90% of the solar cells worldwide are
crystalline silicon solar cells [8]. It is considered that one of the cheapest solar cells is
polycrystalline silicon solar cells [9]. However, increasing the solar cells' generated energy is
a significant task, and several methods exist to solve the problem.

One of the practical methods to increase the incident solar radiation is using solar
concentrator optics [10]. Many optical designs for solar concentrators might use mirrors,
lenses, and other reflective or refractive optical elements. The paper [11] improved the PV
panel efficiency using three mirrors and a cooling system. It proved that the efficiency of solar
cells is greatly affected by the amount of solar irradiance. The work [12] modeled the
performance of a V-trough concentrating system with a dual-axis solar tracking system. As a
result, the overall energy output was increased by 86%, with contributions to both tracking
(25%) and concentration (50%). It shows that applying a concentrating optical element
improves the system's performance.

According to the concentrating degree, current concentrating photovoltaic (CPV) cells are
divided into low, medium, and high CPV cells [13]. Optical elements of high-concentration
photovoltaic (HCPV) systems concentrate sunlight into one small point to achieve a higher
concentration ratio (more than 300 suns), which leads to the use of small solar cells, such as
multi-junction solar cells, which are not affordable. Low concentrating photovoltaic (LCPV)
and medium concentrating photovoltaic (MCPV) systems can be designed with cheaper silicon
solar cells [14]. LCPV systems benefit from their simplicity and affordability.

Low concentrating photovoltaic (LCPV) systems, which have a 1:10 concentration ratio,
are considered simple in optics, can be made with affordable materials, and do not require a
high-accuracy solar tracking system. Currently known LCPV optics [15] are V-trough [16],
parabolic concentrators [17], cylindrical troughs, and linear Fresnel reflectors [18]. The paper
[19] has designed a 7-sun low-concentration CPV system based on compound parabolic
concentrators. The work [20] showed that 2x V-Trough LCPV with a seasonal tracking system
can generate 44% higher energy output than a flat PV panel. Much research has been done on
low-concentration photovoltaic systems with different designs of concentrating elements [21,
22].

One of the concentrating elements for LCPV is Fresnel lenses, and today, some work is
being done on improving LCPVs based on Fresnel lenses. The works [23, 24] showed that
when using a Fresnel lens as a concentrator for polycrystalline solar cells, it is possible to get
an LCPV panel that can generate 27% more energy than a non-concentrated silicon solar panel.
It is certain that when using a Fresnel lens, the hot spot occurs in the center of the solar cell,
which degrades its reliability and conversion efficiency. To mitigate damage caused by hot
spots and enhance the acceptance angle, Fresnel concentrators typically incorporate an
additional concentrator called a secondary optical element (SOE). This integration aims to
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improve the acceptance angle and achieve a more uniform energy distribution, thereby
addressing hot spots and ensuring efficient sunlight concentration [25].

Another paper [26] presented a complete optical modeling to improve the simulation of an
ordinary Fresnel lens with a refractive secondary optical element (SOE) and found that the
pyramid has high optical efficiency and a more uniform irradiance distribution. The CPC has
a large acceptance angle but shows the least uniformity. However, most of the work is done for
HCPV systems with multi-junction solar cells, and those systems need a solar tracker because
they cannot work at high incidence angles [27]. Their optical efficiency is 90% up to an incident
angle of 0.4°, then reduced to 80% at 0.6°, and then to 10% at 1° [28]. This work will use
polycrystalline silicon solar cells, which are several times cheaper than multi-junction solar
cells. Reflective surfaces will be used as additional optical elements.

Increasing the acceptance angle refers to the ability of the concentrator to capture sunlight
from a wider range of incidence angles [29]. The problem is that when the incidence angle
increases, the sunlight flux on the solar cell decreases, reducing the number of photons on the
solar cell and the output current of the cell array. To overcome the problem, a solar tracking
system is usually applied, and the concentrating PV systems will be oriented to the Sun.
However, the solar tracking systems require external power consumption, affecting system
costs. Therefore, we propose reducing the work of solar tracking by concentrating optics. To
do this, optimal parameters of the optical system must be found. This work proposes a design
of LCPV based on a Fresnel lens and Pi-shaped reflective surfaces with nine silicon solar cells,
which can reduce the work of a solar tracking system at a specific range of incidence angles.
The optimum distance between the lens and the solar cell is significantly affected by the
relation between the concentrating optics and the solar cell [30]. The proposed system is
compared with an LCPV with only a Fresnel lens without mirrors and a single solar cell. The
novelty of the work is to increase the optical efficiency and widen the incidence angle of
ordinary Fresnel-based LCPV using reflective mirrors. One of the study's aims is to identify
the optimal cell-lens distance and calculate the optical efficiency at different incident angles.
Due to the proposed design, the low-concentration optical system can show good optical
performance at higher incidence angles.

2. METHODOLOGY

The solar cell and the optics must be compatible within the module [30]. The solar cell
used in this work is a polycrystalline silicon solar cell. The commercial silicon solar cells are
used under a concentration from 2 suns to 10 suns, as the electrical performance of a
polycrystalline silicon solar cell is limited by the recombination losses, which limit the open-
circuit voltages. The losses increase proportionately at higher illumination [31]. Our previous
works [23, 24] proved that a polycrystalline silicon solar cell can work with a Fresnel lens at
an optimal distance shown in Figure 1(a) and convert 27% more electrical energy than a non-
concentrated solar cell. In this work, the modified structure of the system is proposed.

Figure 1 (b) shows this work's proposed Pi-shape LCPV design. It consists of a Fresnel
lens and four (4) reflective surfaces. The LCPV system has nine (9) solar cells, which can help
harvest more sunlight from inclined rays compared to a single solar cell at wider incidence
angles.
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Figure 1. (a) A solar cell with a Fresnel lens, (b) the Pi-shape system based on a Fresnel
lens and a reflective surface with nine solar cells.

LCPV systems with concentrating optical systems based on Fresnel lenses require a solar
tracking system because Fresnel lenses have a point focus. This means that the systems cannot
work from a wider angle of incidence. The concentrated sunlight spot is to the side of the solar
cell; therefore, adding additional solar cells around the main solar cell helps prevent the
concentrated sunlight at high incidence angles. The cost of polycrystalline solar cells is not
expensive; therefore, using nine solar cells instead of one doesn’t affect the total cost of the
system much, since using a single solar cell with a Fresnel lens requires a high-accuracy solar
tracking system, which costs more than fixed solar panels [32].

Moreover, reflective mirrors do not show chromatic aberration, and high optical
efficiencies can be achieved [33]. Therefore, reflective surfaces redirect the shifted sunlight
flux to the solar cells. The size of the reflective mirrors depends on the cell-lens distance of the
system.

COMSOL Multiphysics is used in simulation to assess the proposed system. The
geometrical parameters of the system used in COMSOL Multiphysics are presented in Table
1.

Table 1. Parameters of the LCPV system

Types of Vehicle Value
Size of the Fresnel lens, mm? 150x150
Reflective index of the mirror 1
Size of the Solar cell, mm? 50x50

The simulation illuminated the CPV system under a DNI of 1000 W/m2. A 50%50 mm
polycrystalline silicon solar cell is used. The size of the Fresnel lens was 150x150 mm, and the
optimal size of reflective surfaces had to be found depending on the system's optical
performance at different cell-lens distances. To simulate the model, 5776 rays were set to
produce the results. The ray-tracing method was used to simulate and optimize lenses and
reflectors.

Figure 2 presents the work process in COMSOL Multiphysics as a block diagram. In this
work, a ray tracing simulation was conducted using the Geometrical Optics module of the
COMSOL Multiphysics software package. In the Geometrical Optics module, electromagnetic
waves are treated as rays, and ordinary differential systems are solved, determining each ray's
location and wave vector for individual parts of the 3-D model.
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The boundary conditions for the simulation were: 1) for the Fresnel lens, it was a refractive
interface that allows light refraction and focusing and works according to Snell’s Law; 2)
mirror reflection was used for reflective mirrors, and the purpose was to reflect rays toward the
cells; 3) an absorbing surface was used for detectors to capture the rays. Moreover, a steady-
state method was used for ray-tracing simulations, which does not include any dynamic
changes in optical properties. Ray tracing uses numerical calculations to model and is
performed by solving Hamilton's equations.

Geometrical modeling

|

Physical Parameters:
Geometrical Optics

!

Mesh Generation

!

Compute Solution:
Ray Tracing

!

Post-Processing and
Visualization

S
—

Figure 2. Block diagram of COMSOL Multiphysics.

To evaluate optical performance, the optical system is tested at different incidence angles,
cell-lens distances, and geometrical parameters [34]. Finding optimal optical efficiency and
concentration ratio at different incidence angles is a significant task; therefore, to fully
characterize a given optical system, it is necessary to assess optical efficiency and
concentration ratio parameters. The optical efficiency 7,,, of a lens can be defined as the ratio
of radiant power at its input aperture P;,, which reaches its output P,,; or, in our case, the ratio
of the number of entered rays to the number of incident rays on the surface of the solar cells
[33].

Nop = Pin _ Nent (1)

Pout Nexit

The geometrical concentration ratio is defined as the ratio of the input area A;,, (in our
case, the area evaluated at the lens's input aperture) to the output area A,,; (i.e., the area
evaluated at the receiver area) [34].

_ Ain
Cg

2

The optical concentration ratio of the system is calculated by the following equation and
is measured with the sun:

Aout

CR =1op - Cy (3)
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The optical parameters of the optical system will be calculated and analyzed using Egs.

(D-(3).
3. RESULTS AND DISCUSSION

3.1. Results

Simultaneously, simulations in COMSOL Multiphysics for both systems were conducted
to evaluate the proposed LCPV system and compare it with an ordinary LCPV with just a
Fresnel lens. The results from the ray tracing simulation were plotted, as shown in Figure 3.

The incidence angle of the rays was zero degrees in this simulation. The results show that
if the rays are perpendicular to the Fresnel lens surface with reflective mirrors, the central solar
cell receives more concentrated sunlight as the cell-lens distance increases. The length of the
light spot increases by decreasing the cell-lens distance. In the simulation, the results of an
ordinary LCPV with only a Fresnel lens show that some rays are not concentrated. In contrast,
in the proposed system, the rays are concentrated and shaped rectangularly due to reflective
mirrors. The proposed LCPV system can collect all rays perpendicularly and at some incidence
angles. Figure 4(e) shows that the Fresnel lens at 150 mm from the solar cell increases the solar
radiation from 1000 W/m? to 3000 W/m?. It means the optical concentrator can help to increase
the sunlight power 3 times compared to without the concentrating element, since the proposed
concentrating system gathers sunlight from a larger area and directs it to a smaller solar cell
surface.
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Figure 3. Ray trajectories at different cell-lens distances of ordinary optical systems
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Figure 4. Ray trajectories at different cell-lens distances of the proposed LCPV design.

As the Fresnel lens has a point focus, the sunlight is concentrated more on the central part
of the solar cells. Figure 5 shows the distribution of incident sunlight flux on the surface of
solar cell arrays at a zero incidence angle. When the Fresnel lens is closer to the array, the
sunlight is concentrated on the central solar cell and the other eight solar cells. The closer to
the center, the more optical efficiency they gain. Solar radiation is mostly concentrated on the
central solar cell at 150 mm (Figure 5 (a)) since the optical efficiency of the central solar cell
is higher than that of the other solar cells. At 125 mm (Figure 5 (b)), the optical efficiency of
the central solar cell is still much higher than that of the other cells, but lower than at 150 mm.
At 100, 75, and 50 mm, the optical efficiency of the four solar cells around the central one is
higher than that of the four solar cells at the four corners of the module (Figure 5 (c, d, e)).
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Figure 5. Optical efficiency in the area of nine solar cells at different cell-lens
distances.

As the solar cell is located at the center of the Fresnel lens, there is always high optical
efficiency at a zero incidence angle. Both ordinary and proposed systems were simulated at a
range of £35° of the incidence angle. In Figure 6a, it can be seen that the LCPV with an ordinary
design has approximately 90% optical efficiency at only a zero incidence angle, and when the
incidence angle is £ 5°, the optical efficiency falls to 60% at 150 mm cell-lens distance.
Moreover, at other cell-lens distances and incidence angles, the optical efficiency is very low.
The proposed LCPV design shows good optical performance at wider incidence angles (Figure

6 (b)).

Increasing the cell-lens distance decreases the width of the concentrated light spot. When
the incidence angle increases, there is a significant increase in optical efficiency from
approximately 95% to 99% (Figure 6 (b)), which means redirecting rays using reflective
mirrors can improve the optical efficiency at a certain range of incidence angles. The optical
system has a range of incidence angles for which the optical efficiency of the optical system is
higher than in the case of a zero incidence angle. For nonzero incidence angles, the incoming
sunlight undergoes side reflections, which increase the chances of light being redirected

towards the solar cells, meaning that the reflective mirrors help trap more sunlight, reducing
optical losses.
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Figure 6. The dependence of optical efficiency on the incidence angles at different cell-
lens distances.
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Figures 7 and 8 show the optical efficiencies of ordinary LCPV and proposed LCPV
systems at different incidence angles in 3-D. The proposed LCPV shows high optical efficiency
even at 50 mm of cell-lens distance, thanks to the reflective mirrors and nine solar cells. At the
same time, the ordinary LCPV presents a maximum of 30% optical efficiency (Figure 7 (e), 8
(e)).

It can be seen in Figures 6 and 8 that the proposed optical system can achieve high optical
efficiency in the range of £20° of the incidence angle. However, optical efficiency is also
affected by cell-lens distance. It is possible to achieve more than 85% optical efficiency when
the cell-lens distance is 75mm, 50 mm in the range of +40° of incidence angle (Figure 8 (d, e)).
In the case of cell-lens distances are 100, 125, 150 mm, at more than £20° As the incidence
angle increases, the system's optical efficiency decreases gradually (Figure 8 (a, b, ¢)). The
results suggest that the higher the optical efficiency at wider incidence angles, the shorter the
cell-lens distance. A larger cell-lens distance makes the system more sensitive to the incidence
angle, as the concentrated light spot may shift away from the solar cell area.
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Figure 9. Dependence of the concentration ratio

Figure 9 shows the calculated results by Eq. (2), and if the Fresnel lens is closer to the
solar cells, the geometrical concentration ratio reduces. In Figure 9a, the geometrical
concentration ratio reaches 8.4 if the cell-lens distance is 150 mm, but at this distance, the
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optical efficiency reduces sharply if the incidence angle is more than +£20°. Figure 9(b) shows
the results calculated by Eq. (3).

A concentration ratio of 8 suns can be achieved at 150 mm of cell-lens distance at the
range +20° of the incidence angle. At 50, 75 mm, the system cannot reach 2 suns, but optical
efficiency is always high at £35° of the incidence angle. When the cell-lens distance is 100,
125 mm, the optical efficiency is more than 80% and CR is more than 2 suns in the range of
incidence angle +£25°. The proposed LCPV design helps to work the system at £25° without
the help of a solar tracking system.

3.2. Discussion

Many Fresnel lens-based concentrating photovoltaics cannot work at incidence angles

more than £1.5° and work with small multi-junction solar cells [35]. Therefore, they require a
high-accuracy solar tracking system, which might incur extra costs. Another main cost of the
CPV systems comes from the solar cells [36]. Many Fresnel-based concentrating photovoltaics
use expensive multi-junction solar cells [37, 38] while in this work, polycrystalline silicon solar
cells were used, which are the cheapest solar cells. These solar cells can work at low and
medium concentrations [14], and in this work, low concentration is achieved using a Fresnel
lens and reflective mirrors. Our previous works achieved low concentration [23, 24] and could
get 27% more energy, but the proposed LCPV has more advantages than our ordinary system.
In the proposed LCPV, the rays are concentrated and shaped as a rectangle due to reflective
mirrors, and the geometrical concentration ratio reached 8.4 when the cell-lens distance was
150 mm. One of the advantages of the proposed system is that when the incidence angle
increases, there is a significant increase in optical efficiency from approximately 95% to 99%
(Figure 6(b)), it means redirecting rays by using the reflective mirrors can improve the optical
efficiency at a certain range of incidence angles. Moreover, the proposed LCPV shows high
optical efficiency at 50 mm of cell-lens distance, while the ordinary LCPV presents a maximum
of 30% of optical efficiency. The next advantage of the proposed system is that the proposed
optical system can have high optical efficiency at the range +20° of the incidence angle.
Subsequently, the concentration ratio of 8 suns can be achieved at 150 mm of cell-lens distance
at the range £20° of incidence angles. When the cell-lens distance is 100, 125 mm, the optical
efficiency is more than 80%, and CR is more than 2 suns at the range of incidence angle +25°.
Finally, the proposed LCPV design helps to work the system at £25° without the help of a solar
tracking system.

Hence, by increasing the acceptance angle of the LCPV system, it might be possible to
reduce the work of solar tracking systems, reach irradiance uniformity, and increase the
acceptance angle. This system can reduce the maintenance of CPVs, extend the effective
operating hours of the LCPV, as it can capture tilted incoming sunlight, and with £25°
tolerance, the system may perform better in partially cloudy weather conditions.

4. CONCLUSION

LCPV was designed, simulated, and tested using a Fresnel lens and reflective surfaces with
nine polycrystalline silicon solar cells. The proposed optical system is called a Pi-shape
concentrating optical design. The proposed LCPV design was compared with an ordinary
Fresnel lens-based LCPV without mirrors. Both systems are made with polycrystalline silicon
solar cells, which are more affordable than multi-junction solar cells. The proposed system
doesn’t lose rays since the reflective mirrors redirect the sunlight, and the redirected rays hit
any of the nine solar cells. Ordinary LCPV can show high optical efficiency only when the
cell-lens distance is 150 mm, and when the incidence angle increases, there is a sharp fall in
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optical efficiency. The proposed optical system could improve the optical efficiency
approximately from 95% to 99% at the range +15° of the incidence angle. Optical efficiency
of the system is more than 85% when the cell-lens distances are 75mm and 50 mm, and the
incidence angle is in the range of #40°. When the cell-lens distance is 100 or 125 mm, the
optical efficiency is more than 80%. CR is more than 2 suns at the range of incidence angle
+25°. Due to high optical efficiencies at higher incidence angles, the proposed LCPV with
mirrors can work without a solar tracking system, reducing the system's manufacturing cost in
the future.
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ABSTRACT: Detection of anomalies within video streams continues to be challenging,
mostly due to the complexities involved in distinguishing abnormal activities from normal
ones. This study aimed to enhance anomaly detection performance by evaluating different
deep learning models and optimizers. Utilizing the Keras framework and Python on a Kaggle
notebook, the experiment explored the effectiveness of DenseNet121, VGG19, ResNet50,
and InceptionV3 models in conjunction with Adam, SGD, RMSprop, and Adagrad
optimizers. A UCF Crimes dataset subset focused on Accuracy, F1 Score, and AUC
evaluation metrics. The results establish that the InceptionV3 model paired with the Adam
optimizer outperforms the other combinations, attaining AUC scores of 0.9918. In contrast to
other state-of-the-art models such as DenseNet121 and ResNet50, InceptionV3 presents
enhanced precision and adaptability in handling the variability found in video anomaly
datasets. This study enhances security by providing insights into enhanced model-optimizer
combinations, advancing video surveillance approaches, and providing support for
developing robust anomaly detection systems.

ABSTRAK: Pengesanan anomali dalam strim video terus mencabar, kebanyakan disebabkan
oleh kerumitan yang terlibat dalam membezakan aktiviti tidak normal dari biasa. Kajian ini
cuba meningkatkan prestasi pengesanan anomali dengan menilai model dan pengoptimum
pembelajaran mendalam yang berbeza. Menggunakan rangka kerja Keras dan Python pada
komputer riba Kaggle, eksperimen ini meneroka keberkesanan model DenseNet121, VGG19,
ResNet50 dan InceptionV3 bersama pengoptimum Adam, SGD, RMSprop dan Adagrad.
Subset data Jenayah UCF digunakan, memfokuskan pada ketepatan, Skor F1 dan metrik
penilaian AUC. Dapatan kajian menunjukkan bahawa model InceptionV3 bersama
pengoptimum Adam, mengatasi kombinasi lain, mencapai skor AUC 0.9918. Berbeza dengan
model canggih lain seperti DenseNet121 dan ResNet50, InceptionV3 mempunyai ketepatan
dan kebolehsuaian yang tinggi dalam mengendalikan kebolehubahan yang terdapat dalam set
data anomali video. Kajian ini menyumbang kepada peningkatan keselamatan dengan
memberi gabungan pengoptimum bersama model yang dipertingkatkan, memajukan
pendekatan pengawasan video dan menyediakan sokongan bagi pembangunan sistem
pengesanan anomali yang teguh.

KEYWORDS: Deep learning models, Video anomaly detection, Optimization Techniques, Video
Surveillance, Performance Evaluation

1. INTRODUCTION

Modern surveillance systems have become increasingly indispensable for protecting the
public, especially in anomaly detection or suspicious behavior in videos. Technological
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advancements have transformed video surveillance into a component of security systems,
providing critical functions in public places, transportation hubs, and other critical
infrastructure. Anomalies in video streams, like unattended baggage or abnormal human
behaviours [1], can hint at potential threats that demand immediate attention. Swift and precise
detection of these abnormalities can prevent minor disruptions from significant safety breaches.
However, real-time monitoring of video feeds is an overwhelming undertaking for human
operatives, especially in dynamic and crowded environments. Automating video anomaly
detection systems enhances security personnel's ability to identify potential threats in real time,
where manual monitoring is challenging [2].

Despite its cybersecurity roots, the term "anomaly detection" has been widely employed
in video analysis. Numerous studies have been conducted on anomaly detection in videos,
highlighting its applicability in circumstances such as detecting suspicious behaviour [3],
monitoring traffic violations [4], and identifying harmful objects in sensitive places [5].
However, video anomaly detection faces unique challenges, such as anomalies' rarity,
appearance variability, and the complexity of describing abnormal behaviours [[6]]. These
challenges necessitate employing adaptable and robust techniques to address the complexity
and imbalances in video data.

This study addresses these concerns by evaluating the performance of four cutting-edge
deep learning models — ResNet50, DenseNet121, VGG19, and InceptionV3 — for video
anomaly detection. In addition, we evaluate the effects of four optimization algorithms —
SGD, RMSprop, Adam, and Adagrad—on the models' performance. Using Python and the
Keras framework on the Kaggle notebook, this study analyses key evaluation metrics, such as
accuracy, F1 Score, and AUC, to reveal the most efficient model-optimizer pairings. By
investigating these combinations, we aim to provide insights into enhancing the reliability and
accuracy of video anomaly detection systems.

This study’s primary contributions are as follows:

e A comparative assessment of four popular deep learning models for video anomaly
recognition.

e An investigation of the impact of four different optimization algorithms on these models'
performance.

¢ Optimal model-optimizer combinations identification to address variability and imbalance
issues in video data.

e Providing insights to develop robust anomaly detection systems that can handle real-world
scenarios.

The remaining sections of this paper are arranged as follows: The Related Works section
explores current studies, focusing on advancements in research in video anomaly detection.
The Method section covers the experimental setup, dataset preparation, preprocessing, and
model selection. The Results section provides the findings and compares the models'
performance. The Discussion section presents the interpretation of the results in context, and
the Conclusion section highlights key insights, limitations, and proposes future work.

2. RELATED WORKS

Video anomaly detection has attracted much attention thanks to its significance in
surveillance and security systems. Recent advances in deep learning enable the development
of powerful models trained to recognize anomalies in complex video data. However, the choice
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of optimization techniques has major effects on their performance. This section reviews recent
studies evaluating model-optimizer combinations for video anomaly detection.

2.1. Technology in Anomaly Detection Using Deep Learning

Deep learning models, especially CNNs, have successfully detected video anomalies. Pre-
trained models such as ResNet [17], DenseNet [16], and InceptionV3 [20] have been widely
used to extract hierarchical features from video frames. Wu et al. [13] assessed pre-trained
CNNs on the UCSD dataset, revealing that transfer learning notably enhances anomaly
detection efficiency. Wang et al. [9] also offered spatiotemporal improvements to correct the
data imbalance, attaining state-of-the-art results on benchmark datasets such as UCSD Ped2
and Avenue.

Optimization methods are essential for training deep learning models. Stochastic Gradient
Descent (SGD) is a primary optimization technique; however, it frequently has difficulties with
noisy gradients and poor convergence. Adaptive optimizers such as Adam, RMSprop, and
Adagrad mitigate these restrictions by dynamically modifying learning rates. Lydia and Francis
[14] extensively assessed optimization approaches, emphasizing Adam's advantages in
managing large-scale datasets with sparse gradients. Pawar and Attar [8] compared Adam and
RMSprop for video anomaly detection, indicating that Adam attains rapid convergence and
better accuracy.

Recent studies demonstrated how important it is to pair specific models with optimizers
suited for their designs. For example, InceptionV3, with factorized convolutions and
supplementary classifiers, gains substantial benefits from Adam's adaptive learning rates [20].
Conversely, ResNet50, which utilizes residual connections, demonstrates effective
performance with both Adam and RMSprop, thanks to its ability to cope with vanishing
gradients [17]. DenseNetl121, characterized by its dense connections, demonstrates uniform
performance across various optimizers, attaining optimal results with RMSprop [16]. These
outcomes demonstrate reasons for the rigorous evaluation of model-optimizer pairings to
optimize performance.

Numerous other recent studies have explored various methods for detecting unusual or
suspicious activity in video streams, establishing a foundation for automated security solutions.
[7] reviewed about 290 articles, claiming that unsupervised learning is the most frequently
adopted method. Deep learning techniques, in particular, have demonstrated strong promise.
For instance, in [8], they investigated deep learning applications for video-based anomaly
detection, analyzing deep learning methods. The authors introduced a graphical taxonomy,
addressed spatial anomalies, and compared frameworks. Other studies, such as [9] and [10],
they proposed enhancements in spatiotemporal relations to tackle data imbalance, attaining
significant results on popular UCSD Pedl, Avenue, and UCSD Ped?2 datasets.

Traditional anomaly detection techniques, such as classical and statistical machine
learning algorithms, still have a key role in certain scenarios, even though they often depend
on manually crafted features. On the contrary, deep learning models can autonomously learn
features from large datasets; however, they have higher computational requirements. Research
on video-based anomaly detection, like [11] and [12], presented a framework for understanding
the strengths and weaknesses of these methods, which we employ in this study. These studies
are valuable resources for researchers and experts seeking to understand and apply deep
learning techniques for anomaly detection.

Pre-trained deep learning models have proven to be useful in anomaly detection. For
instance, [ 13] confirmed the efficiency of pre-trained convolutional neural networks (CNN) for
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video-based anomaly detection on the UCSD dataset. Others, such as [14], emphasize the
significance of optimizers in realizing high performance, which we further investigated in this
study by evaluating four optimizers across four pre-trained deep-learning models.

2.2. Open Challenges in Video-Based Anomaly Detection

Deep learning techniques have demonstrated outstanding possibilities in detecting
anomalies, showing the ability to understand complex patterns and relationships within video
data. Nonetheless, notable limitations and obstacles exist in using deep learning to detect
human anomalies.

Scalability presents a challenge, for example. Deep learning models typically demand
significant processing power, especially with video data. The more the data grows or varies
exponentially, the more deep learning systems face the challenge of efficiently handling the
processing, especially regarding computing resources. The more complex the models become,
the longer the training time, the greater the need for more hardware, and the higher the energy
demand. Ensuring that low-latency and real-time processing capabilities are taken care of while
preserving the performance and accuracy of the model is a decisive scalability issue.

Another constraint is the interpretability of deep learning models. Despite their outstanding
performance, these models are often naturally considered "black boxes," making them difficult
to interpret. This can impede practical deployment and regulatory compliance. Understanding
the rationale behind a model's decision is essential for establishing trust and obtaining
actionable insights. However, most deep learning models do not inherently provide this
interpretability.

Likewise, deep learning models characteristically require large, labeled datasets for
training. In the context of human anomaly detection, this involves having video data where
anomalous and normal behaviors are correctly labeled. However, obtaining such labeled data
can be difficult and time-consuming. Likewise, the labeling process can be subjective and
susceptible to errors.

As these deficiencies persist in generalizing to real-world surveillance contexts, this study
attempts to address these drawbacks by assessing model-optimizer synergies using the UCF
Crime dataset, highlighting adaptation to real-world unpredictable conditions. This will
culminate in figuring out which of the different ways of enhancing anomaly detection
techniques proves economically and realistically viable. In this study, we investigated by
pairing four pre-trained deep learning models and four optimizers to determine which
combinations enhance anomaly detection.

3. METHODOLOGY

This study employs a quantitative experimental approach, investigating model-optimizer
pairings via empirical metrics (Accuracy, F1 Score, AUC).

3.1. Datasets and Preprocessing

3.1.1. Data Structure and Subfolders

The UCF Crime Dataset [15] serves as the study’s foundation, consisting of 1,900 real-
world surveillance videos, with a total runtime of 128 hours. These videos are uncut and
categorized into thirteen (13) distinct types of realistic anomalies, such as Arrest, Abuse, Arson,
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Assault, Robbery, Road Accident, Explosion, Burglary, Stealing, Fighting, Shooting,
Shoplifting, and Vandalism.

The dataset used in this study is a subset of this dataset, which was divided into Train and
Test subfolders, each containing seven different subfolders. The subfolders in the Train and
Test folders represent distinctive classes representing individual criminal activities and normal
behaviours (‘Abuse’, ‘Arson’, ‘Assault’, ‘Fighting’, ‘NormalVideos’, ‘Robbery’, and
‘Shooting’).

3.1.2. Preprocessing Steps

As shown in Figure 1, the preprocessing process ensures that raw video data is prepared
for model evaluation. The workflow comprises the following blocks:

1. Video Frames and Feature Extraction: The videos were pre-processed, extracted frames,
and converted to .png format. The frames were resized to 64x64 pixels for DenseNet121,
VGG19, and ResNet50 models, and 75%75 pixels for the InceptionV3 model.

2. Model Training: This process comprised integrating pre-trained CNNs for fine-tuning,
testing individual optimizers, and iteratively training the models with the selected
optimizers to improve performance and minimize loss.

3. Anomaly Detection: The trained models were employed to predict anomaly scores for input
videos, and a threshold was established to determine detected patterns as normal or
abnormal.

4. Model Evaluation: Performed using AUC, accuracy, and F1 Score, followed by a
comparison of model-optimizer combo to discover the best-performing configurations.
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Figure 1. Anomaly Detection Process

3.2. Experimental Setup and Design

The experimental setup involves a structured workflow to evaluate the effectiveness of
pre-trained deep learning models and optimization methods in video anomaly detection. The
design of the experiment, as depicted in Figure 2, outlines the flowchart of the methodology:

1. Model Selection: This stage involves choosing the pre-trained CNN models (ResNet50,
DenseNet121, VGG19, and InceptionV3) for their capabilities in image-based
classification tasks.

2. Optimizer Variation: This stage tests four optimization algorithms—Adam, SGD,
RMSProp, and Adagrad—on the selected models to analyze their impact on convergence
and performance.

3. Training on Keras API: Leveraging the Kagle framework to streamline the training of
models with diverging optimizers.
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4. Performance Evaluation: The evaluation metrics include Accuracy, F1 Score, and AUC to
evaluate the effectiveness of the model-optimizer combinations.

5. Best Model Found (Objectives Achieved): Confirm whether the study objectives, such as
identifying optimal combinations, are met.

6. Results and Insights: Reveal which model-optimizer combinations yield the highest
performance metrics and explain conclusions on model behaviors and optimization
methods that enhance anomaly detection.

Dataset Preprocessing

h 4
Model Selection

A

Optimizer Variation

s

Training on Keras

\ o

Ewaluation

Results and Insights

Figure 2. Flowchart illustrating the methodology: (1) Dataset preprocessing, (2) Model
selection (DenseNet121, ResNet50, VGG19, InceptionV3), (3) Optimizer variation
(Adam, SGD, RMSprop, Adagrad), (4) Training on Keras, (5) Evaluation using AUC,
Accuracy, F1 Score.

3.3. Description of Deep Learning Models

In this study, we employed four major pre-trained deep learning models.

3.3.1. DenseNetl121

DenseNet (Densely Connected Convolutional Networks) [16] is a pre-trained CNN model
that achieved recognition due to its effectiveness in image-related classification. It gets its name
by forward propagation by connecting every layer to another layer. There are 121 layers in this
version. The bottleneck layer comprises two convolutional layers with a batch normalization
layer in the middle. The initial convolutional layer is a 1x1 convolution, which decreases the
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number of input feature mappings for the bottleneck layer. The following convolutional layer
is a 3x3 convolution that generates the output feature maps. The feature maps generated by
both layers in a dense block are determined by the hyperparameter growth rate, which is set to
four times the inner channel parameter. DenseNet's transition layer comprises a 1x1
convolutional layer, a 2x2 average pooling layer, and a batch normalization layer. The batch
normalization layer normalizes the activations, the 1x1 convolutional layer decreases the
feature maps, while the spatial dimensions are reduced by the feature maps' average pooling
layer. The global average pooling layer output is passed through a fully connected (FC) layer
with an activation function (ReLU), and a small number of neurons (e.g., 256). This layer
decreases the feature vector dimensionality and extracts higher-level features. The FC layer’s
output is passed through the activation function (softmax), which gives class probabilities.

3.3.2. ResNet50

ResNet-50 (residual neural network, ResNet variant) [17] is a pre-trained CNN that is 50
layers deep (i.e., 48 convolution layers, 1 average pool layer, and 1 MaxPool layer). ResNet is
an artificial neural network (ANN) that piles residual blocks on top of each other to make up a
network. The model has 50 layers, comprising convolutional, batch normalization, activation,
pooling, and FC layers. Residual connections are used to enable easier training of deep neural
networks. This model is among the most popular variants of the ResNet architecture, having
50 layers that show impressive performance on a range of classification tasks (images). The
model comprises five stages, each with convolution and identity blocks. Each convolution
block has three convolutional layers, and each identity block has three. The trainable
parameters of ResNet50 are more than 23 million parameters.

3.3.3. VGG19

Created by Zisserman and Simonyan of Oxford University, VGGI19 has 19 layers (16
convolutions and 3 fully connected layers) [18]. It is a CNN model that uses strictly 3x3 filters
with a stride of 1 and padding, alongside 2x2 max-pooling layers with a stride of 2. The model
is deeper and has more layers than AlexNet. To lower the parameter count in such deep
networks, it utilizes small 3x3 filters in all convolutional layers and is best used with its 7.3%
error rate. This model uses (3 % 3) kernels with a 1-pixel stride size, and spatial padding is
applied to preserve the image's spatial resolution. Furthermore, a 2 x 2-pixel window with a 2-
pixel stride is used for max pooling. The model in question is quite complex, having undergone
training on millions of photos with complicated classification tasks. With an enormous 19.6
billion FLOPs [19], it is a potent tool for picture classification and recognition.

3.3.4. InceptionV3

As a member of the Inception family, InceptionV3 [20] is an architecture of CNN
introduced by Google. Compared to its predecessors, the architecture is more technologically
advanced and optimized. It includes several techniques to enhance model adaptation. Among
such techniques is Label Smoothing, which provides regularization and keeps the model from
becoming unduly confident in its class assignments. To lower the number of parameters and
computational expense, factorized 7%7 convolutions are also utilized. Similarly, an auxiliary
classifier is used to convey label information to lower layers of the network. This increases the
gradient signal and provides regularization. Batch normalization is also implemented in
InceptionV3 at the network's side head. InceptionV3 retains excellent efficiency without
sacrificing speed, even though it is deeper than its versions. Deeper networks can be created
thanks to their design, which also limits parameter expansion for an increasingly effective
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model. It works better than another well-known convolutional neural network, AlexNet, with
fewer than 25 million parameters compared to 60 million.

3.4. Optimizers Used in the Study

Optimization is a crucial aspect of deep learning, influencing model performance. In this
study, we investigated the deep learning models with the following optimizers:

1. Adam (Adaptive Moment Estimation) is an efficient optimization algorithm for large-scale
problems with extensive parameters and/or data. It utilizes adaptive estimates of lower-
order moments and first-order gradients to optimize stochastic objective functions. It is
easy to implement and has been empirically proven effective.

2. RMSProp (Root Mean Square Propagation) was introduced by Geoff Hinton. It is an
adaptive learning rate method that adjusts weight updates based on a moving average of
squared gradients. It converges to a stationary point for realizable problems and a bounded
region for non-realizable problems.

3. SGD (Stochastic Gradient Descent) is a fundamental set of rules that combines classical
gradient descent with random subsampling to optimize the objective function. It's
commonly used for neural network optimization.

4. A stochastic optimization technique called Adagrad (Adaptive Gradient Algorithm)
modifies the learning rate in response to parameters. It makes smaller updates for features
that occur frequently, while for features that occur infrequently, it makes more significant
updates.

The optimizers were employed to train each model, ensuring consistent hyperparameters
throughout trials to maintain fairness. By weighing their impact on the evaluation metrics, the
study identifies the optimal model-optimizer combinations for the challenges of video anomaly
detection.

3.5. Evaluation Metrics

We evaluated each of the models with each of the four optimizers using three performance
evaluation metrics.

1. Accuracy: This evaluation metric measures the proportion of correctly classified samples:

(1

where TP is the True Positive, TN is the True Negative, FP is the False Positive, and FN
is the False Negative.

TP+TN

Accuracy = ———
Y = TP+TN+FP+FN

Accuracy, also referred to as top-1 accuracy, is a statistical measure that is used to
demonstrate how accurately a binary classification test recognizes or rules out a condition.
In other words, accuracy is described as the percentage of true positives and true negatives
across every instance investigated that was predicted correctly. Although it gives a broad
picture of the model's effectiveness, imbalanced datasets might not be a good fit for it.
When there is a large imbalance in class in the dataset, accuracy alone may be deceiving
because if the model consistently predicts the majority class, it could achieve a prominent
level of accuracy.

2. F1 Score: This is simply the harmonic mean of precision and recall. It is the combination
of recall and precision, delivering a single score, in which precision is the division of the
number of true positive values by all sample numbers predicted as positive, comprising
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those not correctly identified. The recall is calculated through the division of the total
number of true positive outcomes by the total number of samples that ought to have been
recognized as positive.

Precision XRecall

F1 Score =2 X (2)

3. AUC Score: Assesses the area under the receiver operating characteristic (ROC) curve,
which represents the model’s ability to differentiate between classes.

Precision+Recall

3)

A receiver operating characteristic (ROC) plot is a two-dimensional representation of the
classifier's performance. Multiclass AUCs are calculated by generating each class’s ROC
curve, determining the AUC, and then tallying the AUCs weighted by the reference class’s
prevalence in the video footage. The AUC performance metric is closely related to the Gini
coefficient, which is occasionally employed as an alternative. The most common definition of
this is double the area between the diagonal and the ROC curve. In simple geometry, Gini +
1 =2 X AUC. It is a plot of the true-positive rate (TPR) compared to the false-positive rate
(FPR). A good deep-learning model will have an AUC value of nearly 1, but a random model
could have a 0.5 AUC value.These metrics ensure a robust evaluation of models, especially in
imbalanced datasets (such as the one used in this study) where accuracy alone is inadequate.

AUC = [ TPRA(FPR)

4. EXPERIMENTAL RESULTS

This section provides an experimental illustration of the capabilities of the chosen models
and how they vary based on the optimizer. We presented the evaluation metrics used to evaluate
the models' performance in tabular form.

4.1. Tabular Representation of Evaluation Metrics

Models and their performances with different optimizers are presented in tabular form.

Table 1. DenseNet121 Model

Optimizer Accuracy F1 Score AUC
SGD 0.8079 0.8079 0.9307
Adam 0.8079 0.8079 0.9499
RMSprop 0.8079 0.8079 0.9537
Adagrad 0.8079 0.8079 0.9345
Table 2. ResNet50 Model
Optimizer Accuracy F1 Score AUC
SGD 0.8079 0.8079 0.9307
Adam 0.8147 0.8147 0.9683
RMSprop 0.8079 0.8079 0.9701
Adagrad 0.8079 0.8079 0.9301
Table 3. VGG19 Model

Optimizer Accuracy F1 Score AUC
SGD 0.8079 0.8079 0.9405
Adam 0.7583 0.7583 0.9905
RMSprop 0.7838 0.7838 0.9872
Adagrad 0.8079 0.8079 0.9391
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Table 4. InceptionV3 Model

Optimizer Accuracy F1 Score AUC
SGD 0.8079 0.8079 0.9393
Adam 0.7641 0.7641 0.9918
RMSprop 0.7889 0.7889 0.9886
Adagrad 0.8079 0.8079 0.9401

4.2. Comparative Model and Optimizer Analysis

The DenseNet121 model's performance was consistent and robust across our selected
optimizers in the anomaly detection analysis. The optimizers impact the performance metrics,
maintaining accuracy and F1 Score. SGD demonstrated an AUC value of 0.9307. Adam and
RMSprop optimizers perform competitively, with Adam slightly outperforming RMSprop with
an AUC of 0.9499.

The ResNet50 model provides consistent and competitive performance, with SGD
achieving an AUC of 0.9307. Adam and RMSprop, on the other hand, outperform SGD with
higher AUCs of 0.9683 and 0.9701. These optimizers improve accuracy and F1 scores,
implying enhanced model correctness. Adagrad slightly lags with an AUC of 0.9301.

With regard to VGG19, SGD accomplished quite a good AUC of 0.9405. However, both
Adam and RMSprop perform better than SGD, with remarkable respective AUCs of 0.9905
and 0.9872. These optimizers particularly improved the accuracy and F1 score of the model,

underlining the strength of VGG19 in recognizing anomalies. While maintaining a competitive
AUC value of 0.9391, Adagrad falls marginally behind Adam and RMSprop.

For the InceptionV3 model, Adam and RMSprop optimizers demonstrate considerable
anomaly detection capabilities. SGD yielded an AUC of 0.9393, with constant accuracy and
F1 score performances. However, Adam and RMSprop perform beyond SGD, with AUCs of
0.9918 and 0.9886, respectively. These optimizers also improve the accuracy and F1 Score of
the InceptionV3 model, highlighting their ability to fine-tune the model for improved anomaly
detection. Adagrad retains an AUC value of 0.9401, trailing behind the Adam and RMSprop
optimizers.

TRUE POSITIVE RATE
TRUE POSITIVE RATE

[ s iy 15 [ [ [ o
FALSE POSITIVE RATE FALSE POSITIVE RATE

(a) InceptionV3 with Adam Optimizer (b) InceptionV3 with RMSprop Optimizer
Figure 3. Visualization of the InceptionV3 Model of ROC-AUC

S. DISCUSSION

This study demonstrates that the InceptionV3 model, when optimized with Adam,
surpasses other model-optimizer combinations in video anomaly detection. This conclusion is
backed by its superior AUC scores of 0.9918 (Adam) and consistently high accuracy and F1
scores. InceptionV3’s architecture incorporates advanced techniques like factorized
convolutions and auxiliary classifiers, enabling it to capture complex spatiotemporal patterns
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effectively. This capability addresses the variability and imbalance inherent in video anomaly
datasets. In comparison, the other models, however robust in their own right, had lower
performance due to their less optimized handling of spatial and temporal dependencies in video
data. Likewise, VGG19’s modest architecture and dependence on smaller filters caused slower
convergence and reduced precision, further highlighting InceptionV3’s advantage.

The performance observed with InceptionV3 is further enhanced by its combination with
the Adam optimizer. Adam’s momentum and adaptive learning rates allow for efficient
parameter updates, which ensure faster convergence and improved generalization. RMSprop
complements InceptionV3 by stabilizing training through adaptive learning rates tailored to
sparse or noisy gradients. In comparison, Adagrad and SGD were less effective, with Adagrad
exhibiting diminishing learning rates over extended training and SGD struggling to adapt to
the dynamic nature of video data. This comparative study emphasizes the importance of
selecting both high-performing models and appropriate optimizers to address the challenges of
video anomaly detection. In this study, InceptionV3, combined with Adam, is a balanced
solution that achieves high results, especially in terms of AUC, and thus emerges as the most
efficient model-optimizer combination.

6. CONCLUSION

6.1. Key Insights and Observations

The distinct responses presented by each model underscore the importance of tailoring
optimization methods to accommodate the distinct attributes of each CNN model. This
highlights the complex relationships between models and optimizers and emphasizes the need
for adaptability in optimization methods. Likewise, optimizers are important in deciding how
well an anomaly detection algorithm performs. The choice of an optimizer enhances models'
capabilities to detect anomalies in video footage.

As mentioned earlier, DenseNet121 demonstrated exciting strength and consistency when
run in conjunction with different optimizers, suggesting that it may have flexibility in
independent optimization strategies. Due to its steady performance, DenseNet121 is a reliable
option for anomaly detection tasks, providing consistency even in different optimization
approaches. In addition, optimizers and model architecture have a complex interaction that
requires careful direction finding, as demonstrated by fine-tuning models for anomaly
detection. This highlights the importance of utilizing hyperparameters to achieve the best
performance results possible.

Furthermore, the synergistic impact of model-optimizer combinations can be found in the
superior detection of anomaly capabilities of pairings like InceptionV3 with Adam and
RMSprop optimizers. Maximizing the effectiveness of the models requires leveraging these
synergies. On the other hand, choosing optimizers enforces striking a balance among many
performance assessment standards, leading to variations in performance results between
models and measures. Therefore, making well-informed decisions requires a thorough
assessment considering variations in performance metrics.

In addition, these trends have real-world applications in anomaly detection, offering
practitioners recommendations of approaches to adopt depending on their datasets. Examining
these observations would greatly benefit the design and implementation of algorithms in real-
world situations. Eventually, the experiment tends to spark debates on model-optimization
approaches and other factors affecting performance variability. Evaluating these provides more
insights into trends that have been observed and serves as a guide for further research.
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6.2. Limitations and Future Directions

The experimental assessment conducted in this study encountered some limitations worth
mentioning and needs insights into future studies. The most challenging constraint faced is the
insufficient computing capacity, which necessitated experimenting on the Kaggle notebook,
restricting the model training to a single epoch.

In the future, computing capacity can be addressed using stronger hardware or cloud-based
platforms. This will enable extensive training sessions, allowing for many epochs and a
thorough assessment of the dynamic range between the model and optimizer. Moreover,
holding out the experiments with more epochs may better evaluate model convergence,
stability, and long-term performance. This approach may yield valuable insights into the
model’s capabilities over extended training durations.

With regard to the proposed research directions, widening the scope of the investigation
to involve separate deep learning models employed here would improve the overall
understanding of the interactions between models and optimizers. Still, evaluating the tendency
to deploy optimized models in real-world settings and their effectiveness in dynamic
circumstances will be significant for their practical application.
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ABSTRACT: Rapid technological advancements have led to the widespread deployment of
wireless sensor networks (WSNs) in industrial environments, making cybersecurity a critical
concern in cloud computing. This paper presents a predictive framework for cloud-based
intrusion detection and prevention for WSNs. It integrates machine learning models—
Multilayer Perceptron (MLP), Decision Tree, and Autoencoder—to precisely classify and
mitigate various impacts of cyber intrusions on a cluster of wireless sensors. An intelligent
prioritization and prevention system is also proposed, categorizing attacks—blackhole,
grayhole, flooding, and scheduling—based on their impact on industrial processes.
Experimental results indicate robust detection capabilities, with the Decision Tree achieving
99.48% accuracy, slightly outperforming MLP at 99.37%. The Autoencoder demonstrated
superior binary classification, distinguishing between normal and anomalous instances with
high precision and recall rates. This framework leverages the WSN-DS dataset to simulate
and validate its efficiency in mitigating real-time threats. Future work will focus on refining
the prioritization model and integrating advanced machine learning techniques for enhanced
adaptability and resilience.

ABSTRAK: Kemajuan pesat dalam teknologi telah membawa kepada penggunaan meluas
rangkaian penderia wayarles (WSN) dalam persekitaran industri, menjadikan keselamatan
siber sebagai kebimbangan kritikal dalam pengkomputeran awan. Kajian ini membentangkan
rangka kerja ramalan bagi mengesan dan mencegah pencerobohan berasaskan awan untuk
WSN. Ia menyepadukan model pembelajaran mesin—Perseptron Berbilang Lapis (MLP),
Pokok Keputusan (Decision Tree) dan Enkoder Automatik (Autoencoder)—bagi klasifikasi
tepat dan pengurangan pelbagai kesan pencerobohan siber pada kelompok penderia wayarles.
Sistem keutamaan dan pencegahan pintar turut dicadangkan, mengkategorikan serangan—
lubang hitam, lubang kelabu, banjir dan penjadualan—berdasarkan kesan terhadap proses
industri. Dapatan eksperimen menunjukkan keupayaan pengesanan yang mantap dengan
Decision Tree mencapai ketepatan 99.48%, sedikit mengatasi prestasi MLP pada 99.37%.
Autoencoder menunjukkan klasifikasi binari yang unggul, membezakan antara kejadian biasa
dan anomali dengan ketepatan tinggi dan kadar ingatan semula. Rangka kerja ini
memanfaatkan set data WSN-DS bagi simulasi dan pengesahan kecekapan dalam
mengurangkan ancaman masa nyata. Kajian akan menumpukan pada memperhalusi model
keutamaan dan menyepadukan teknik pembelajaran mesin lanjutan pada masa hadapan bagi
kebolehsuaian dan daya tahan yang tinggi.
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1. INTRODUCTION

Wireless Sensor Networks (WSNs) have emerged as a critical technology in various
domains, including environmental monitoring, healthcare, industrial automation, and military
applications. However, the clusters of wireless sensor nodes are vulnerable to multiple security
threats due to their inherent characteristics, such as limited computational power, energy
constraints, and wireless communication. With the increasing adoption of cloud computing, it
becomes essential to explore its potential for enhancing the security of WSNs. Technological
innovations like artificial intelligence (AI), machine learning, and augmented reality are
integral to Industry 4.0. These technologies provide intelligent assistance, streamline processes,
and increase productivity across various industrial tasks [1]. A Wireless Sensor Network
(WSN) is the interconnection of wireless sensors and devices. These networks are vital for
collecting, transmitting, and analyzing real-time data essential for process optimization and
decision-making. WSNs act as the industrial setup’s nerve center, gathering data on motion,
temperature, pressure, and other parameters. They enable seamless communication between
devices, systems, and people, offering greater scalability and flexibility than traditional wired
systems. WSNs can be easily expanded, reconfigured, and adapted to various industrial
environments [2]. However, WSNs face several Internet security challenges. The increased
number of device connections raises vulnerability to cyberattacks, necessitating strong
cybersecurity measures to protect sensitive data. Signal interference and reliability issues in
complex industrial environments affect network performance. Using battery-powered sensors
poses challenges, as maintaining prolonged battery life and energy efficiency is crucial for
consistent and reliable operation.

Due to the convergence of digital technologies, WSNs are crucial for real-time data
transfer. This research is motivated by the dynamic and evolving nature of cyber threats. This
requires framework development with well-defined priorities. Several Internet attacks pose a
greater danger and have a more significant impact on the cloud environment. This research
addresses the dynamic nature of cyber threats in WSNs, proposing a framework that leverages
predictive techniques to prioritize and mitigate attacks based on their severity and impact.
Unlike traditional reactive systems, this framework aims to proactively detect and neutralize
threats, ensuring minimal disruption to industrial processes.

Integrating cloud computing with wireless sensor networks (WSNs) has become
increasingly prevalent among researchers due to the enhanced processing capabilities and
scalable resources that the cloud infrastructure provides. This integration simplifies collecting,
storing, and analyzing large volumes of data generated by sensor nodes. However, the
simplification also introduces additional security challenges, especially in situations involving
limited computational resources and energy constraints of sensor nodes. To ensure data
transmission security, storage, and processing, it is critical to have high integrity,
confidentiality, and availability of sensitive information. This study leverages predictive
techniques like machine learning and data analytics to identify potential security threats and
vulnerabilities within a wireless sensor network. These algorithms can improve security by
predicting and mitigating attacks before a system is compromised. However, implementing
such an algorithm involves examining complex issues, such as trade-offs between security and
performance, the accuracy of predictive models, and the efficient management of limited
resources.
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There are numerous open issues related to this research. These include the resource
constraints of sensor nodes. The sensor nodes are challenged by processing power, memory,
and battery life in this context. These constraints must be considered when implementing
security mechanisms and predictive techniques to avoid node overload and resource depletion.
Also, data storage and transmission challenges must be addressed by proposing an effective
strategy or algorithm to minimize energy consumption while ensuring data integrity and
security. The security of the internet cloud is paramount. This means data integrity and
confidentiality must be assured when they are generated from the sensors. They must not be
tampered with or be vulnerable to any threats during transmission. A Robust Access Control
management strategy must be implemented to prevent unauthorized access to sensitive data
stored in the cloud. The network system must have a better detection and mitigation strategy
against attacks, such as denial-of-service (DoS), eavesdropping, and data tampering.
Addressing these open issues in this paper will develop secure and efficient cloud computing-
based systems that manage wireless sensor node clusters. Using predictive techniques can be a
promising avenue to enhance security.

2. LITERATURE REVIEW

This section reviews relevant literature on cloud computing-based security analysis for
wireless sensor node clusters using predictive techniques. Integrating cloud computing with
WSNs offers numerous benefits, including scalable storage, robust computational capabilities,
and centralized management. However, the distributed nature and resource limitations of
WSNs introduce significant security challenges. Recent studies highlight applying predictive
techniques, such as machine learning and data analytics, to provide proactive security measures
by identifying potential threats before they cause harm. This review also examines current
trends, challenges, and solutions associated with leveraging cloud computing and predictive
approaches for WSN security.

2.1. Security Threats in WSN

Wireless Sensor Networks (WSNs) are inherently vulnerable to various cybersecurity
threats due to their distributed nature, limited computational resources, energy constraints, and
typical deployment in hostile or unattended environments. Common threats include
eavesdropping, where unauthorized parties intercept data transmissions, potentially leading to
privacy breaches or data manipulation [3]. Another significant threat is node capture, where
attackers physically access nodes to extract sensitive information, such as cryptographic keys,
which can then be used to launch further attacks or manipulate network operations [4], [5].
Denial-of-Service (DoS) attacks overload networks or specific nodes with traffic, disrupting
services and depleting resources, rendering nodes unavailable for legitimate tasks.

More advanced threats include blackhole attacks, where compromised nodes drop all
received packets, causing data loss and potential network isolation, and grayhole attacks, which
selectively alter or drop packets, complicating threat detection [6]. Sybil attacks involve a
malicious node presenting multiple identities to disrupt data aggregation, voting, or routing
protocols. Wormhole attacks tunnel messages between network locations to create false views
of the network, misleading routing protocols and disrupting operations. Sinkhole attacks occur
when a compromised node falsely advertises an optimal route to attract traffic, leading to data
interception or denial of service. Additionally, Hello flood attacks exploit routing protocols by
sending or replaying numerous "Hello" packets, causing energy depletion as nodes attempt to
respond.
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Mitigation strategies for these threats include encryption, authentication, intrusion
detection systems (IDS), secure routing protocols, redundancy, and multipath routing.
However, given the resource constraints in WSNs, these solutions must be lightweight and
efficient to ensure their practicality [6].

2.2. Cloud Computing in WSNs

Integrating cloud computing with Wireless Sensor Networks (WSNs) brings significant
advantages, opening new possibilities for data management, analysis, and application
deployment [7]. By leveraging the cloud's computational power and storage capabilities, this
integration addresses WSNs' inherent limitations, such as constrained processing power,
memory, and energy efficiency. One of the key benefits of cloud computing in WSNss is its
scalability, enabling administrators to efficiently handle the growing volumes of data generated
by large-scale WSN deployments without overwhelming local resources.

Cloud platforms also provide robust storage and data management capabilities, allowing
for long-term storage of sensor data and facilitating historical data analysis using tailored
applications [8]. Furthermore, cloud-based solutions enhance data processing and analytics,
offering powerful computational resources for real-time processing, machine learning, and big
data analytics to extract actionable insights. The cloud’s remote accessibility further enables
the centralized management and monitoring of WSNs without requiring physical proximity.
However, these benefits come with potential security vulnerabilities, such as unauthorized
access and data breaches, highlighting the necessity for secure transmission protocols and
reliable intrusion detection mechanisms to safeguard sensitive data.

2.3. Predictive Security Techniques

Predictive security techniques utilize advanced analytics, machine learning (ML), and
artificial intelligence (Al) to anticipate and mitigate cyber threats before they occur. These
techniques identify vulnerabilities, anomalous patterns, and emerging threats by analyzing
historical and real-time data [9]. To identify potential security risks, threat intelligence and
analysis aggregate data from various sources, such as threat feeds, dark web monitoring, and
incident reports. In application, threat intelligence helps create predictive models recognizing
early indicators of potential attacks or vulnerabilities.

Machine learning and Al-based anomaly detection algorithms identify deviations from
normal network traffic and system process behavior. This approach is effective in detecting
zero-day attacks, insider threats, and other unknown risks by recognizing unusual patterns that
may signal malicious activity. Specifically, network traffic patterns are analyzed to detect
anomalies, suspicious communications, or signs of a security breach [10]. This helps identify
command-and-control communications, data exfiltration, and other malicious activities.

In predictive security, machine learning models, such as neural networks, decision trees,
and autoencoders, are particularly effective in identifying abnormal patterns in network traffic.
These models enable proactive defenses, reducing the likelihood of successful cyberattacks.
Research into predictive techniques for security analysis, especially in wireless sensor
networks (WSNs), has shown promising results for threat identification and mitigation. For
example, a machine learning-based approach for anomaly detection in WSNs, using supervised
learning algorithms to classify normal and abnormal behaviors, is presented in [14]. The study
demonstrates the high accuracy of predictive models in detecting intrusions. Additionally, [15]
examines neural networks for intrusion detection in WSNs, proposing a hybrid model that
combines feature selection with neural network classifiers to enhance detection performance
while minimizing computational overhead. Furthermore, predictive analytics in cloud
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environments, focusing on cloud-based machine learning models to analyze large volumes of
sensor data, is demonstrated in [15], aiming to predict and prevent security incidents in real-
time.

2.4. Summary of Related Work

Cloud computing-based analysis of security has been leveraged in WSNs to overcome
resource constraints. It is also leveraged to mitigate scalable storage and enable sophisticated
data processing on the internet. In [11], the authors develop a cloud-based architecture to
manage WSNss. It also highlights how cloud services can centralize data storage and processing.
In addition, it examines offloading computational tasks from resource-limited sensor nodes.
Research in [12] discusses the advantages of using cloud computing for data aggregation and
analytics. This facilitates additional efficiency in network management and decision-making
processes. However, considering security threats and challenges in WSNs, some vulnerabilities
of sensors with limited energy resources, inefficient computational capabilities, and
susceptibility to physical tampering have been extensively studied. Some common security
threats in WSNs are examined in [13]. These include eavesdropping, data injection, node
compromise, and denial-of-service (DoS) attacks. In the research, more emphasis is placed on

lightweight security mechanisms to operate within WSN constraints.

Table 1. Summary of Related Works
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Sé) Cg /GEM svstems b mechanism that identifies mechanism that resists security
[1] . ystems by and prevents replay attacks attacks such as DoS, forgery,
proposing a detection and . . .
revention svstem against on SECS/GEM modification, and man-in-the-
Ettacks Y & communications. middle attacks. These are
’ suggested for future work.
The paper proposed a .
hierarchical intrusion detection Presented an 1d§al System
2] aleorithm to eroun sensor nodes for WSNs with limited However, the authors were unable
b ag; ed on ﬁmftionzl assionment  SOUrCes. The detection to enhance the detection of
to lessen energy consumgp tion interval is moderate, and multiple intrusion patterns.
during threat detection, detection accuracy is high.
The paper presented a However, the authors were unable
paper p . . to examine intrusion detection
framework that combines Achieved a better regulatory .
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preventative and deterrent framework on information onlv centered on the human and
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The paper presented a detection resilience. Using in-network to manage the issues of reactive
strategy for creating an active dece tion. for th%ea ¢ defenses, such as intrusion
[4] defense system using deception dete C%ion exhibits how detection systems, which are
technology. The framework can ) . prone to false positives and
. attack information can be .
be used to conceptualize a enerated to accelerate potentially lead to analyst alert
Hybrid Threat Model. gen fatigue and decreased
incident response and effectivencss
strengthen network defenses. )
2. METHODOLOGY

This section provides a framework design for developing a cloud-based architecture that
uses predictive techniques to integrate WSN with the Internet cloud service. This includes a
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dataset aggregation design pattern using a communication protocol to effectively transmit data
from a sensor node to the Internet cloud and prevent attacks and intrusions. During
implementation, integrating machine learning algorithms such as decision trees, support vector
machines, multilayer perceptrons (MLP), autoencoders, and neural network models to
accurately detect and classify different types of attacks, including blackhole, grayhole,
flooding, and scheduling attacks, is also conducted. This can potentially predict security threats
on sensor data. In terms of implementation, we deployed the designed predictive model in a
testbed environment using a cluster of wireless sensor nodes and the Internet cloud.

2.1. Design of the Proposed Methodology

The design describes the dataset, system architecture, block diagram of the system, flow
chart, and components required for successful implementation.

2.1.1. Dataset

The models implemented in this framework will be evaluated with WSN-DS. This open-
source dataset from Kaggle is for intrusion detection systems in wireless sensor networks. This
dataset simulates various denial-of-service (DoS) attacks in WSNs using the LEACH (Low
Energy Adaptive Clustering Hierarchy) protocol. We further determine the impact of the
framework dataset by dividing it into two sections. These are: the training set and the test set.
The training set comprises 80% of the total records in the dataset and will be used to train our
models. However, the test set comprises 20% of the records and will be used to test and validate
the model.
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Figure 1. Intrusion Detection Systems Dataset for Wireless Sensor Networks

2.1.2. Block Diagram

The block diagram provides a high-level overview of the components' interactions within the
wireless sensor network system. The primary components include the Raspberry Pi 3
microcontroller, sensors, power source, and the MCP 3008 Analog-to-Digital converter.
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Figure 2. Block Diagram for Cloud-based WSN using Deep learning

Based on Figure 2, the Raspberry Pi microcontroller implements the intrusion detection and
prevention logic. The Raspberry Pi is ideal for this project due to its affordability, versatility,
and built-in connectivity, which make it suitable for prototyping and deploying IoT-based
systems. It has extensive community support that provides valuable resources for
troubleshooting and development. The Raspberry Pi has built-in Wi-Fi and Ethernet
connectivity, which is essential for creating networked systems. This feature is vital for
simulating real-world Industry 4.0 environments, where seamless communication between
devices is a cornerstone. The Raspberry Pi can also run various Al and machine learning
frameworks, such as TensorFlow and scikit-learn. This compatibility is essential for
implementing the Al-driven detection and classification models integral to the project. Using
the Raspberry Pi allows for the development of a prototype that can be scaled and implemented
in real-world industrial settings. Its portability and ease of use make it an ideal choice for testing
and demonstrating the proposed cybersecurity framework.

For the MCP 3008 Analog-to-Digital Converter, since the Raspberry Pi is fundamentally a
digital device, any I/O done through its GPIO pins will happen through high (one) and low
(zero) states. When input signals are analog (as in the case of our WSNs), they need to be
converted to the digital domain so the Raspberry Pi can understand them. The MCP3008 is a
10-bit 8-channel analog-to-digital converter chip that performs this operation.

The Stop Button is connected to one of the Raspberry Pi’s GPIO pins. Its function serves as an
interrupt/end button for the code's implementation. The algorithm is set to run continuously until a
high-priority threat is detected and preventive actions are implemented. The user can end the
program/system at their convenience by providing a stop button.

Based on the prototype sensors, the WSN comprises four different sensor types, each of which
outputs an analog signal. The choice of these four specific sensors was made with several
considerations. Each sensor is meant to simulate one of the four attack types. This framework is
trained to conduct smart detection, which means blackhole, flooding, gray hole, and scheduling
attacks.
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2.1.3. Flowchart

The flowchart outlines the sequential steps in the system's operation, from data acquisition
to decision-making and action execution, as shown in Figure 3.
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| Model Training |
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Any Interrupt
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Detected
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Intrusion Prevention and
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Figure 3. Flowchart for cloud-based WSN using deep learning

We initialize the Raspberry Pi microcontroller and other design components in the
simulation process. The dataset from a different Excel application is loaded and uploaded using
the import command on the WSN-DS dataset. For data preprocessing, we run commands such
as clean, normalize, and prepare a dataset for analysis. This includes extracting features (X)
and labels (y) from the data frame. Data is split into training and testing sets, and
standardization is applied. The next process is model training. This is where the core logic of
the framework is implemented. Three models are used to train the framework comprehensively:
the autoencoder, decision tree, and multilayer perceptron. We present additional information
for the model training discussion in this paper's implementation section. Also, data is read from
the sensors and preprocessed. If there is no command from the user to halt execution, then
proceed to intrusion detection; otherwise, terminate. We then check input from sensors against
the trained data from the models. If the result comes back as positive, i.e., intrusion/threat is
detected, then check for the type of attack and the priority assigned to it. The priority of an
attack depends on what kind of industry the system is being used in, and as such, is dynamic.
Also, if the attack is of high priority, preventive actions should be immediately implemented,
and the program should end. Then, if the attack is of lower priority, raise a warning and closely
monitor the inputs from that sensor while continuing to take inputs.

2.2. Implementation

Implementing the proposed methodology involves using a simulation tool to model the
cloud-based intrusion detection and prevention framework using predictive techniques and a
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deep learning algorithm on wireless sensors. We also conduct performance evaluations of some
parameters to deploy on a functional system prototype.
2.2.1. Simulation Tool

The implementation utilizes a QEMU-based simulation environment to replicate real-
world scenarios. Python libraries, including TensorFlow and scikit-learn, support developing
and testing machine learning models. The simulation evaluates the system’s performance under
various cyberattack scenarios, ensuring its robustness and reliability.

2.2.2. Data Collection & Preprocessing

The WSN-DS dataset underwent preprocessing steps to improve data quality and
consistency. These steps included:

> Normalization: Ensuring uniform data scales.
> Feature Extraction: Identifying relevant attributes for model training.
> Splitting: Dividing the dataset into 80% training and 20% testing sets.

This is done to have reliable information supplied on the wireless sensors fully secured in
the cloud environment. Both real-time and historical data are used. The process of loading the
dataset and preprocessing for the wireless sensors is presented based on the script in Figure 4.
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Figure 4. Loading the WSN-DS dataset and preprocessing

The historical data helps understand patterns, while real-time data detects ongoing threats
in the cloud environment. Data preprocessing includes cleaning, filling gaps, removing
duplicates, correcting inconsistencies, and normalizing data for machine learning. Based on
cybersecurity techniques and cloud services, extracting relevant features from raw data
involves various algorithm choices and identifying potential threats or anomalies.
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2.2.3. AI-Based Detection and Classification for Cloud Intrusions

An Al-driven intrusion detection and classification system safeguards Industry 4.0 WSNss.
Three different Al models, namely, Decision Tree, Multilayer Perceptron (MLP), and
Autoencoder, are implemented using a publicly available WSN dataset. Cybersecurity
intrusions aredetected and classified with a particular emphasis on flooding, scheduling, black
hole, and gray hole attacks. Each selected model has a distinct function in recognizing and
categorizing cyberattacks, as shown in Figure 5. The Python library and dynamic Al libraries
were leveraged due to their strong Al modeling support, particularly (sklearn, Tensorflow,
Pandas, Numpy, and Keras).
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Figure 5. Importing Al and Machine Learning Libraries

2.2.4. The Autoencoder

This unsupervised learning approach is applied to data compression and feature learning. It
is a powerful feature that presents adequate results for anomaly detection in the cloud
environment. It also recognizes anomalies or deviations from the learned patterns by recreating
the input data, as adopted in [1].
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Figure 6. The Autoencoder Model Definition and Training

2.2.5. Autoencoder Model Definition:

Sequential() initializes a linear stack of layers.
Dense () layers are fully connected layers.

input dim=X train.shape[l] specifies the input dimension for the first layer based
on the number of features in X train.

activation='relu' uses Rectified Linear Unit activation function for hidden layers.

activation='sigmoid' wuses Sigmoid activation function for the output layer to
reconstruct input data between 0 and 1.

compile (optimizer='adam', loss='mean squared error') configures the model for
training with Adam optimizer and Mean Squared Error loss function.

EarlyStopping is a callback that stops training when a monitored metric has stopped
improving.

monitor='val loss' monitors validation loss.
patience=5 waits for 5 epochs after the validation loss has stopped improving.

restore best weights=True restores model weights from the epoch with the best value
of the monitored quantity.

2.2.6. Training the Autoencoder:

fit () trains the autoencoder model on X train with itself (X train) as both input
and output.

epochs=20 specifies the number of training epochs.
batch size=32 determines the number of samples per gradient update.
validation data=(X val, X val) uses X val for validation during training.

callbacks=[early stopping] applies early stopping during training to prevent
overfitting.

2.2.7. Encoding Data:

Sequential (autoencoder.layers[:2]) creates an encoder model using the first two
layers of the trained autoencoder.
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encoder.predict (X train) and encoder.predict (X test) encode X train and X test
data into compressed representations (X train encoded and X test encoded) using
the trained encoder model.

2.2.8. Multilayer Perceptron (MLP)

A Multilayer Perceptron is a type of neural network that is highly accurate at finding
complicated patterns and connections in data. Its ability to learn from both structured and
unstructured data makes it useful for finding simple and complicated attackpatterns [3]. As
shown in Figure 7, the MLP Classifier Implementation is explained as follows.

2.2.9. MLP Classifier Definition:

MLPClassifier is a multi-layer perceptron classifier from sklearn.neural network
module.

hidden layer sizes=(64, 32) defines two hidden layers with 64 and 32 neurons,
respectively.

max iter=200 sets the maximum number of iterations for training.
activation='relu' uses Rectified Linear Unit activation function for hidden layers.
solver='adam' uses Adam optimizer for training.

random state=42 sets the random seed for reproducibility.

2.2.10. Training the MLP Classifier:

mlp.fit (X train encoded, y train) trains the MLP classifier on the encoded training
data (X train encoded) and corresponding labels (y train).

2.2.11. Evaluating the MLP Classifier:

mlp.predict (X test encoded) predicts labels for the encoded test data
(X _test encoded) .

accuracy_ score(y test, mlp predictions) computes the accuracy of predicted labels
(mlp predictions) compared to true labels (y test).

classification report(y test, mlp predictions) generates a detailed classification
report including precision, recall, Fl-score, and support.

2.2.12. Decision Tree

We use this model to organize data into a tree-like structure to conduct Al-based decisions
on the smart sensors using predetermined conditions. The decision tree classification model is
intuitive and can handle numerical and categorical data, making it suitable for classifying
different types of cloud intrusion and detection attacks based on the specific parameters and
characteristics we mentioned. This research presents the decision tree for this cloud service as
follows.
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Figure 7. MLP and Decision Tree Model Implementation
The Decision Tree Classifier Implementation in Figure 7 is explained below:

2.2.13. Decision Tree Classifier Definition:

DecisionTreeClassifier is a classifier from sklearn.tree module.

random state=42 sets the random seed for reproducibility.

2.2.14. Training the Decision Tree Classifier:

dt.fit (X train, y train) trains the Decision Tree classifier on the training data
(X train) and corresponding labels (y train).

2.2.15. Evaluating the Decision Tree Classifier:
dt.predict (X test) predicts labels for the test data (X test).

accuracy score(y test, dt predictions) computes the accuracy of predicted labels
(dt_predictions) compared to true labels (y test).

classification report(y test, dt predictions) generates a detailed classification
report including precision, recall, Fl-score, and support.

2.2.16. Intelligent Prioritization and Prevention System

This paper implemented a smart prioritization and prevention system framework in a cloud
environment, as shown in Figure 8. Based on their significance, this system categorizes various
types of attacks (blackhole, grayhole, flooding, and scheduling). Blackhole attacks, for
instance, are deemed critical in sectors like robotics control and energy management due to
their potential to disrupt vital systems. Grayhole attacks, which selectively alter packets, are
common in quality assurance and asset tracking, affecting data accuracy. Flooding attacks,
prevalent in smart logistics and supply chain visibility, overload networks with excessive
traffic. Scheduling attacks target manufacturing processes and healthcare equipment,
impacting timing and scheduling systems. To proactively prevent such threats, attacks are
prioritized based on their impact on Industry 4.0 scenarios. Prevention measures include setting
up verification environments, utilizing validation tools, deploying traffic analysis and rate-
limiting methods, and employing time synchronization procedures. These tailored prevention
plans aim to enhance the safety and reliability of Wireless Sensor Networks (WSNs).
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3. RESULTS AND DISCUSSION

This paper uses deep learning to implement a predictive framework for cloud-based
intrusion detection and prevention in wireless sensor networks. The concept of the deep
learning algorithm used has significantly improved the accuracy and efficiency of cloud
intrusion detection and prevention in WSNs. This simulation will demonstrate three distinct
machine learning models implemented based on the cloud-based intrusion and prevention
system for wireless sensors. These are: Decision Tree, Multilayer Perceptron (MLP), and
Autoencoder. The evaluation results are highlighted below:

3.1. Multilayer Perceptron (MLP)

MLP presented the best classification approach for cloud-based WSN intrusions. As
evidenced in Figure 9, this research achieves 99.37% simulation accuracy.
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Based on Figure 9, a simulation is conducted for accuracy, precision, recall, and F1 score
for different attack types in the cloud computing environment. In the MLP model, Normal and
TDMA classes were examined. This is to indicate high accuracy in positive predictions.
However, the TDMA class has a slightly lower recall rate, suggesting that some real TDMA
instances are missed. The Blackhole, Flooding, and Grayhole classes show a good balance
between precision and recall, reflected in their high F1-Scores. The '"Macro Avg' and "Weighted
Avg' rows highlight the MLP model's consistently high performance across the dataset. This
indicates the robust classification capabilities of the MLP model in this multiclass problem. In
addition to the MLP model's precision, recall, and F1 scores per class, Figure 9 presents the
Normal class with an exceptional precision of 99.7%, and the TDMA class also achieves
99.7%, demonstrating the model's effectiveness in reducing false positives. The Grayhole class
has a precision of 94%, while the Blackhole and Flooding classes show strong precisions of
93% and 99.9%, respectively, indicating effective reduction of false positives.

3.2. Decision Tree (DT)

DT in this simulation presents effective accuracy during attack identification and
prediction in cloud-based networks, which is crucial for cybersecurity (see Figure 10). The
macro average and weighted average metrics demonstrate our model's overall high
performance across the dataset, underscoring the robust capability of DT handling multiclass
classification problems.
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Figure 10. Impact of Decision Tree Classifier

Figure 10 shows a simulation based on accuracy, precision, recall, and F1 score for
different attack types in the cloud environment. The results measure the precision score per
class, where the Decision Tree is robustly classified in all instances. For precision, 99% is
achieved for the "Normal" class. This indicates high accuracy in detecting typical occurrences
and reducing false positives. For Blackhole and Grayhole classes, we achieved precisions of
95.82% and 98.89%. This shows its effectiveness in classifying all kinds of intrusions. The
flooding class achieves a precision of 92%. This suggests a slightly higher chance of false
positives. Overall, the Decision Tree model shows strong performance across all classes. In
addition, the recall score per class is presented to indicate the model's ability to classify each
class accurately. With high recall values for "Normal" (98%) and "Blackhole" (95%), the model
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effectively captures most real occurrences in these classes. For the Grayhole class, we achieved
a recall of 98%. That means the model minimizes false negatives by efficiently identifying
instances of network intrusions.

3.3. Autoencoder

As shown in Table 2, Autoencoder results highlight the performance metrics of a binary
classification model that distinguishes between normal and anomalous instances. This
simulation's precision for normal and anomalous instances is high, at 0.95 and 0.88. This
indicates the model predicts an instance as normal or anomalous. The recall for normal and
anomalous instances is 0.88 and 0.95, showing the model captures 88% of actual normal
instances and 95% of actual anomalous instances. The F1-score for the Autoencoder model is
0.91 for normal instances and 0.92 for anomalous instances. This indicates enhanced balance
between precision and recall. Therefore, the Autoencoder model outperforms other models
during instance identification. Overall accuracy of the Autoencoder model is 0.91. This means
it can correctly identify 91% of the total instances. For sensitivity, the Autoencoder model is
88%, and thus performs well in identifying positive instances out of all positive ones. For
specificity, the Autoencoder model, being 95%, performs well in identifying negative instances
out of all actual negative instances. Considering sensitivity and specificity, the Autoencoder
model effectively identifies positive and negative instances. These results are presented in
Table 2.

Table 2. Training and Validation Results of Autoencoder

Class Precision Recall  F1-Score Accuracy Sensitivity Specificity
Normal 99% 88% 91%
Anomaly 88% 95% 92% 0 o o
Macro Average 92% 91% 91% 1% 88% 95%
Weighted Average 92% 91% 91%

As shown in Table 2, the training and validation of the Autoencoder model are conducted
across 20 epochs, along with the reconstruction error report. An enhancement is noted for
accuracy from 84.90% in the first epoch to 87.81% in the final epoch, with corresponding
decreases in loss values. The validation accuracy mirrors this trend, reaching 87.81% by the
end of the training period (this is only one of many iterations). This indicates that the model
learns effectively and generalizes well to unseen data. The mean reconstruction error is
0.250247, which is presented using a standard deviation of 0.238110, suggesting that most
reconstruction errors are low, though there is some variability. The minimum error is 0.038404,
and the maximum error is 26.071553. The 25th, 50th, and 75th percentiles are 0.094400,
0.128891, and 0.233322, respectively, indicating that most reconstruction errors are below
0.233322. Furthermore, the Autoencoder Reconstruction Error Report is presented in Figure
11.

The performance of the Multilayer Perceptron (MLP) model significantly enhances the
effectiveness of the Decision Tree model, resulting in improved accuracy, precision, recall, and
F1 scores. This improvement is particularly evident in detecting and classifying cloud-based
cybersecurity intrusions, underscoring the models' potential for robust threat identification. The
findings indicate optimizing the MLP model yields better precision in detecting cloud-based
intrusions within wireless sensor networks. Additionally, the results for the Decision Tree
model are analyzed using various averaging methods, including micro, macro, weighted, and
sample averages, to comprehensively evaluate its performance. These insights highlight the
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complementary strengths of the MLP and Decision Tree models in addressing cybersecurity
challenges in cloud and wireless sensor network environments.
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Figure 11. Autoencoder Reconstruction Error Report

3.4. Limitations

Observed limitations include increased computational delays on the Raspberry Pi during high-
traffic scenarios. Addressing these limitations through hardware upgrades or algorithmic
optimization will enhance the system’s efficiency.

3.5. TESTING AND EVALUATION

Testing is conducted to evaluate the precision of the implemented predictive system. The
evaluation considers a cloud computing scenario involving wireless sensor clusters in the cloud
during intrusion detection and prevention actions. The technique involves, first, the use of an
Internet cloud-based framework to secure and analyze real-time wireless sensor clusters. This
includes detecting and classifying a wide range of cloud-based cybersecurity intrusions, such
as data exfiltration, denial-of-service attacks, and unauthorized access attempts. Second, we
perform intelligent prediction and prioritization to assess the framework’s accuracy. This
ensures that the model can accurately identify potential threats in the Internet cloud under
specific algorithmic conditions. Finally, proactive measures are implemented to prevent attacks
on the system's capacity, mitigating the impact of cloud-based breaches and enhancing real-
time defense mechanisms through adaptive security approaches.

4. CONCLUSION AND FUTURE WORK

This paper outlined a comprehensive research study investigating cloud computing-based
security analysis on wireless sensor node clusters using predictive techniques. It actively
implements an intelligent and robust predictive framework for cloud-based intrusion detection
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and prevention for Industry 4.0 using wireless sensor networks as follows. Firstly, an Al-based
detection mechanism is implemented to recognize and classify wireless sensors using a cloud
computing strategy and cybersecurity intrusions. Three distinct machine learning models
(multilayer perceptron, autoencoder, and decision tree) are implemented for cybersecurity
intrusion detection and classification within WSNs. Secondly, an intelligent prioritization
model is implemented to give priorities to cyber threats based on their nature and impact.
Finally, a prevention system is implemented to mitigate the impact of cybersecurity intrusions
on the cloud effectively. The result presents significant advancements in WSN security, with
implications for various applications. Leveraging advanced algorithms such as machine
learning algorithms, intelligent prioritization mechanisms, and proactive safety measures
enhances the framework's security and resilience against evolving cyber threats. Future
research will explore advanced ensemble techniques to improve model performance, adaptive
learning algorithms to enhance resilience against evolving threats, and real-time deployment
scenarios to validate the framework’s effectiveness in industrial environments.
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ABSTRACT: Partial discharge (PD) is commonly related to electrical insulator degradation.
It occurs in a high electric field environment, especially in high-voltage systems. It can lead
to the electrical breakdown of insulators. Knowledge of the characteristics of PD allows for
testing and monitoring of insulation properties in power system equipment. PD can be
observed in both AC and DC power. However, research on AC-PD is much more mature than
DC-PD due to the established pattern of AC’s changing magnitude and polarity
characteristics. This work uses finite element analysis to study PD activity under DC stress
with voltage disturbance at different void sizes, with AC harmonic as the focused disturbance.
The characteristics are evaluated based on the electric potential distribution, electric field
distribution, electrical charges, and repetition rate. As the void radius increases from 1 mm to
4 mm, the inception voltage decreases by approximately 65%, while the PD repetition rate
increases by 58%. In addition, a comparison between DC-PD and AC harmonic disturbance
and AC-PD is performed to analyze their differences. The simulation result shows that the
repetition rate for DC-PD with AC harmonics is approximately 75% lower than that of AC-
PD, indicating fewer PD events in the case of DC-PD with AC harmonics. The conducted
simulation provides valuable insights and guidance for the formation of DC-PD testing, and
consequently, a validated method can be approved to monitor insulating material condition
under DC power.

ABSTRAK: Penyahcasan separa (partial discharge, PD) merupakan fenomena biasa yang
berkait rapat dengan degradasi penebat elektrik. Ia berlaku dalam persekitaran medan elektrik
tinggi, khususnya dalam sistem voltan tinggi, dan boleh menyebabkan kerosakan elektrik
pada penebat. Pengetahuan mengenai ciri-ciri PD membolehkan ujian dan pemantauan sifat
penebat dalam peralatan sistem kuasa dijalankan. PD boleh diperhatikan dalam kedua-dua
kuasa arus ulang-alik (AC) dan arus terus (DC). Namun, kajian mengenai PD dalam AC
adalah lebih matang berbanding dalam DC disebabkan oleh corak perubahan magnitud dan
polariti AC yang telah mapan. Kajian ini meneliti aktiviti PD di bawah tekanan DC dengan
gangguan voltan pada saiz kekosongan yang berbeza menggunakan analisis elemen terhingga,
dengan gangguan harmonik AC sebagai tumpuan utama. Ciri-ciri yang dinilai termasuk
taburan potensi elektrik, taburan medan elektrik, cas elektrik, dan kadar pengulangan. Apabila
jejari kekosongan meningkat dari 1 mm kepada 4 mm, voltan permulaan menurun sebanyak
kira-kira 65%, manakala kadar pengulangan PD meningkat sebanyak 58%. Selain itu,
perbandingan antara PD-DC dengan gangguan harmonik AC dan PD-AC turut dilakukan bagi
menganalisis perbezaannya. Hasil simulasi menunjukkan bahawa kadar pengulangan bagi
PD-DC dengan gangguan harmonik AC adalah kira-kira 75% lebih rendah berbanding PD-
AC, menandakan bilangan kejadian PD yang lebih sedikit dalam kes PD-DC dengan
gangguan harmonik. Simulasi yang dijalankan ini memberikan pandangan yang bernilai dan
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panduan berguna bagi pembentukan ujian PD-DC, dan seterusnya, kaedah yang disahkan
boleh diluluskan untuk memantau keadaan bahan penebat di bawah kuasa DC.

KEYWORDS: Partial discharge, DC, AC harmonics, void, FEA

1. INTRODUCTION

In electrical power systems, partial discharge (PD) is the first indication that the insulation
properties of an electrical apparatus are deteriorating. The failure of the insulation system can
eventually cause the breakdown of the apparatus, jeopardizing the reliability of the
transmission and distribution system. PD is an electrical breakdown that occurs in insulating
materials caused by operating stresses [1] such as an overhigh electric field [2]. Under normal
circumstances, the insulators contain defects such as voids or air-filled gaps that promote the
activity of PD. However, PDs do not cause an abrupt breakdown of the insulation property.
When subjected to long and harsh operations, insulating properties start to degrade, causing an
increase in PD activity, which eventually could lead to total breakdown [3], [4].

PD detection and measurement are known as a standard method to evaluate the quality of
the insulation system [5]; where the knowledge of the PDs’ characteristics is crucial for their
detection and measurement. Various techniques have been developed for PD measurement,
analysis, and recognition, particularly for partial discharge under AC stress (AC-PD). AC
voltage operation in terms of its polarity and direction changes is naturally made suitable for
monitoring PDs. The pure AC output from transformer conversion allows simplicity in
measuring the discharge value without any disturbances.

The critical parameters for measurement include partial discharge inception voltage
(PDIV) [6] apparent charge, repetition rate, and the Phase-Resolved Partial Discharge (PRPD)
pattern [7]. These parameters are highly influenced by the types of insulating materials, voltage
stress, temperature, humidity, impurities, and defects (usually referred to as voids) geometry
[4], [6], [8]. The knowledge of the fundamental characteristics of AC-PD, combined with
information about the parameters, allows for monitoring the insulation properties of the power
system apparatus. Current research is also integrating PD simulation modelling and machine
learning [9], [10] in facilitating this method of insulation monitoring.

On the other hand, recent developments in high voltage transmission and distribution
systems show an increasing interest in high voltage direct current (HVDC) systems. Similar to
the traditional HVAC systems, the insulation systems for HVDC also face the same partial
discharge (DC-PD) problem. Unlike AC-PD, which is already well characterized, PRPD is well
established as a method of analysis; the fundamental characteristics of DC-PD are still not well
known. DC power behaves differently from AC power in terms of its electrical characteristics,
such as the magnitude, type, and phase. These differences in characteristics are enough to
influence the PD behaviours between AC and DC systems. However, the testing and
monitoring procedures of DC-PD are still unclear because the study is still being conducted,
and researchers are studying and developing new methods for a definitive solution.

This paper aims to contribute to this study by simulating the PD activity under DC stress
with voltage disturbance at different void sizes. In relation to DC power, the output
transmission voltage in an HVDC system contains voltage disturbances such as traces of AC
harmonic voltage or DC voltage ripple. Thus, it is essential to investigate the effect of voltage
disturbance on the characteristics of DC-PD. Here, finite element method (FEM) analysis will
be used to analyze the DC-PD characteristic for different void size in cross-linked polyethylene
(XLPE) material under DC stress superimposed with AC harmonics.
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2. METHODOLOGY

This chapter consists of several sections. Section 2.1 covers the model's geometry and the
simulation parameters. Section 2.2 shows the governing equation of PD modelling using the
FEA method. Fig. 1 shows a summary of the methodology.

2.1. Model Configuration

The model for this simulation uses a 2D axisymmetric dimension, allowing for only half
of the geometry to be drawn, with the remainder completed through 3D revolution or 2D
mirroring. Fig. 2 shows the model following the CIGRE Method-II (CM-II) Type Metal-Air
Gap-Metal Electrode system [11]; comprises an insulator material sandwiched by two
electrodes, and a cylindrical-shaped air gap is created in the middle of the insulator. The
electrodes’ pole is 3mm in radius and 20mm in height, while the electrode plates are 20mm in
radius and 2mm in height. The insulator material is 25mm in radius and 2mm in height. The
void radius varies as a parameter, taking 1 mm, 2 mm, 3 mm, and 4 mm values.

START RUN SIMULATION WITH STUDY AND
FEAMETHOD RESULTS

LITERATURE

REVIEW
RUN TYPES OF
SIMULATION
DRAW GEOMETRY
—T
ASSIGN MATERIAL CALCULATE PD
AND ITS CHARGE VALUES
PROPERTIES GALCULATE
CURRENT ELECTRIC
FIELD, Ecur
CREATE MESH CALCULATE PD
CALCULATE PD REPETITION RATE
INCEPTION N —

NO ELECTRIC FIELD, Einc
SET ELECTRIC

CURRENT PHYSICS

i

CALCULATE:

1) TOTAL AVERAGE NUMBER OF PD
2) TOTAL AVERAGE CHARGE
VALUES OF PD
3) MAXIMUM CHARGE VALUE OF PD

RUN SIMULATION
WITH FEA
METHOD

YES

PRESENT THE
RESULTS IN PLOTS

STUDY AND

Y

AND GRAPHS
RESULTS
YES
END OF
SIMULATION YES END END
END DURATION

Figure 1. Flowchart of the study.
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Figure 2. Geometry of the model

Each part of the geometry is assigned materials used experimentally to simulate the partial
discharge (PD) model. The electrodes are made of copper metal, suitable for electrical
conductivity. The material of the insulator cable is cross-linked polyethylene (XLPE) since this
material is often utilized in HVDC systems where the cross-linking by-products, impurities,
voids, and gaps can easily cause space charge accumulation under HVDC stress, consequently
leading to PD. On the other hand, the material of the void is air [12], with significantly lower
dielectric strength than XLPE, a standard material used for PD simulation. Properties of the
materials are configured to fulfill simulation requirements, namely the relative permittivity and
electrical conductivity, summarized in Table 1. The relative permittivity is the ratio between
the absolute permittivity of the insulator and the absolute permittivity of vacuum. At the same
time, the electrical conductivity determines the material’s ability to conduct electric current.
Next, the mesh of the model is created to establish the numerical computation process.
Triangular meshing is used for this model, and the mesh element size is set to fine to allow
accurate measurement, but this reduces computational resources. Fig. 3 represents the built
mesh on the model.

Table 1. Material properties

Materials Relative Electrical
permittivity conductivity [S/m]
Copper 1 5.998x107
XLPE 2.3 1x10°13
Air 1 1x10°"3 (Initial)
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Figure 3. Mesh of the model

Two types of input voltage are defined for the simulations: a) DC input voltage
superimposed with AC harmonics and b) AC input voltage. The DC + AC harmonics voltage
contains 500kV (DC) + 100kV (AC), while the AC input voltage has a magnitude of 600kV,
as shown in Fig. 4.
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Figure 4. Input voltages

2.2. Governing Equations

First, the upper electrode is determined as the terminal to receive the input voltage, while
the ground electrode becomes the ground terminal. The assumptions for this analysis are as
follows:

a. The geometry, material properties, and boundary conditions are symmetric about a
central axis.

b. The current continuity equation is satisfied throughout the entire domain.

c. The electrical insulation is perfect, where no current flows through the insulated
boundaries or regions.

The electric potential and electric field distribution are calculated based on the governing
equations as follows [13]:
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Eq. (1) is Gauss’ Law, which states that the total electric flux is equal to the total electric
charge across a closed surface. D is the electric flux density, p is the volume charge density
and V is the gradient operator. Eq. (2) is from the derivation of Ohm’s Law, and it takes into
account the electric field, E, current density, J, and conductivity, o. The next three are further
derivations of the first two, and these equations are translated into Eq. (6).

The first FEA condition of PD occurrence is when the current electric field value, Ecur,
inside the void is higher than the minimum inception electric field value, Einc [14], [15]. This
is known as the streamer inception criterion, where the electrons gain energy, perform further
ionization in molecules and atoms, and cause an avalanche of excited electrons. The formula
for Einc 1s represented as follows:

Einc = (E1/P)er P (1 + ) (7)

where p is the air pressure inside the void, a is the void radius and (E;/p).r, B and n is
parameters that are involved in gas ionizations. The constant values for these parameters are
(E1/p)er =242 VPa'm™!, B = 8.6 Pa’>m!? and n = 0.5. After a period of discharge occurs,
the electric field inside the void starts to drop because there is a difference of strength between
the electric field left by the charged particles and the supplied voltage. When the value falls
below an extinction value (E,,; ), the streamer discharge cannot be fulfilled. The formula for
E,,: 1s represented as follows:

B
2pa)"

Eext =pY(E/P)cr ®)
where y depends on the voltage polarity and is usually obtained from experiments [13].

The second condition is the electron generation rate and the probability of electron
availability. Eq. (9) is used to assess the availability of electrons for PD to occur, where N, is
a constant, U, is the voltage across void, U;,. is the PD inception voltage across the void,
and At is the time step of the simulation. Then, in Eq. (10), P is calculated to determine the
probability of generating free electrons at the time step of the simulation [16]. Subsequently, P
is compared with R, where R is a random number between 0 and 1 (0 <R <'1).

At E., > Ejnc and P > R, PD occurrences are dynamically simulated by switching the
void’s state from non-conducting to conducting (i.e., increasing the conductivity 6.4, from
O1ow 0 Omax), as shown in Eq. (11). This causes the field inside the void to increase again, and
the discharges are repeated. Table 2 summarizes the constant parameters implemented in this
simulation.

Ntot(t) = Nes exp(|Ucqv/ Uincl) )
P= Ntot(t)At (10)

_ Gmax EcurZ Einc & P>R
Ieav = {Ulow Ecuyrs EExT (a1
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Table 2. Constant parameters of the simulation [13], [16], [17]

Symbols Parameters Values
F Frequency of the input voltages 60 Hz
T Period of the input voltages 0.0167 s
Omax Max conductivity of the void 5x10* S/m
Olow Min conductivity of the void 1x10™" S/m
P Void pressure 101325 Pa
Yy Streamer propagation factor 0.35
(E/P)er Gas ionization constant 242 V. Pa'm!
B Gas ionization parameter, air 8.6 Pa!”’m!?
n Gas ionization constant, air 0.5
N, Initial electron generation rate 650 1/s
At Simulation time step -

PD charge magnitudes and repetition rate are standard parameters used to evaluate PD,
and they can be calculated using Eq. (12) and Eq. (13), respectively. It is important to note that
the electric field values are taken from the simulation, where only the electric field inception
and extinction are considered. Meanwhile, the charge magnitudes and repetition rate are
considered in the first condition, and the electron probability is calculated through the electron
generation rate formula.

text =g =2
Qreal = tinc fScav,surf](t)' dsdt (12)
PD repetition rate = {(1) ECL;;R:,,iIsNﬁEg;ITJ >R (13)

In Eq. (12), the current density values f (t) is integrated over the Scqy syrp Which is the
void surface, obtaining the current within the void. Then, the values are integrated again during
the interval of PD inception and extinction times. When PD does not occur, the time intervals
are flipped and integrated oppositely. The value is recorded at each time step of the simulation.
In Eq. (13), the PD repetition rate is counted when the FEA conditions are fulfilled. Only one
count is taken for each PD event, which is increased for the next PD event.

3. RESULT AND DISCUSSION

This section covers the results of the DC-PD simulation with AC harmonic disturbance at
different void sizes. Section 3.1 shows the electric field distribution of the model and line
graphs during the absence and presence of PD. Section 3.2 shows the PD charge magnitudes
in a scatter graph and repetition rate in a 2D bar graph. Section 3.3 compares the DC-PD
simulation with the AC harmonic disturbance and the pure AC-PD simulation.

3.1. Electric Field Distribution at Different Void Sizes

The influence of AC harmonics disturbance on DC-PD is determined by measuring the
electric field. The occurrence of PD is heavily dependent on the electric field values. The plots
and values are recorded after simulating one cycle. Fig. 5(a), (b), (c), and (d) indicate that the
electric field distribution across all void sizes is uniform, and the voids have lower values than
the input voltage. Fig. 5(b), (d), (f), and (h) show the changing electric field values throughout
the cycle period. When the electric field PD inception condition is fulfilled, the conductivity
changes to a high value. After that, the electric field value drops instantly, fulfilling the PD
extinction condition. The conductivity then changes back to a low value, and the electric field
value is in accordance with the electric field during the absence of PD. Fig. 5(h) has the highest
changing conductivity values because it has the lowest Einc and PD inception voltage, Uinc
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value. Thus, the PD inception condition is fulfilled faster in the 4mm void radius simulation

than the lower void radius simulations. Table 3 shows the Einc and Uinc values for each void
size simulation.
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Figure 5. Electric field surface distribution and the electric field for different void sizes
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Table 3. The PD electric field and amplitude inception values

Void radius [mm]  Einc [V/m]  Uinc [V]

1 3.93x10° 8499.6
2 3.5x10° 3519.2
3 3.31x10° 3130.6
4 3.19x10° 2984.5

3.2. Evaluation of Electrical Charges and Repetition Rate at Different Void Sizes

The charge magnitude and repetition rate across the void under DC-PD + AC harmonics
are calculated for the different void sizes. The value and number of these charges indicate the
occurrence of PDs when the conditions for PD are fulfilled. The PD inception and electron
generation rate are considered when evaluating the charges. When these conditions are
fulfilled, the electrons gain enough energy to move quickly due to the increased electric field
strength. This increases the electrical current and, in turn, increases the electrical charges inside
the void. The plots and values are recorded after simulating five cycles.

Fig. 6 shows the charge magnitudes and the repetition rate at different void sizes. Fig. 6(¢)
and Fig. 6(g) show the highest number of PD charges at a high range of charge values.
Considering the electron generation rate condition, the increase in void sizes allows the charges
to reach very high values. The 3mm and 4mm void size for the PD repetition rate shows the
highest number of PDs. Table 4 shows the number of PDs, total charge values, and maximum
charge values for each void radius simulation per cycle. The results show that all the parameters
increase in value when the void radius increases. As the radius of the void increases, the
effective discharge area and the number of charged particles in the discharge channel grow,
leading to a higher discharge quantity and increased discharge repetition rate.

Table 4. Evaluation of PD parameters

Void radius Average PD repetition Average PD charges Maximum PD charge
[mm] rate per cycle value per cycle [pC] [pC]
1 13.2 1.3416x103 5.763x10°
2 16.8 2.7851x10° 4.9488x10°
3 18.2 3.93x10° 1.1040x107
4 20.8 6.0024x103 1.13862x10’
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Figure 6. Charge vs phase and PD repetition rate for different void sizes

137



ITUM Engineering Journal, Vol. 26, No. 2, 2025
https://doi.org/10.31436/iiumej.v26i2.3419

Midi & Sulaiman

3.3. Comparison of Electrical Charges and Repetition Rate between AC-PD and DC-PD
+ AC harmonics

After evaluating the simulation characteristics of DC-PD with AC harmonics, the PD
behavior between this simulation and the AC-PD simulation is compared to see the differences
between these configurations. The void radius is kept constant at 4mm for these comparisons.
Fig. 7 displays the PD charges values and repetition rate graph between AC-PD and DC-PD +
AC harmonics.

Comparing Fig. 7(a) and Fig. 7(c), the simulations of AC-PD contain a higher range of
charge compared to DC-PD + AC harmonics. The comparison of PD repetition rate in Fig. 7(b)
and Fig. 7(d) is also significant, where the number of PDs can reach up to 70 counts in AC-
PD, while for DC-PD + AC harmonics, it can only reach up to 19 counts. AC-PD possesses a
significantly higher average PD repetition rate per cycle than the other simulations. Table 5
shows the recorded PD parameters for the two simulations. This observation might be related
to the difference in the input voltages shown in Fig. 5. It can be seen from the figure that
amplitudes are different despite the almost similar peak value, indicating a difference in the
magnitude of the voltage. AC's input voltage is higher than the DC+AC harmonics, suggesting
a higher electric field in the case of AC-PD. However, the average and maximum PD charges
in the DC-PD+AC harmonics simulation are not that different from those in the AC-PD
simulation. Even though the number of PDs is lower in DC-PD compared to AC-PD, the AC
harmonic component of the combined voltage can cause higher PD charge values due to the
increase in electric field when the AC values change alternately.
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Table 5. Results evaluation of PD parameters between AC-PD and DC-PD with AC

harmonics
Simulation tvpe Average PD repetition Average PD charges Maximum PD
yp rate per cycle value per cycle [pC] charge [pC]
AC-PD 78.8 3.1083x10° 1.4345%107
DC-PD + AC harmonics 19.2 1.8881x10° 9.6837x10°

4. CONCLUSION

PDs are temporary electrical connections that occur between the surface of the insulator
and the conductor in high electric fields and voltage systems. Monitoring the condition of the
insulator is vital to recognizing the defects. Compared to AC-PD testing, monitoring PD under
DC power is not well-developed. Thus, research and study are conducted to unveil new
methodologies to improve the monitoring of DC-PD. For simulation, FEA modelling is
discovered as one of the methods to model the PD behavior using conditions such as electric
field inception, electron generation rate, and the availability of electrons.

The simulation of DC-PD with AC harmonic disturbance has been conducted under
different void sizes. The electric field at the void origin is plotted, and the results show that the
values change in accordance with the electric field PD inception and extinction conditions at
each void size. The inception voltage decreases by approximately 65% with the increase in the
radius from Imm to 4mm. After that, the evaluation of PD charges and repetition rate is
recorded. As the void size increases, the charge values and number of PDs also increase, with
the maximum charge PD charge increasing by 95% and the average PD repetition rate per cycle
increasing by 58%.

A comparison of AC-PD and DC-PD with AC harmonic is performed to view the
performance of the testing PDs in these two simulations. It is concluded that AC-PD shows
higher values compared to the DC-PD + AC harmonic simulation, where the repetition rate for
DC-PD with AC harmonics is approximately 75% lower than that of AC-PD, indicating fewer
PD events in the case of DC-PD with AC harmonics.

The simulation of DC-PD with AC harmonics across all simulations provides promising
results for observing PDs. At the very least, PDs appear in DC-PD + AC harmonic simulation
because the number of PD occurrences is very low in pure DC-PD testing. To conclude, the
simulation is successful as the occurrence of PDs is obtained through the combination of DC
voltage + AC harmonic disturbance. The simulation provides valuable insights and guidance
for developing DC-PD testing and monitoring techniques for assessing the condition of
insulating materials. Further research under varying environmental conditions, such as
temperature fluctuations and thermal stress, can enhance the application of these methods.
Additionally, the DC-PD behavior of various materials used in HVDC facilities, including
emerging insulator materials like High-Performance Thermoplastic Elastomer (HPTE), should
be further explored. This will help further expand the applicability and understanding of DC-
PD behavior in insulating materials.
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ABSTRACT: Dyslexia, a prevalent learning disorder affecting approximately 10% to 15% of
primary school children in Malaysia, presents a significant educational hurdle. Traditional
interventions often rely on in-person sessions, imposing additional demands on parents.
Existing technology-based platforms are partially dyslexic-friendly with limitations such as
poor user interfaces, limited content, lack of progression to advanced learning, and attempts
to address multiple skills simultaneously. This paper proposes an enhanced dyslexic-friendly
mobile application (app) to address these issues. The app employs the Orton-Gillingham
approach to ensure a continuous and progressive learning environment. Moreover, it also uses
the Structured Literacy approach by dividing learning into three modules that reinforce basic
phonology, syllable knowledge, and meaning association. This app is developed using several
software components: Visual Studio Code, Android Studio, Flutter, and Adobe XD. Besides,
the app includes games that serve as diagnostic tools to monitor improvement, identify
weaknesses, and measure progress. By catering to diverse learning styles and needs, this app
offers a more accessible and supportive learning experience through an innovative mobile
tool that promotes inclusivity, independence, and continuous skill development.

ABSTRAK: Disleksia, gangguan pembelajaran lazim yang menjejaskan kira-kira 10% hingga
15% kanak-kanak sekolah rendah di Malaysia, memberikan cabaran pendidikan yang ketara.
Intervensi tradisional sering bergantung pada sesi bersemuka, menyebabkan tuntutan
tambahan kepada ibu bapa. Platform berasaskan teknologi sedia ada sebahagiannya mesra
disleksia dengan batasan seperti antara muka pengguna yang lemah, kandungan terhad,
kekurangan kemajuan kepada pembelajaran lanjutan dan percubaan untuk menangani
pelbagai kemahiran secara serentak. Untuk menangani isu ini, aplikasi mudah alih mesra
disleksia yang dipertingkatkan dicadangkan dalam kertas kerja ini. Aplikasi ini menggunakan
pendekatan Orton-Gillingham untuk memastikan persekitaran pembelajaran yang berterusan
dan progresif. Selain itu, ia juga menggunakan pendekatan Literasi Berstruktur dengan
membahagikan pembelajaran kepada tiga modul yang mengukuhkan fonologi asas,
pengetahuan suku kata, dan perkaitan makna. Aplikasi ini dibangunkan menggunakan
beberapa komponen perisian yang merangkumi Kod Visual Studio, Android Studio, Flutter
dan Adobe XD. Selain itu, aplikasi tersebut menggunakan permainan yang berfungsi sebagai
alat diagnostik untuk memantau peningkatan, mengenal pasti kelemahan dan mengukur
kemajuan. Dengan memenuhi gaya dan keperluan pembelajaran yang pelbagai, aplikasi ini
menawarkan pengalaman pembelajaran yang lebih mudah diakses dan menyokong melalui
alat mudah alih yang inovatif yang menggalakkan keterangkuman, kebebasan dan
pembangunan kemahiran berterusan.

KEYWORDS: dyslexia, mobile application, learning materials, Orton-Gillingham,
Structured Literacy
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1. INTRODUCTION

Learning disabilities have become a significant educational and developmental challenge,
affecting a substantial portion of the population. A comprehensive report by the Department of
Social Welfare revealed an astonishing 236,972 registered cases of individuals grappling with
these disabilities [1]. Additionally, a 2023 report from the Ministry of Education discloses that
there are up to 97,494 cases of learning disorders in Malaysian schools, with 17,271 (18%)
identified as dyslexic [2]. Dyslexia, classified as a neurodevelopmental disorder, affects an
individual’s ability to grasp basic literacy-related skills, such as spelling and reading [3]. This
distinctive impact makes dyslexia easily identifiable, especially in children as they begin their
formal education. Individuals displaying symptoms of dyslexia frequently exhibit significant
delays compared to their peers, particularly in reading. Regrettably, if left untreated, this can
result in diminished self-esteem and reduced confidence [4].

Table 1. Summary of Existing Mobile Applications

Mobile application

Features

Limitations

Dyslexia Baca [5]

e A Malay-language app for early dyslexic
readers.

e Introduces confusing letters, supports
alphabet recognition with multisensory
methods, and features rewards for
achievements.

Needs better interfaces, offers overly
simple levels, focuses narrowly, and
lacks continuous learning
progression.

A level-based number quiz game with a user-

Overemphasis on multiple skills may

situations.

Easylexia [6] friendly interface and structured learning. confuse.
A user-friendly app helping dyslexic users | ¢ Not focused on learning.
Alexza [7] overcome reading difficulties in real-life | o Ideal for those with basic reading

skills.

Funologo [8]

An Android-based virtual reality app that
enhances phonological awareness in dyslexic
children using the Orton-Gillingham approach.

Unspecified information on how the
learning modules work.

Dys-1-Can [9]

e An app with modules for dyslexic children
aged 3 to 12.

e Offers a relaxing environment and rewards
throughout their learning journey.

Can confuse module transitions

The Hope [10]

e A stage-by-stage app that monitors dyslexic
individuals’ progress.

e Uses the Orton-Gillingham approach to
enhance learning benefits.

Requires extra equipment for
handwriting recognition assessment
and parental guidance.

The Cure [11]

An alternative for individuals with dyslexia and
dysgraphia is to practice reading and writing
independently with a user-friendly app and
diverse practice words.

e No variation in level progression.
e Not very engaging for children.

Arunalu [12]

A multisensory mobile app in Sinhala with
interactive interfaces and a reward system.

e Only in Sinhala.
e No clear distinction between
screening and intervention stages.

Given the significant number of dyslexic individuals and the challenges they face, specific
educational and support interventions such as treatment sessions and special classes within
schools are essential. While these intervention strategies have been employed for a more
effective learning environment for dyslexic individuals, these mainly rely on in-person
sessions, imposing additional strain on parents already managing demanding schedules.
Consequently, there is an urgent need for more accessible and dyslexia-friendly educational
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interventions. Though numerous technology-based learning platforms, such as mobile
applications (apps) for dyslexia, have emerged, many of these apps struggle with issues like
poor user interfaces and content limitations. Response often features distracting colors and
unclear designs. Likewise, many apps focus solely on early learning phases, such as alphabet
recognition, without a smooth transition to more advanced learning. Moreover, attempts to
address multiple skills simultaneously may lead to confusion and burnout, not fulfilling the
need for balanced content complexity and user engagement. These limitations are summarized
in Table 1.

Considering these limitations, this paper presents the development of a mobile application
tailored to the specific needs of dyslexic individuals. Designed for smartphones and tablets, the
app offers support anytime, anywhere to promote continuous learning. It features a user-
friendly interface to enhance clarity, a structured progression from foundational to more
advanced and complex materials, and targeted learning modules to prevent cognitive overload.
The app aims to provide accessible, personalized tools for effective education, incorporating
interactive features and feedback to boost engagement, support self-directed learning, and
foster the development of essential educational skills.

The structure of the following sections is as follows: Section 2 offers an overview of
dyslexia, Section 3 outlines the methodology of this study, Section 4 presents and analyzes the
results, and Section 5 summarizes the paper.

2. OVERVIEW OF DYSLEXIA

The Special Education Division within the Ministry of Education Malaysia characterizes
dyslexic individuals as those with intellectual abilities equal to or surpassing those of their
peers of the same age, but who confront substantial challenges in spelling, reading, and writing
[3]. Therefore, dyslexia is generally associated with a reading disorder or reading disability.
Common characteristics presented by dyslexic individuals include deficits in phonological
processing and letter reversal. Phonological processing, essential for understanding written and
spoken language, includes phonological awareness [13], memory, and access to lexical storage
components. Dyslexic individuals repeatedly struggle with these components, impacting their
reading fluency and comprehension and making it harder for them to decode and understand
text. Letter reversal is another common deficit in dyslexic children. They have difficulty
recognizing between similarly shaped letters [14]. For example, they may write /b/ as /d/, /p/
as /q/, or /m/ as /w/. Furthermore, they might reverse the sequence of syllables in words, such
as writing “load” as “laod”. Considering the challenges dyslexic individuals face, it is necessary
to adopt specific teaching approaches instead of traditional classroom settings. These
approaches should be tailored to target specific areas of difficulty to enhance learning
outcomes.

This paper studies two well-known teaching approaches, namely Structured Literacy and
Orton-Gillingham. These approaches are detailed in the following sub-sections.

2.1. Structured Literacy

Structured Literacy is a teaching approach developed by the International Dyslexia
Association (IDA). It offers a comprehensive approach to literacy education by focusing on six
key pillars: phonology, phonics, syllable knowledge, morphology, syntax, and semantics.
Phonology refers to the rules governing how sounds are pronounced in a specific language.
Knowledge of phonology enables individuals to recognize and manipulate letter sounds,
identify rhyming words, and segment sounds within words. The sound-symbol correspondence
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(or phonics), involves the skill of associating phonemes (sounds) with graphemes (letters). For
example, associating the sound /ch/ with the letter “ch.”

Syllable knowledge enhances the ability of dyslexic individuals to analyze the
comprehension and pronunciation of words, while morphology focuses on the structure of
words, including prefixes, suffixes, and roots. Syntax, conversely, concerns how sentences are
structured and how words are arranged to convey meaning. Finally, semantics is the study of
the meanings of words, symbols, and word units, intending to help individuals understand
written and oral texts. In conclusion, this approach introduces reading in small, sequential steps,
beginning with sound recognition and progressing to meaning and word association. This
method effectively strengthens the foundations of reading and writing, particularly for
individuals with dyslexia, by providing them with essential literacy skills.

2.2. Orton-Gillingham

The Orton-Gillingham is an approach designed for one-on-one instruction [15]. Developed
in the early 1930s by Anna Gillingham and Dr. Samuel Torrey Orton, it provides a systematic,
sequential, and cumulative learning process, with lessons reviewed repeatedly to reinforce
understanding and focus. Instruction begins with simple concepts and progressively advances
to more complex material. The approach also incorporates multisensory structured language
(MSL), which engages visual, auditory, tactile, and motor skills across listening, speaking,
reading, and writing activities. This multisensory technique allows students to associate sounds
with what they see, hear, and feel, using their eyes, ears, mouths, and hands. Lessons are
tailored based on continuous assessments to meet each student’s specific needs. In conclusion,
the Orton-Gillingham method offers a comprehensive and individualized approach to support
individuals with learning disabilities, helping them better understand and retain educational
material. Table 2 presents a comparison of the two teaching approaches.

Table 2. Comparison of Structured Literacy and Orton-Gillingham Approaches

Structured Literacy Orton-Gilligham
This approach introduces the | This approach promotes a systematic,
Aim fundamentals of Literacy to strengthen | sequential, and  cumulative learning
students’ foundational reading and writing | environment to help students maintain focus
skills. and better understand the learning content.
e Consists of six pillars, namely
phonology, sound-symbol o Applies prerequisite concepts to ensure
correspondence (phonics), syllable progressive improvement.
Characteristics knowledge, morphology, syntax, e Encourages engagement through MSL.
and semantics. e Tailors teaching plans according to
e Breaks reading into smaller, individuals’ strengths and weaknesses.
sequential steps.
3. METHODOLOGY

This section describes the methodology used in developing the mobile app, encompassing
the flowchart, the software components utilized, and the user interface design. The details of
each are described next.

3.1. Flowchart

The proposed mobile app incorporates Structured Literacy and Orton-Gillingham
approaches to create a dyslexic-friendly learning environment. The flowchart of the proposed
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mobile app is illustrated in Fig. 1. It can be observed in the figure that the app encompasses
three learning modules aligned with the Orton-Gillingham approach in ensuring progressive
and cumulative learning processes. Each module is based on the pillars of Structured Literacy,
where Module 1 teaches basic phonology, Module 2 teaches syllable knowledge, and Module
3 teaches meaning association. The app will be available in Malay to boost Literacy for dyslexic
individuals in Malaysia. Primarily targeted at users aged 7 to 9 years, the app helps address
early signs of dyslexia, such as difficulty learning. It is also suitable for kindergarten-aged
children who can use it to begin their learning journey. Designed to improve literacy skills, the
app helps dyslexic users spell and read simple sentences.

The app begins each session by randomly selecting a word when users click “Start.” This
word will be used across Module 1, Module 2, and Module 3, ensuring a consistent and
progressive learning experience. Module 1 introduces users to sounds associated with each
letter, such as teaching the sound /ch/ for the letter “k.” In Module 2, users progress to
combining the letters learned in Module 1 into syllables, understanding their corresponding
sounds. For instance, if Module 1 teaches the sounds for “a” and “k,” Module 2 combines these
to introduce the syllable “ka.” Module 3 applies learned syllables to construct complete words.
This structured progression ensures a systematic approach to phonological learning, supporting
gradual and continuous improvement in users’ abilities to understand and use sounds and
syllables to form words.

After completing each learning module, users take an evaluation test presented as an
interactive game. This game incorporates Rapid Automatized Naming (RAN) to assess the
speed of verbal material retrieval by measuring how quickly users identify letters, syllables,
and words on screen [16]. While the game does not use speech input, it simulates RAN through
visual recognition tasks. Dyslexic individuals often score lower on RAN tasks, affecting their
reading fluency and comprehension, which can hinder academic progress. Integrating RAN
into the monitoring process helps educators and parents identify areas where users may need
additional support, promoting continuous growth and academic achievement. Test scores
decide whether users can progress to the next module.

The accuracy of answers and response times are recorded to calculate the overall score. A
congratulatory page appears if a user’s score is above the required minimum. Thereafter, the
user can proceed to the next module. Otherwise, the user will be redirected back to the current
module. This evaluation continues throughout the modules, generating a cumulative progress
report that allows parents to monitor their children’s progress over time.

3.2. Software Components

The development process of the proposed app utilizes several software components
involving Visual Studio Code, Android Studio, Flutter, and Adobe XD. Visual Studio Code is
a widely used code editor that supports multiple programming languages. Additionally, it
includes essential tools like debugging and Git integration. Android Studio is a powerful
platform for coding, debugging, and testing. Besides, it offers an emulator that allows testing
of applications on various Android devices. Flutter empowers the development of local
applications for mobile, web, and desktop platforms from a single codebase using Dart. Finally,
Adobe XD is a component used to create interactive and visually appealing designs for mobile
applications. Its design process seamlessly adapts to diverse mobile sizes, perfecting the user
experience. These software components are summarized in Table 2.
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Figure 1. Flowchart of the proposed mobile app

3.3. User Interface Design

The user interface design carefully considers font and color choices to support individuals
with dyslexia. Dyslexic readers often struggle when letters are closely spaced or when colors
are distracting [17]. As greater spacing has been shown to improve reading speed by reducing
visual crowding, the app increases letter spacing (2.0 spacing) and widens the space between
words. Helvetica font was chosen because it reduces fixation durations, which are a key
measure of reading fluency, and has been associated with faster reading speeds and high user
preference among individuals with dyslexia [18]. Furthermore, the app incorporates colored
overlays and adjusts text presentation to favor lower brightness and contrast, following
recommendations from the British Dyslexia Association. Studies show that highly contrasted
colors are less effective for individuals with dyslexia, while cream-black combinations and
pastel colors improve readability [19]. Personalized color adjustments are important, as color
preferences can vary among dyslexic users.
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In addition to the font and color considerations, other factors listed in Table 3 were
integrated into the user interface design to accommodate individuals with dyslexia. These user
interface designs are grounded in established guidelines and recommendations reported in prior
research, ensuring that the developed app follows validated practices rather than independently
developed criteria.

Table 3. User Interface Guideline Summary [17]

Components Descriptions

Use large font size: 18 to 26 points.

Fonts Use consistent large spacing within words and larger on between words.
Suggested font: Courier, Helvetica, Verdana and San Serif font type.
Use lowercase for ease of reading.

Use dark color text on a light background.

Color The background should not be too bright.

Navigation Easy navigation.

Consistency The same theme/design will be used throughout the entire application design.
Simple instruction in text and voiceover.
Avoid using too much flashing and moving text.

Interaction Tapping of buttons for selection to avoid many steps and fine motor
movement for fingers.
Simple Click.

Game Type Drag and drop.

4. RESULTS AND DISCUSSIONS

As previously discussed in Section 3, the proposed mobile app encompasses three
progressive learning modules, aligning with the Orton-Gillingham approach. A user must
register to use the app for the first time, which must only be done once. This registration ensures
that user activity is recorded, allowing for the monitoring of progress and improvements. After
registration, the user will be directed to Module 1, Module 2, or Module 3, depending on their
achievements. Each module is described next.

4.1. Module 1

After logging in, users can click the Start button, prompting the app to select a word from
a predefined list, identify its characters, and begin the learning module. For instance, if the
chosen word is “Kucing,” users will be prompted to learn each character in “Kucing,” including
“K,”“U,” “C,” “I,” “N,” and “G.” Each character is displayed in both uppercase and lowercase
formats. This module integrates key components of the Structured Literacy approach, such as
phonology and phonics. As the user clicks the forward arrow icon, the application audibly
pronounces each letter, enhancing the learning experience. Fig. 2 shows the user interface and
the flow of Module 1.
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Figure 2. Module 1 (Learning Module)

Upon completing Module 1, users move on to a Drag-and-Drop game (Fig. 3) to test their
comprehension. In this figure, each box contains a character. The upper boxes contain the
characters ‘K’, ‘U’, ‘C’, ‘I’, ‘N’, and ‘G’, respectively, while the lower boxes contain the
characters ‘I’, ‘G’, and ‘N’. The user must drag each lower box and drop it onto its correct
matching box above. For example, the lower box labeled ‘I’ must be dropped onto the upper
box labeled ‘I’. Incorrect placements/drops trigger sound effects to signal errors, and each drag
action plays the corresponding character’s sound. Performance is scored based on accuracy. If
users achieve 75% accuracy or higher, a congratulatory message as shown in Fig. 4 appears,
and they can move on to the next module. Otherwise, they can either retry the game or revisit
the learning session. This game uses the Orton-Gillingham method, with repeated lessons to
reinforce understanding and gradual progression to more complex content. The time taken to
complete the game is also recorded.

Figure 3. Module 1 (Drag & Drop Game)
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Figure 4. Congratulatory and Retry Message

4.2. Module 2

In Module 2, users progress to the next foundational pillar of Literacy as outlined by the
Structured Literacy approach, syllable knowledge. Users are now introduced to syllables based
on the knowledge gained in Module 1, where words were studied and learned as individual
characters. For instance, a word previously introduced, such as “Kereta,” is segmented into its
constituent syllables: “Ke,” “re,” and “ta.” Like Module 1, Module 2 includes an audio feature
that reads each syllable aloud, enhancing phonological awareness and supporting a more
comprehensive approach to literacy development. The user interface and the flow of Module 2
are illustrated in Fig. 5.

«  Module 2

Figure 5. Module 2 (Learning Module)

After successfully completing Module 2, users engage in a puzzle game where they
arrange syllables to form complete words, as shown in Fig. 6. This game format enhances
syllable recognition and word formation skills. A blue box placed incorrectly in a grey box
counts as an incorrect attempt, while a correctly placed blue box that turns the grey box yellow
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is considered correct. Accuracy is calculated similarly to Module 1, with a congratulatory
message displayed for successful performance.

*

§ Syllable Puzzle Game - Syllable Purzle Gama

Figure 6. Module 2 (Syllable Puzzle Game)

4.3. Module 3

Following mastering syllables, users progress to Module 3, which focuses on meaning
association. To activate this module, users must interact with the app at least twice to
familiarize themselves with two different words. This module features two interactive games
designed to reinforce meaning association and assess understanding. The first game is a
matching game where users pair images with corresponding words. A selected box highlights,
and if the correct image is chosen, the box turns yellow to indicate a correct match, as shown
in Fig. 7.

€ Match Game <  Mlatch Game

Buku ¥ Buku

Ayam Ayam

Tamiale

Tormalo

Figure 7. Module 3 (Match Game)
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The second game in this module is a classic card memory game where players match pairs
of cards with words and images. This game is crucial for enhancing phonological memory,
which involves coding information in a sound-based system for temporary storage. Since
limitations in phonological memory can impact reading comprehension, engaging in this game
helps users practice and strengthen their phonological memory, improving their ability to store
and recall sound information effectively.

Each game serves as a diagnostic tool to monitor improvement and identify weaknesses,
with accuracy and completion time carefully recorded as critical measures of progress in
phonological memory and comprehension skills. To avoid distractions, accuracy results are not
displayed on the user interface. Still, they are accessible within the app, as shown in Fig. 9 and
Fig. 10. A study comparing word reading accuracy found significant differences between
typically developing children and those with dyslexia, with typically developing children
achieving a mean accuracy of 91.43%, while dyslexic children averaged 72.47%. These
findings underscore the challenges dyslexic children face in decoding and recognizing words.
Given these results, the app’s 75% accuracy requirement is well justified. This standard applies
to all students, including those with dyslexia, who must achieve or exceed this accuracy level
to advance to the next module. Setting the threshold slightly above the average accuracy
observed among dyslexic students (72%) implies a significant improvement in their reading
abilities. It indicates meaningful progress in overcoming the specific challenges associated with
dyslexia, potentially facilitated by effective interventions or strategies aimed at enhancing word
recognition and overall reading fluency [20].

& Memory Game

Figure 8. Module 3 (Memory Game)
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Figure 9. Accuracy above 75%
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I/flutter ( 8356): User spelled out the word: Kucing
I/flutter ( 6): Correct Attempts: 6

I/flutter ( 6): Incorrect Attempts: 3

I/flutter ( 5): Total Attempts: 9

I/flutter ( 8356): The accuracy: b66.67%
I/flutter ( 5): Time taken to finish test: 28 seconds
I/flutter ( 8356): User needs to reattempt Module 1

Figure 10. Accuracy below 75%
5. CONCLUSIONS

This paper proposes a dyslexic-friendly mobile learning application designed to address
the educational challenges of dyslexic children. It integrates the Orton-Gillingham and
Structured Literacy approaches to provide progressive and cumulative learning through
modules focused on phonology, syllable knowledge, and meaning association. The app was
developed in Malay to improve literacy outcomes for dyslexic students in Malaysia and
contribute to a more inclusive educational landscape. The app features an enhanced dyslexic-
friendly interface with accessible fonts, color configurations, and interactive games that
monitor user progress by identifying weaknesses and improvements.

Despite its promising features, the app has several limitations, particularly related to the
learning materials and its effectiveness in delivering a dyslexic-friendly user experience.
Although the materials were based on a syllabus for dyslexic individuals, further clarification
and validation from teaching professionals are needed to ensure the content is appropriately
tailored. Additionally, the app’s usability, including average completion time, scores across
modules, and clarity of instructions and content, has not yet been fully evaluated with both
dyslexic and non-dyslexic users. Future work should involve thorough usability and acceptance
testing with both dyslexic and non-dyslexic learners to gather feedback and subsequently refine
the app’s effectiveness. A thorough review of the learning content should also be conducted
with input from teaching professionals to strengthen its educational foundation. Planned
enhancements will also include improving the text-to-speech functionality, refining syllable
segmentation algorithms for Malay, and creating a more interactive score reporting interface
for parents. Eventually, the app’s performance should be compared with other available tools
to assess its capability and effectiveness in supporting dyslexic-friendly learning.
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ABSTRACT: This paper aims to analyze and optimize the electrical properties of a flexible
antenna to maximize its potential. The antenna's performance is enhanced by incorporating
inset slots on both the patch and ground plane, as well as utilizing parasitic elements to
improve the resonant frequency and achieve a wider bandwidth. The flexible antenna is
designed to resonate within the Industrial, Scientific, and Medical (ISM) frequency band of
5.725-5.875 GHz, using Rogers RO4003C with a dielectric constant of 3.55 and dimensions
of 20 x 25 x 0.2032 mm?®. The proposed antenna demonstrates promising results, with S;; of
-37.05 dB at 5.78 GHz, and a bandwidth of 158 MHz, ranging from 5.739-5.897 GHz. The
usable ISM bandwidth is 136 MHz, representing 90.67% of the ISM frequency band.
Theoretical, simulation, and experimental analyses confirm that embedding slots on the patch
or ground plane, along with the use of parasitic elements, significantly enhances the antenna's
resonant frequency, bandwidth, and efficiency. Because of its flexibility, improved resonant
frequency, and wide bandwidth, this antenna has potential uses in the ISM frequency band to
enable faster and more efficient data transmission.

ABSTRAK: Kajian ini bertujuan bagi menganalisa dan mengoptimum sifat elektrik antena
fleksibel bagi memaksimum potensinya. Ciri-ciri antena dipertingkatkan lagi dengan
penggunaan slot sisipan pada tampalan dan satah tanah, dan menggunakan elemen parasitik
bagi meningkatkan frekuensi resonan dan mencapai lebar jalur yang lebih luas. Antena
fleksibel ini direka untuk frekuensi Industri, Saintifik dan Perubatan (ISM) iaitu pada
frekuensi 5.725—5.875 GHz menggunakan Rogers RO4003C dengan pemalar dielektrik 3.55
dan dimensi 20 x 25 x 0.2032 mm?. Antena yang dicadangkan ini menunjukkan hasil yang
baik dengan Si; -37.05 dB pada frekuensi 5.78 GHz, dan jalur lebar 158 MHz, dalam julat
5.739-5.897 GHz. Jalur lebar ISM mencapai 136 MHz iaitu bersamaan 90.67% jalur
frekuensi ISM. Analisis teori, simulasi dan eksperimen membuktikan bahawa penggunaan
slot pada tampalan atau di atas satah tanah, bersama elemen parasitik dapat membantu
meningkatkan frekuensi resonan, lebar jalur dan kecekapan antena. Oleh kerana
fleksibilitinya, frekuensi resonan meningkat dan jalur lebar bertambah luas. Antena ini
berpotensi bagi penggunaan jalur frekuensi ISM dengan penghantaran data yang lebih pantas
dan cekap.

KEYWORDS: Flexible microstrip antenna, inset slots, parasitic elements, Industrial,
Scientific, and Medical (ISM) band.
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1. INTRODUCTION

Modern communication networks have seen substantial advancements in system
development, driven by technological integration and innovation. Among the critical
components in communication technology, antennas stand out for their reliability. However,
traditional antennas, with their rigid and fragile structures, often lack the durability and
flexibility required for specific applications [1,2]. In contrast, flexible antennas, which rely
heavily on the substrate material, are crucial to the functionality of contemporary
communication systems. A variety of materials have been researched, tested, and employed in
the development of flexible antennas, including rubber [3], polydimethylsiloxane (PDMS) [4—
5], polyethylene terephthalate (PET), thermoplastic polyurethane, and elastomers (TPU and
TPE) [6], and Rogers RO4003C [7]. These materials provide flexible antennas with excellent
elasticity, stable electrical properties, and the added benefits of being lightweight and low
profile, making them more adaptable compared to traditional antennas mounted on rigid
substrates. For wearable applications, the antenna must be physically flexible, capable of
conforming to the body, especially since it involves integrating with the body on uneven
surfaces, as shown in Figure 1 [8].

e

Figure 1. On-body flexible antenna [8].

According to [9], wearable antennas are highly versatile, capable of achieving multiband
designs and characteristics suited for various applications, including the ISM band, C-band,
Bluetooth, Worldwide Interoperability for Microwave Access (WiMAX), 5G smartphones,
radio altimeters, and satellite TV. While several flexible antennas have been developed, many
do not operate within the ISM band, lack multiband functionality, or do not provide wideband
performance.

Wireless applications greatly benefit from antennas that offer both flexibility and broad
bandwidth. A wider bandwidth is particularly advantageous for wireless networking, allowing
for better utilization of the designated frequency spectrum. Over the past decade, the adoption
of broadband technology has grown substantially due to its numerous advantages, including
enhanced communication security, higher data transfer rates, improved power efficiency,
reduced signal interference, optimized spectrum utilization, and simplified circuitry.

Several techniques have been used to enhance the bandwidth of microstrip antennas,
including the use of inset slots on the patch [10—11], the introduction of parasitic elements [12],
and modifications to the ground plane [13]. In [10], the authors employed slots and an inset
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feed to improve impedance matching, gain, and return loss for Wireless Body Area Network
(WBAN) applications. Antenna design plays a crucial role in WBAN, as comfort and reliability
directly influence antenna efficiency. Polyimide was selected as the substrate due to its
flexibility and low dielectric constant, which minimizes surface wave losses, making it ideal
for this application. Proper feeding techniques were used to control impedance matching and
return loss, which in turn affect various antenna performance parameters.

In [12], U-shaped slotted antennas have gained popularity in antenna design due to their
ability to improve performance, particularly in terms of gain. The U-slot extends the current
path, allowing for current perturbation that generates circular polarization. The inclusion of
parasitic elements, positioned beside the central patch, further enhances the antenna's
bandwidth by acting as additional radiators. The authors also integrated parasitic elements in a
single-layer patch, along with slots, to boost bandwidth, gain, and efficiency for applications
such as Wireless Gigabit (WiGig) and Wireless Personal Area Network (WPAN). Additionally,
modifications to the ground plane have been implemented to enhance impedance bandwidth
[13]. Ground plane alterations, such as inserting slots and using metamaterials, have been
widely accepted by researchers as they significantly contribute to generating multiband
frequencies.

Moreover, the laminating manufacturing technique employed for the single-patch and
Multiple Input Multiple Output (MIMO) textile antenna in [14] enhances the reproducibility of
textile antennas. The MIMO system, which utilizes multiple transmitters and receivers,
improves performance, reliability, and coverage. This system is designed for fifth-generation
(5G) on-body applications, further advancing [oT development and extending 5G frequencies
to cover the ISM band at 5.8 GHz. Traditional manufacturing processes often introduce
inaccuracies, such as frequency shifts, that can negatively impact antenna performance.

All these studies demonstrate that adding slots improves both resonant frequency and
return loss, while parasitic elements contribute to broader bandwidth. Ground plane
modifications increase parasitic capacitance in the fringing field due to a defective ground
structure, thereby enhancing the coupling between the ground plane and the patch, ultimately
resulting in increased bandwidth.

In this paper, we present methods to enhance the bandwidth and performance of a flexible
microstrip antenna operating within the ISM frequency band range of 5.725-5.875 GHz. The
antenna design includes a coplanar waveguide (CPW) technique, parasitic elements, and inset
slots on both the patch and ground plane. The inset slots on the patch are expected to improve
resonant frequency and return loss by extending the surface current paths of the resonant
modes, thus lowering the corresponding resonant frequencies. Moreover, including parasitic
elements enhances antenna efficiency and broadens the bandwidth. The design methodology
and computations, based on fundamental equations, are detailed in Section 2. Section 3 presents
an analysis of the simulation and experimental results, focusing on key performance metrics
such as return loss, bandwidth, directivity, efficiency, VSWR, and radiation pattern. The
optimized antenna, utilizing the flexible Rogers RO4003C substrate, demonstrated a return loss
of -37.05 dB and a wide bandwidth of 158 MHz (5.739-5.897 GHz). Within the 5.725-5.875
GHz ISM frequency band, the antenna achieved a bandwidth of 136 MHz. We also present the
antenna's performance under 45° bending conditions, with both simulated and measured results
demonstrating acceptable performance. Despite frequency shifts, the antenna maintains
reliable functionality thanks to its wide bandwidth.
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2. METHODOLOGY

2.1. Antenna Equations

The proposed antenna was designed, simulated, and analyzed using Computer Simulation
Technology Microwave Studio (CST MWS) software. Based on calculations derived from the
fundamental equation for a basic rectangular patch antenna, a rectangular patch antenna
targeting an operating frequency of 5.78 GHz (the center of the 5.725-5.875 GHz ISM band)
was developed.

Three key factors were considered to determine the patch dimensions and ensure proper
impedance matching between the radiating patch and the transmission line: the selected
material's resonant frequency, dielectric thickness, and dielectric constant. For this design, the
Rogers RO4003C substrate was chosen for its flexibility and favorable characteristics,
including a dielectric constant of 3.55, a thickness of 0.2032 mm, and a dielectric strength of
780 V/mil. The specified values of the operating frequency (f,), substrate thickness (h) and
substrate relative permittivity of the dielectric constant (&,.) are applied accordingly to define
the computational value of patch width (},) and patch length (Ly,). The patch width (W},) is
calculated as in Eq. (1).

c
Wy =—F7— 6]

S (er+1)
Where ¢ is the speed of light, 3 x 10® m/s. The effective dielectric constant (&e) is
calculated using Eq. (2), which is based on the substrate height, dielectric constant, and

calculated patch width in Eq. (1).

1
1 g—1 nl 2
Eopf = T+ [1+12@] )

The patch length (L) is calculated using Eq. (3), which involves the difference between
effective length (L.s) and length extension (AL), calculated using Egs. (4) and (5) respectively.

C
Leff - Zfom (4)
Wp
er+0.3)(52+0.26
AL = 0.412p CerrtoGEr02st) (5)

(cepr—0.258)(S2+0.8)

The feedline width (Wy) is determined using macros in CST features, which calculate the
analytical line impedance to achieve a suitable width for good impedance matching of 50Q
between the feedline and the antenna radiating patch. Moreover, the feedline width can be
calculated using Eq. (6), where Z, represents the input impedance. Securing impedance
matching is essential to ensure that power can be supplied without having losses, leading to
improved accuracy in antenna performance.

7.48h
(Zo [(sﬁ;.zﬂ))
e

Applying these equations and optimizing the dimensions obtained a patch width of 18.53
mm and a length of 13.81 mm.

Wy = — 1.25¢ (6)

158



ITUM Engineering Journal, Vol. 26, No. 2, 2025 Rahimi et al.
https://doi.org/10.31436/iiume;j.v26i2.3463

2.2. Optimization and Finalized Dimensions

Figure 2 illustrates the antenna dimensions before optimization, derived from the equations
in Section 2.1. Several modifications were applied to the initial patch design to achieve the
desired resonant frequency of 5.78 GHz and enhance overall performance. These included the
introduction of an inset feedline (Figure 3a), the addition of slots on both the patch (Figure 3b—
c¢) and ground plane (Figure 3d), the integration of two parasitic elements (Figure 3e), and the
incorporation of cutting edges on the patch antenna (Figure 3f).

1 » [ - B |
Wp A -
L L Hl Ls -
\ 4
.4 I ‘
> ‘ x I
(a) Top View (b) Bottom View

Figure 2. Initial antenna dimensions before optimization.
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Figure 3. Optimization stages of the proposed antenna: (a) inset feedline, (b) slot 1 on
patch, (¢) slot 2 on patch, (d) slots on ground plane, (e) parasitic elements, and (f)
cutting edges.

To address the limited bandwidth of a standard rectangular patch antenna, the feedline is
designed with a coplanar waveguide (CPW), incorporating ground plane elements. The process
begins with introducing an inset feedline, as shown in Figure 3a, to ensure impedance matching
between the radiating patch and the feedline. Subsequently, slots are introduced to the patch
and the ground plane to improve reflection coefficient performance and enhance overall
efficiency, as depicted in Figure 3 b—d. Previous studies [9] have demonstrated that introducing
a slot into the antenna structure can extend the surface current paths of the resonant modes,
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thereby lowering the corresponding resonant frequencies and improving both resonance and
return loss. In implementing the CPW technique, a partial ground plane near the feedline
creates gaps of 1 mm and 1.25 mm between the radiating patch and the feedline, respectively.

Additionally, two parasitic elements are positioned on the left and right sides of the
radiating patch, as shown in Figure 3e, with gaps of 1 mm and 0.6 mm from the patch edge and
the radiating patch, respectively. This parasitic element technique enhances bandwidth and
improves antenna efficiency, as demonstrated in [13]. The cutting-edge design of the patch,
depicted in Figure 3f, further stabilizes the antenna by minimizing wave reflection.

The final design was implemented on a 20 x 25 x 0.2032 mm?® Rogers RO4003C substrate,
as shown in Figure 4. The dimensions of the proposed antenna are detailed in Table 1, which
includes parameters such as substrate width (W5), substrate length (Ls), substrate thickness (%),
patch width (W)), patch length (Lp), patch thickness (7), feedline width (W), multiple slots
consisting of inset slot (si), slot 1 (s7), slot 2 (s2) and back slot (sb).

Table 1. Finalized dimensions of the proposed antenna as in Figure 4.

Parameter mm Parameter mm Parameter mm Parameter mm
W 25 Wy 18.53 Wi 0.7 Ws2 4.5076
L 20 Ly 13.81 Lsi 2.7 Ly 1.25
h 0.2032 t 0.035 Wi 0.5076 Wb 0.5
Wy 0.5076 L1 2.81 L 9.81

4 1 L Ws | 1 & We >
] - ] 4
Ls2 | - _
51
g Lst Lp w - L‘ Wsb
Wi
<+
Ler’i §‘ = =
L] Ll Y. 1 |
A ‘ ‘ \4
<
(a) Top View (b) Bottom View

Figure 4. Finalized antenna dimensions after optimization with inset slots, parasitic
elements, and cutting edges.

3. RESULTS AND DISCUSSION

The antenna's performance was evaluated in terms of return loss, bandwidth, directivity,
efficiency, VSWR, and radiation pattern. The simulated return loss and bandwidth are
presented in Figure 5. After optimization, the antenna achieved a resonant frequency at the
center of the ISM band, with a return loss of -37.05 dB at 5.78 GHz (red curve), a significant
improvement over the pre-optimization value of only -2.74 dB (green curve), which was
inadequate for proper operation. Adding inset slots on both the patch and the ground plane
(Figure 3 b—d) greatly enhanced the antenna's performance, precisely controlling the targeted
frequency band. These slots contributed to improved bandwidth and efficiency, while
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extending the slot length on the ground plane shifted the resonant frequency to a lower range,
effectively reducing the antenna size.

Furthermore, the antenna resonated within the usable frequency range of 5.739-5.897
GHz, meeting the -10 dB threshold and resulting in a bandwidth of 158 MHz, as depicted in
Figure 5. This bandwidth effectively covers 136 MHz, corresponding to 90.67% of the 5.725—
5.875 GHz ISM band. In the design, the parasitic elements positioned beside the central patch
(Figure 3e) are electrically isolated from it but are inductively coupled, facilitating energy
transfer to and from the central patch. This inductive coupling influences the antenna's
impedance, generating an additional resonant frequency close to the original. While the
resonant frequency produced by the parasitic elements is weaker than the primary frequency,
the key objective of this technique is to broaden the antenna’s bandwidth. This method has
proven effective in significantly enhancing the overall bandwidth.

BW=158 MHz

0 . .
P — AN S
10 I ; ; . .
5 N
D e

25

-30 - :
After opt : -37.04937

-33 {Before opt : -2.7361417 : : : :
-40 . : i i i
5.2 5.3 5.4 5.5 5.6 57 [5.78R 5.9 6

Frequency / GHz
Figure 5. Simulated return loss S11 and bandwidth of the proposed antenna at 5.78 GHz
before and after optimization.

S-Parameters [Magnitude in dB]

dB

(b) Botfofn View

Fie TraceiChen Responze Markerinslyds Simuluz Utily Help
9l Marker2 58100000000 GHz - m1
M 51 e 00 G0 E
oo .2 sbwais | o | A
=
o 0 Marker 3
- = FRefarence
A More Markers ¥
180 = = . Tum A
¥
o [[ Markers
Properties b
o 4 Varker =
000 Functions
‘-\m =Chl: Skl 5.00000 Gl — Slup T00000GH e \ ‘
Conkos thy Tl au € it ML J0z-0e
(c) Antenna Under Test using VNA (d) Measured Return Loss

Figure 6. Fabricated antenna.
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The prototype displayed in Figure 6a—b showcases the fabricated antenna, which has
overall dimensions of 20 x 25 x 0.2032 mm?. The antenna's performance was evaluated using
a Vector Network Analyzer (VNA) to obtain the actual return loss results, as illustrated in
Figure 6¢—d.

Figure 7 compares the simulated (red curves) and measured (blue curves) return loss of
the microstrip patch antenna used in this study, showing strong agreement between the two sets
of results. The antenna showed a measured return loss of -35.24 dB at 5.78 GHz, with a usable
frequency range of 5.6-6.0 GHz. The return loss measurements closely matched the
simulations, showing two resonant frequencies in both datasets. The flexibility and electrical
properties of the chosen substrate helped achieve a better measured return loss, resulting in a
bandwidth of 400 MHz, over twice that of the simulated return loss. Therefore, the antenna
effectively covered a frequency range of 150 MHz, corresponding to 100% of the 5.725-5.875

GHz ISM frequency band.
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Figure 7. Simulated and measured return loss (S11) under flat conditions at 5.78 GHz.

Figure 8. Antenna on 45" bend curvature in CST.

162



ITUM Engineering Journal, Vol. 26, No. 2, 2025 Rahimi et al.
https://doi.org/10.31436/iiume;j.v26i2.3463

S-Parameters [Magnitude n dB]

it s T
10 , _ — ;
ﬂ ) T NN SRR PSSR SRR PRSPPI
=25 - 51,1 : -37.04937 — Simulated (flat)
3p 451,12 : -35.234604| —— Measured (flat)
Simulated (457)
= Measured (45°)
=40 T t +
5.2 5.3 5.4 5.5 5.6 5.7 | 5.78 |8 5.9 [

Frequency / GHz

Figure 9. Simulated and measured return loss of the antenna under flat conditions and
45" bending state at 5.78 GHz.

In addition to analyzing the antenna in a flat condition, the bending of the flexible antenna
was also simulated and examined. Demonstrating the antenna's flexibility is essential for
wearable applications to ensure that the antenna can work efficiently in both flat and bent
conditions. The microstrip patch antenna was simulated at a bending curvature of 45° (Figure
8). Bending significantly affects the flexible antenna's return loss, leading to signal strength
variations due to impedance mismatches with the feedline and the influence of surface waves.
As a result, signal strength increases while the resonant frequencies shift to lower values
(Figure 9). These findings indicate a notable improvement in signal strength and underscore
impedance mismatch as the most significantly impacted factor in this context.

Flat
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Theta / Degree vs. &1

Simulated Measured
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Figure 10. (a) Antenna measurement in anechoic chamber under flat and 45° bent state,
(b) simulated and measured antenna pattern at 5.78 GHz under flat and 45° bent state
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The measurement setup for the antenna within an anechoic chamber, along with the polar
pattern of the antenna, is presented in Figure 10a and Figure 10b, respectively. The microstrip
patch antenna was placed on a custom 45° carved Styrofoam to justify the angle and ensure it
can be precisely adjusted. Then, the bending is done carefully by tilting the antenna to the
desired 45° angle using a mechanical tool. It is essential to ensure that the bending does not
damage the antenna structure, especially on the substrate. Once the antenna is bent, it is
secured in the bending position for a significant amount before it reverts to its original state.
This procedure effectively allows the antenna to be measured in the anechoic chamber to
achieve the highest efficiency possible. The antenna demonstrates a directional radiation
pattern, which enables effective operation within the specified frequency range. The advanced
patch design facilitates circular polarization with an axial ratio of 2.54, allowing the antenna
to receive power from any incident wave angle consistently. Practical circularly polarized
antennas typically have values of 1 to 3 in many real-world scenarios. The closer the axial
ratio is to 1, the better the circular polarization. When slots are introduced on the ground plane
(Figure 3d), the electric field influences the radiation pattern, behaving as a magnetic dipole.
The E-plane radiation pattern experiences some changes due to diffraction effects resulting
from the edges of the finite-sized ground plane.

Voltage Standing Wave Ratio (VSWR)

2 1 After opt : 1.0284908 :
1 {Before opt : 6.4014208 5 ! : : :
0 T t . t . f .
5.2 5.3 5.4 5.5 5.6 57 |5.78R 5.9 6
Frequency / GHz
(a) Before and after optimization
Vokage Standing Wave Ratio (VSWR)

10

9 .................n..................: .................................................................

8 H 4'

7

61 |

B dirinunsnsisanafessnsssannassanasfussnsnasaannas e funasantanransansasharsarannans

4 -

3 a

2 {vswry : 1.0284908 | —Simulated(fiat)

L Qyswri_ 1 1,298123 | — Simulated(45°) :
0 . : g ; ; ;
5.2 53 5.4 5.5 5.6 5.7 15.78]8 5.9 6

Frequency [ GHz
(b) Under flat and bending state of 45°
Figure 11. Simulated VSWR of the proposed antenna at 5.78 GHz.

164



ITUM Engineering Journal, Vol. 26, No. 2, 2025 Rahimi et al.
https://doi.org/10.31436/iiume;j.v26i2.3463

The radiation patterns of the antenna exhibit similar characteristics under both simulated
and measured conditions in a flat configuration. However, the measured pattern under a 45°
bend condition shows slight deviations from the simulated pattern due to the effects on the
surface current wave. The variability in the measured patterns is likely caused by cable
attenuation, which can lead to unavoidable signal distortion. Nonetheless, these observations
are acceptable as they reflect the realistic conditions considered in this analysis. The antenna
demonstrates a directivity of 6.26 dBi at 5.78 GHz, resulting in an antenna efficiency of
55.65%. This performance is considered satisfactory for a single radiating patch antenna. Under
bending conditions, the directivity decreased to 4.29 dBi with corresponding efficiencies of
52.86% at 45° bending. However, the overall performance could be enhanced in future work
by applying various modification principles related to the microstrip patch antenna design.

The Voltage Standing Wave Ratio (VSWR) fundamentally measures the degree of
mismatch between an antenna and its connecting feedline. After optimization with slots and
parasitic elements, the proposed antenna recorded an acceptable VSWR of 1.03, while the high
VSWR of 6.44 observed prior to optimization is not ideal for patch antennas, as illustrated in
Figure 11a. The effects of bending on VSWR are also depicted in Figure 11b, which shows
that the VSWR remains stable even after bending, with a VSWR of 1.3 (45° bent).

Table 2 summarizes the performance of the flexible microstrip patch antenna in terms of
S11 (dB), usable and ISM bandwidth (MHz), directivity (dBi), efficiency (%), and VSWR,
before and after optimization. At 5.78 GHz, the antenna exhibits excellent performance with a
simulated and measured return loss of -37.05 dB and -35.24 dB, respectively. The antenna
exhibits a usable bandwidth of 158 MHz (5.739-5.897 GHz), and an ISM bandwidth of 136
MHz. The antenna also produced a directivity of 6.26 dBi, an efficiency of 55.65%, and a
VSWR of 1.03.

Table 2. Antenna performances in terms of Si1, usable bandwidth, ISM bandwidth,
directivity, efficiency, and VSWR before and after optimization in flat and 45" bend
conditions at 5.78 GHz.

Parameters Flat Flat Bent (45°) Value Improvement Flat
Before OPT After OPT After OPT Before vs. After OPT
-37.05 (sim) -18.31 (sim) 3431 dB
S1(dB) -2.74 3524 (mea)  -17.74 (mea)
Usable Bandwidth 0 158 (sim) 260 (sim) 158 MHz
(MHz) 400 (mea) 29 (mea)
ISM Bandwidth 0 136 (sim) 150 (sim) 136 MHz
(MHz) 150 (mea) 29 (mea)
Directivity (dBi) 6.39 6.26 4.29 -0.13 dBi
Efficiency (%) 1.75 55.65 52.86 53.9%
VSWR 6.40 1.03 1.30 5.37

*OPT = optimized, sim = simulation, mea = measurement.

Following a 45° bend, the antenna continues to perform effectively, with an S11 value of -
18.31 dB (measured -17.74 dB). It is well known that bending can impact antenna performance,
particularly by causing frequency shifts, underscoring the importance of a wide bandwidth to
maintain functionality at the target frequency. While directivity and efficiency are slightly
reduced to 4.29 dBi and 52.86%, respectively, these values remain within acceptable limits.
Additionally, the VSWR remains below 2, with a 1.30 value indicating stable performance.
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Table 3 compares the proposed antenna in this work with other ISM antennas available in
the literature, operating within the frequency range of approximately 5.725-5.875 GHz. This
includes a variety of different flexible materials such as FR4 [15-16], Rogers RT5880 [17-19],
jeans [20], and polyimide [21]. Our antenna exhibits commendable performance within the
ISM frequency band with enhanced Si1, bandwidth, and VSWR while maintaining reliable
functionality under bending conditions. These results imply that the suggested antenna would
be a good option for various ISM band applications that require a flexible structure and a wide
bandwidth.

Table 3. Comparison of the proposed antenna with other latest flexible ISM antennas
found in the literature [15-21] in terms of dielectric constant, flexibility, Si1, usable
bandwidth, VSWR, bending study, and experimental analysis.

. Fabricated
Ref Substrate (gli-e[(zl) & Flexibility (‘3};) (l\lfglilvz) VSWR Bsetl:ﬂ;;g &
measured
[15] FR4 580  4.40 No -18.32 150 1.5 No NR
[16] FR4 580  4.40 No -20.59 315 NR No Yes
[17] RT5880 5.80 2.20 No -13.75 NR NR No No
[18] RT5880 580 2.20 No -39.30 NR 1.6 No No
[19] RT5880 580 2.20 No -1390 NR 1.01 No No
[20] Jeans 5.80 NR Yes -31.72 NR 1.73 No No
[21] Polyimide  5.70  3.50 Yes -25.00 150 NR Yes Yes
Proposed * pog003c 578 355 Yes  -37.05 158 103 Yes Yes
antenna

*NR = not reported, Freq = frequency, & = dielectric constant, BW = bandwidth.

4. CONCLUSIONS

A flexible microstrip patch antenna with a coplanar waveguide (CPW) has been proposed
for the 5.725-5.875 GHz ISM frequency band. The antenna is designed to resonate at 5.78 GHz
on 8 mil (0.2032 mm) RO4003C material, with optimized dimensions of 20 x 25 x 0.2032
mm?. It was simulated using CST Microwave Studio (CST MWS) software and measured with
a Vector Network Analyzer (VNA) to assess return loss, and with an anechoic chamber to
assess the radiation pattern. Incorporating inset slots on the patch, feedline, and ground plane,
along with the addition of parasitic elements adjacent to the central patch, has led to significant
improvements in the antenna's performance, particularly in enhanced resonant frequency and
wider bandwidth. The inset slots improve the reflection coefficient, while the parasitic element
technique amplifies bandwidth and increases antenna efficiency. The achieved usable
bandwidth is 158 MHz and an ISM bandwidth of 136 MHz, corresponding to 90.67% of the
5.725-5.875 GHz ISM frequency band. Additionally, the return loss performance of the
antenna has improved remarkably from -2.74 dB to -37.05 dB, exhibiting acceptable directivity
compared to conventional methods for designing standard patch antennas. Apart from that, the
antenna was also analyzed under 45° bending, demonstrating the flexibility and satisfactory
performance of the proposed antenna, which can benefit wearable applications. This antenna
has potential applications in the ISM frequency band, such as in smartwatch technology and
wireless body-area network (WBAN) applications, to facilitate faster and more efficient data
transmission due to its flexibility, enhanced resonant frequency, and large bandwidth.
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ABSTRACT: This study provides a comprehensive evaluation of Convolutional Neural
Network (CNN) and Vision Transformer (ViT) models for driver fatigue classification, a
critical issue in road safety. Using a custom driving behavior dataset, state-of-the-art CNN
and VIiT architectures, including VGG16, EfficientNet, MobileNet, Inception, DenseNet,
ResNet, ViT, and Swin Transformer, were analyzed in this study to determine the best model
for practical driver fatigue monitoring systems. Performance metrics such as accuracy, F1-
score, training time, inference time, and frames per second (fps) were assessed across different
hardware platforms, including a high-performance workstation, Raspberry Pi 5, and a desktop
with a Graphic Processing Unit (GPU). Results demonstrate that CNN models, particularly
VGG16, achieve the best balance between accuracy and efficiency, with an F1-score of 0.97
and 77.00 fps on a desktop. On the other hand, Swin V2S outperforms all models in terms of
accuracy, achieving an F1-score of 0.99 and 61.18 fps on a GPU, although it exhibits limited
efficiency on embedded systems. This study significantly contributes by providing practical
recommendations for selecting models based on performance needs and hardware constraints,
highlighting the suitability of ViTs for high-computation environments. The findings support
the development of more efficient driver fatigue monitoring systems, offering practical
implications for enhancing road safety and reducing traffic accidents.

ABSTRAK: Kajian ini merupakan penilaian komprehensif terhadap model Konvolusi
Rangkaian Neural (CNN) dan Transformer Penglihatan (ViT) bagi pengelasan keletihan
pemandu, iaitu satu isu kritikal dalam keselamatan jalan raya. Menggunakan set data tingkah
laku pemanduan tersuai, seni bina terkini CNN dan ViT, termasuk VGG16, EfficientNet,
MobileNet, Inception, DenseNet, ResNet, ViT dan Transformer Swin dianalisa dalam kajian
ini bagi menentukan model terbaik bagi sistem pemantauan keletihan pemandu yang
praktikal. Metrik prestasi seperti ketepatan, skor F1, masa latihan, masa inferens, dan bingkai
sesaat (fps) telah dinilai merentasi pelbagai platfom perkakasan, termasuk stesen kerja
berprestasi tinggi, Raspberry Pi 5, dan komputer meja dengan Unit Pemprosesan Grafik
(GPU). Dapatan kajian menunjukkan bahawa model CNN, khususnya VGG16, mencapai
keseimbangan terbaik antara ketepatan dan kecekapan, dengan skor F1 sebanyak 0.97 dan
77.00 fps pada komputer meja. Sebaliknya, Swin V2S mengatasi semua model dari segi
ketepatan, mencapai skor F1 sebanyak 0.99 dan 61.18 fps pada GPU, walaupun menunjukkan
kecekapan yang terhad pada sistem terbenam. Kajian ini memberikan sumbangan yang
signifikan dengan menyediakan cadangan praktikal bagi pemilihan model berdasarkan
keperluan prestasi dan kekangan perkakasan, serta menonjolkan kesesuaian ViT bagi
persekitaran berkomputasi tinggi. Penemuan ini menyokong pembangunan sistem
pemantauan keletihan pemandu yang lebih cekap, dengan implikasi praktikal bagi
meningkatkan keselamatan jalan raya dan mengurangkan kemalangan.
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1. INTRODUCTION

Traffic accidents have claimed the lives of an estimated 1.35 million people annually, or
3,700 people per day. Road accident victims, their families, and entire nations suffer significant
financial losses in the event of traffic accidents. In Malaysia, the government has lost at least
RM3.12 million for every life, according to MIROS's 2018 Value of Statistical Life (VSOL).
On average, Malaysia has 18 fatal road accidents every day, making it a serious public health
issue for the nation [1].

Improving vehicle driving safety has become a priority in academia and the automotive
industry to lower the risk of vehicle accidents. Numerous elements affect vehicle driving safety,
but one of the most important is the driver's health and condition. The driver's emotions,
psychology, and physiology all impact this condition. The two most important negative
indicators of the driver's state are fatigue and distraction. According to studies, 36% of highway
fatalities are caused by exhaustion and distraction [2]. There is a negative impact of fatigue and
sleep-related safety risks on driving performance [3].

As aresult of the rapid advancement of technologies like machine vision and deep learning
[4], it is now a popular research area to use images and videos to identify driver fatigue and
attention states to reduce the risk of vehicle accidents. One of the deep learning algorithms that
is commonly used for image and video recognition is the Convolutional Neural Network
(CNN) [5], [6]. It uses convolutional layers to automatically and adaptively learn the spatial
hierarchies of features in grid-like data, such as images and photographs. Convolutional,
pooling, and fully connected layers are some of the layers that CNNs use to identify patterns
and structures in visual input. Another popular deep learning architecture intended for image
classification is called a Vision Transformer (ViT) [7], [8]. ViTs employ transformer models,
which were first created for natural language processing, as opposed to Convolutional Neural
Networks (CNNs), which employ convolutional layers. To capture global context and
dependencies, they split an image into fixed-size patches, insert them into sequences, and
process them using self-attention techniques. Because of this, Vision Transformer can perform
image classification tasks with excellent accuracy.

There are various state-of-the-art architectures for CNN, such as ResNet, VGGNet,
DenseNet, InceptionNet, MobileNet, and EfficientNet. At the same time, Vision Transformer
has popular architectures such as ViT and Swin Transformer. In numerous previous studies,
CNN and ViT have been used recently to classify driving behaviors. Poon et al. developed a
non-contact driving behaviour detection system for the improvement of driving safety using a
YOLO-based CNN architecture [9] whereas ResNet50 has been shown to produce a very good
performance in driving behavior classification for night driving [10]. On the other hand, Lian
et al. proposed Stargazer, a straightforward yet powerful action temporal localization
framework that utilises rich temporal aspects about human behavioural data. Stargazer is an
efficient ViT-based system that has produced good performance and shown the efficacy of our
model on the Naturalistic Driver Action Recognition of the Al City Challenge 2022 [11].

Several studies have benchmarked CNNs over ViT to evaluate their performance in many
classification tasks, including the recognition of Japanese Sign Language [12], detection of
bacterial strains [13], detection of distracted drivers [14], wheat disease classification [15], and
COVID-19 classification [16]. These studies found CNNs outperforming ViTs only in COVID-
19 classification, while ViTs consistently excelled in other classification tasks. However, the
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computational complexity of ViTs in real-world applications remains unexamined, and their
comparative performance with CNNs in classifying driver fatigue behaviors is still unclear. It
is also not yet clear whether ViT or CNN will perform better against the other in classifying
fatigue driving behaviours. Thus, this paper provides a comprehensive overview and
performance analysis of several state-of-the-art CNN architectures and Vision Transformer
models for classifying driver fatigue behaviours, such as nodding and yawning. We utilize our
driving behavior dataset for benchmarking. The architectures are compared using standard
evaluation metrics, including classification accuracy, precision, recall, F1 scores, and model
training and inference time on a desktop with a GPU and a Raspberry Pi 5, followed by a
detailed analysis and discussion.

The paper is structured as follows: Section II provides an overview of CNNs and Vision
Transformers and the models this study considers. Section III reviews previous approaches for
detecting distracted driving behaviours while Section IV details the experimental procedures,
evaluation metrics, and dataset used. Section V presents our experimental results and analysis.
Finally, Section VI offers conclusions.

2. OVERVIEW OF CNN AND ViT ARCHITECTURES

CNNs and ViTs, two well-known deep learning architectures utilised in image
classification problems, are examined in this section. Effective feature extraction and visual
data classification are made possible by these models' unique structures and processing
methods. CNNs are excellent at identifying spatial relationships in images because of their
layered approach of convolutional and pooling operations. In contrast, ViTs use transformer-
based self-attention techniques, which were first created for natural language processing, to
capture global context and long-range dependencies in an image.

2.1. Convolutional Neural Network Architectures

CNNs are deep learning models designed to analyze images and videos. Convolutional
layers, activation functions, pooling layers, fully connected layers, and an output layer are
among the basic layers that make up its architecture. The convolutional layers apply filters to
the input image to extract features like edges, textures, and patterns. The model can learn
intricate patterns thanks to the non-linearity introduced by activation functions like ReLU. By
downsampling the feature maps, pooling layers minimise computational cost and spatial
dimensions while avoiding overfitting. The output layer usually employs a softmax function to
calculate probabilities for each class. In contrast, fully connected layers, positioned at the
network's end, convert the high-level characteristics into classification results.

A CNN uses several convolutional and pooling layers to extract hierarchical features for
image classification, starting with low-level edges and textures and working up to high-level
shapes and objects. By modifying the weights of its filters and fully connected layers, the model
is trained on a labeled dataset and uses backpropagation to minimize the error between its
predictions and actual labels. Once trained, the CNN recognises learnt patterns to classify new
images accurately. CNNs are an invaluable tool in computer vision applications because of
their ability to effectively analyse visual data and recognise spatial dependencies, which makes
them highly successful for image classification. In this work, ResNet [17], EfficientNet [18],
Inception [19], VGGNet[20], DenseNet [21], and MobileNet [22] are selected as the CNN
architectures to benchmark against Vision Transformer.

¢ ResNet (Residual Network): ResNet tackles the issue of vanishing gradients in deep
networks by introducing the idea of residual learning. To enable the network to learn
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identity mappings, it uses shortcut connections that bypass one or more levels. By
promoting gradient flow during backpropagation, this architecture makes it possible to
build incredibly deep networks like ResNet-50 and ResNet-101, which achieve great
performance.

EfficientNet: EfficientNet is intended to provide excellent accuracy using fewer
parameters and lower processing expenses. It uses compound scaling to balance
network depth, width, and resolution to optimize speed. Neural Architecture Search
(NAS) was used to create the baseline model, EfficientNet-B0, to identify an efficient
structure. Due to its Mobile Inverted Bottleneck Convolution (MBConv) blocks and
Swish activation function, EfficientNet achieves state-of-the-art accuracy in image
classification tasks while being computationally efficient.

Inception: Using the Inception architecture, several convolutional filters of varying
widths are applied within a single layer using Inception modules. This lessens the
computational load and enables the network to capture various spatial features. These
modules are stacked in the design to provide reliable performance and effective
learning. Through significant optimisations, Inception-v3 and subsequent versions
further increase accuracy and efficiency.

VGGNet: The Visual Geometry Group (VGG) created VGGNet, renowned for its
depth and simplicity. Small (3%3) convolutional filters are used throughout the network,
and additional layers are stacked to boost depth, as in VGG-16 and VGG-19. This
method increases classification performance, but because there are more parameters, it
requires more memory and processing power.

MobileNet: MobileNet prioritises efficiency and low computing costs in its design of
mobile and embedded vision applications. It uses depth-wise separable convolutions,
drastically reducing the number of parameters and calculations by dividing normal
convolution into depth-wise and pointwise convolutions. MobileNet is appropriate for
resource-constrained environments, with variations like MobileNetV2 and
MobileNetV3, which further optimise performance and efficiency.

2.2. Vision Transformer Architectures

Vision Transformer is a new deep learning model designed for image classification that
utilizes the transformer architecture originally developed for language processing. To maintain
spatial information, it divides an image into fixed-size patches, embeds them into vectors, and
subsequently incorporates positional encodings. The output is then utilized by the classification
head to predict image classifications. ViTs excel in picture classification tasks, particularly
with large datasets, due to their ability to capture global context and long-range dependencies.
To benchmark CNNs against Vision Transformer, ViT [8] and Swin Transformer [23]
architectures and their variants are selected.

Vision Transformer (ViT): The Vision Transformer (ViT) is a groundbreaking
architecture that employs the transformer model for image classification. It flattens and
linearly embeds the fixed-size patches it creates from an input image. To preserve
spatial information, these patch embeddings are augmented with positional encodings.
A conventional transformer encoder receives the embedded patches and employs multi-
head self-attention to capture relationships throughout the image. ViT has demonstrated
competitive performance on extensive image classification tasks and is excellent at
capturing global context.
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e Swin Transformer: The Swin Transformer (Shifted Window Transformer) is an
improved vision transformer architecture that aims to increase efficiency and
scalability. It presents a hierarchical structure that uses a shifted window method to
handle images. This approach splits the image into non-overlapping windows to reduce
computational complexity and calculates self-attention within each window. The
windows are moved between layers to facilitate cross-window connections and allow
the model to gather local and global information efficiently. Swin Transformer is
particularly effective for various vision applications, including segmentation, object
detection, and image classification.

3. RELATED WORKS

3.1. CNN-Based Behavior Classification Approaches

Li et al. introduced the Deep Multichannel Network Model (DMNM) framework [24],
which processes real driving data divided into external, internal, and habit dimensions using
fully connected layers and CNNs. The model achieves high classification accuracy (95%) by
filtering correlations between factors and integrating multidimensional data. DMNM includes
a comprehensive analysis and effective correlation elimination. However, it also presents
challenges like data processing and model training complexity, potential overfitting due to high
feature dimensionality, and significant computational resource requirements. Multiple CNN
models have also been used to detect driving behaviors under different lighting conditions. The
model uses MobileNetV2, GoogleNet, InceptionV3, and ResNet-50 to analyze various driving
patterns, distinguishing between day and night driving behaviors. The data for training the
models includes video and sensor inputs collected from actual driving scenarios [25].

A 3D CNN called DriftNet has also been used in detecting aggressive driving behaviors,
particularly car drifting, from video data [26]. The implementation employs DenseNet
architecture to effectively learn spatial and temporal features from traffic videos. The model
was trained on a custom dataset of car drifting clips collected from YouTube, achieving a
validation accuracy of 77.5%. Among its advantages, DriftNet demonstrates high accuracy and
effectiveness in learning complex features, utilizes transfer learning to enhance performance
on limited data, and achieves superior validation accuracy compared to other models tested.

Quetal. developed HAR-Net, a deep learning model to detect dangerous driving behaviors
such as eating, drinking, smoking, and phone use [27]. The model processes optical flow, RGB,
and RGBD data separately, integrating them through spatial-temporal fusion. It combines
ResNet-50 with an hourglass network and incorporates an attention mechanism, achieving a
mean average precision (mAP) of 98.84% on the constructed dataset [27]. Octave-Like
Convolutional Neural Network (OLCMNet) [28] has been proposed for detecting driver
distraction, where its main implementation focuses on incorporating a high-frequency branch
and two low-frequency branches in the OLCM block, enhancing the network's ability to capture
diverse feature information. The results demonstrate that the OLCMNet achieves better overall
accuracy than other networks, particularly on the StateFarm and LDDB datasets. The
advantages of the OLCMNet include its superior accuracy and effective feature capture. At the
same time, its disadvantages are the increased computational cost and the need for careful
tuning of hyperparameters to balance accuracy and speed.

3.2. Vision Transformer-Based Behavior Classification Approaches

Liang et al. introduced a system that uses a transformer-based approach to detect driver
actions from in-vehicle video footage [11]. Stargazer leverages an improved multi-scale vision
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transformer (MViT) network to learn hierarchical representations of driver actions. It employs
a sliding-window classification strategy for accurate temporal localization. The work shows
that re-training on large-scale video action datasets and multi-crop data augmentation enhances
training efficiency and model robustness. The advantages of this method include high accuracy
in detecting and localizing driver actions and effective temporal feature capture. However, the
system has high computational requirements and faces challenges in real-time deployment on
vehicle onboard devices.

Similarly, a hierarchical vision transformer with shifted windows has been proposed to
detect distracted driving behaviors [29]. This model leverages the Swin Transformer
architecture, fine-tuned with pre-trained weights on the ImageNet dataset, to classify distracted
drivers accurately. The implementation includes a detailed analysis of the model's performance
on the AUC Distracted Driver Dataset, achieving a classification accuracy of 95.72%. This
approach achieved high accuracy in distracted driver detection and has efficient computation
due to limited self-attention calculations within local windows.

Besides, ViT and CNN have been used in a hybrid approach that combines the strengths
of both methods to detect driver distraction [30]. The proposed model, FPT, integrates the
Twins Transformer framework with redesigned residual embedding and lightweight group
convolution modules, reducing computational complexity and improving feature extraction
capabilities. This hybrid approach enhances the model's ability to capture local and global
features, which is crucial for accurately identifying distracted driving behaviors. The
implementation includes a cross-entropy loss function with label smoothing to enhance model
learning and prevent overfitting. The model's effectiveness is demonstrated on two large-scale
driver distraction datasets, achieving high accuracy and stability. However, the complexity of
the transformer architecture and the need for substantial computational resources are noted as
disadvantages, requiring further optimization for practical deployment.

4. EXPERIMENTS

This section provides details of the data preparation and experimental setup used to
evaluate CNNs and ViTs. Evaluation is conducted during model development and deployment
to assess the models' performance.

4.1. Data Preparation

To enable the system to classify fatigue behaviors, the model was trained using two classes
of driving behaviors: normal and fatigue. Figure 1 presents examples from each behavior class.
This targeted classification approach allows the model to focus on specific behaviors,
enhancing its learning efficiency. The datasets, encompassing normal, yawning, and
drowsiness behaviors, were collected in the VITAL Laboratory, Universiti Teknologi MARA,
where 44 participants engaged in a driving simulation designed to mimic real-life conditions.
Each participant simulated scenarios aligned with the predefined categories of normal driving,
yawning, and drowsiness. An essential consideration during data collection was ensuring data
diversity. Given that the models are intended for real-time applications, diverse training data is
critical to enable the model to adapt to various real-world scenarios. The diversity was achieved
by including different individuals as drivers and varying the accessories worn, such as hats and
spectacles.
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a) Normal behavior

(b) Fatigue behavior

Figure 1. Example of images used in the dataset, showing the behaviors (a) normal
behavior and (b) fatigue behavior.

Before training and validation, the data underwent pre-processing steps, including face
cropping, normalization, and augmentation techniques to ensure a more robust model could be
obtained. The image augmentations employed here are image scaling, random zoom, width and
height shift, horizontal flip, and random brightness. CNN models are trained using images of
100x100 dimensions, whereas Vision Transformer models are trained using 224x224 images
as required by the models. A manual annotation method accurately labeled the processed
images into normal, yawning, and drowsiness classes. This approach ensured that the model
was provided with high-quality training data for recognizing fatigue-related driving behaviors.
In total, 43,034 images were used for training and validation, whereas 3,599 images were used
for testing, with distinct individuals (non-overlapping) for each dataset to ensure unbiased
evaluation. During training, all layers in all pre-trained models are unfrozen and optimized.

4.2. Experimental Setup

This work uses three separate computing platforms to evaluate the models under varying
hardware configurations. The primary platform for training is a high-performance workstation
equipped with an Intel® Core™ 17-14700KF 3.40 GHz processor, 32 GB of memory, and an
NVIDIA RTX 4070 12GB GPU. This setup ensures efficient and accelerated training of deep
learning models, capable of handling large datasets and complex computations essential for
developing CNN and ViT models. For testing, a Raspberry Pi 5 features an ARM Cortex-A76
(ARM v8) 2.4 GHz processor, 8 GB of memory, and a VideoCore VII (800 MHz) GPU. This
platform represents low-cost, embedded computing environments, allowing us to assess the
models' performance on resource-constrained devices. Evaluating the Raspberry Pi 5 is critical
for real-world applications in automotive systems, where such embedded systems are
prevalent. Additionally, a desktop setup is used with an Intel® Core™ i7-13700 2.10 GHz
processor, 16 GB of memory, and an NVIDIA RTX 4060 8GB GPU for further testing. This
desktop configuration provides a middle ground in computing power between the workstation
and the Raspberry Pi. It offers a more accessible and typical consumer-grade environment to
assess the models' performance, which is relevant for broader applications. The specifications
for each computing platform are given in Table 1.
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Table 1. Computing platforms used for training and testing

Computing Platforms
Specs. Workstation Raspberry Pi 5 Desktop with GPU
(for model training) (for model testing) (for model testing)
Processor Intel® Core™ i7-14700KF 3.40  ARM Cortex-A76 (ARM Intel® Core™ i7-13700
GHz v8) 2.4GHz 2.10 GHz
Memory 32 GB 8 GB 16GB
GPU NVIDIA RTX 4070 12GB VideoCore VII (800 MHz)  NVIDIA RTX 4060 8GB

During the training session, the time required to train the models is collected to provide
valuable insights into their efficiency, practicality, and suitability for different applications.
After that, the accuracy, precision, recall, and F1-score are evaluated along with the average
inference time for all models. The equations for the accuracy, precision, recall, and F1-score
are given in Eq. (1), Eq. (2), Eq. (3), and Eq. (4), respectively. Subsequently, the models are
deployed on the Raspberry Pi 5 and a desktop computer with a GPU to evaluate their
performance in classifying distracted driving behaviors. The models are run as part of the
intelligent behavior detection program shown in Figure 2, which consists of face detection and
eye detection, whereby the performance is evaluated in terms of frames per second (fps). The
pseudocode of the intelligent behavior detection program, encompassing the functions and
procedures required to assess the CNN and ViT models, is provided in Algorithm 1.

TP+TN

Accuracy = TP+FP+TN+FN ()
Precision = —— 2)
TP+FP
Recall = —= 3)
TP+FN
Fl=2x Precision XRecall (4)

Precision+Recall

where True positive (TP) is a correct classification of the fatigue behavior, True negative (TN)
is a correct classification of the normal behavior, False positive (FP) is an incorrect
classification of the normal behavior as fatigue behavior, and False negative (FN) is an
incorrect classification of the fatigue behavior as normal behavior.

VEHICLE INTELL

Figure 2. Visualization of the outputs from the intelligent behavior detection program
used to evaluate the model performance.
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Algorithm 1. The pseudocode for the intelligent behavior detection program

Start program

1: Import necessary Al, computer vision, and sensor interfacing libraries.
2: Define auxiliary functions:
- ‘eye_close detector’: Detects if the driver’s eyes are closed based on eye aspect ratio (EAR).
- ‘post_process_behavior’: Processes behavior status (e.g., distracted, drowsy) based on thresholds.
- ‘behavior_detector’: Identifies driver behavior using a pre-trained model.
- ‘detect_face’: Detects face and extracts facial region for further analysis.
- ‘get_frames’: Extracts RGB and grayscale frames for processing.
- ‘load_model _and_labels’: Loads Al model and label data for driver behavior classification.
3: Initialize video capture and other counters.
- Load Al model using ‘load model and_labels’
4: Start main loop to process video frames:
- Capture a video frame and apply overlay text.
- Get full, cropped, and grayscale frames using ‘get frames’.
5: Every ‘face_detector interval’ frames:
- Detect face using "detect face'.
- Detect eye status using ‘eye close detector’.
6: Every ‘behavior_detector interval’ seconds:
- If a face is detected, classify driver behavior using ‘behavior_detector’.
- Process behavior status with ‘post_process_behavior’.
7: Display information on the video frame, including fps, behavior, eye status, and behavior history.

End program

The overall experiment workflow adopted in this work to benchmark the CNNs and ViTs
in classifying driver fatigue behaviors is given in Figure 3. The pre-trained models that are
compared in the experiments are Vision Transformer models: ViT B16, ViT B32, ViT L16,
ViT L32, Swin B, Swin S, Swin T, Swin V2B, Swin V28§, Swin V2T, and CNN models: VGG
16, VGG 19, ResNet-50, MobileNetV2, InceptionV3, MobileNetV3, DenseNet-121,
EfficientNetB0, EfficientNetV2 B0, and ResNet-152. According to Figure 3, CNN and ViT
pre-trained models are trained using only the training data from the dataset. After model
training is completed, each model is tested using the test data, and the performance is evaluated
using accuracy, precision, recall, Fl-score, training time, and inference time metrics.
Subsequently, each model is deployed into the intelligent behavior detection program on a
desktop with a GPU and a Raspberry Pi 5. Here, the performance evaluated is the frames per
second (fps).

5. RESULTS AND DISCUSSIONS

This section presents the results of the experiment, in which the performance of the CNN
and Vision Transformer models is analyzed in terms of accuracy, precision, recall, and F1-
score, as well as training time, inference time, and computation requirements on the desktop
with GPU and Raspberry Pi 5, measured in frames per second.

5.1. Overall Accuracy and Performance

The results tabulated in Table 2 show the test performance of CNN and Vision
Transformer models evaluated in this work. Vision Transformer models are trained using
different numbers of embeddings according to the architecture requirements defined in Table
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2. The batch size and epochs are also set to match the models' memory requirements and
provide the best test accuracy.

Model Training

Model Testing Model Deployment

Evaluate performance (fps) on Intelligent
Driving Behavior Detection Program

Desktop with GPU

Evaluate accuracy, training time,

CNN model inference time

Narmal
Fatigue

Training Data Trained models

1
1
1
1
i
Il
1
1
1
'
:—b RaspberryPi5

1

1

1

. y 1

1

Test Data '

1

1

1

|

I

I

1

1

I

I
1
1
1
I
]
1
1
]
1
1
1
1
1
1
1
1
1
1
1
]
1
]
]
I
]
1
1
1
1
I
1
1
'

Figure 3. The overall experiment workflow adopted in this work is to benchmark the
performance of CNN and ViT models in driver fatigue classification

Table 2. Overall performance comparisons

Test Performance batch epo RPi5  Desktop

Models Acc.  Prec.  Recall  Fl fparams - Hemb. L hs  (fps)  (fps)
ViT B16 0.9686  0.9459 0.9674 0.9561 85,801,730 768 32 10 7.73 64.86
ViT B32 0.8413  0.7843 0.8700 0.8062 87,458,306 768 16 10 18.67 73.22
VIiT L16 0.8032  0.7518 0.8398 0.7669 303,305,730 1024 16 10 0.73 51.27
ViT L32 09177 0.8664 0.9434 0.8942 306,537,450 1024 16 10 0.89 66.6
Swin B 0.9705 09451 09757 0.9592 86,745,274 1024 16 10 1.32 58.35
Swin S 09716  0.9490 0.9734 0.9604 48,838,796 768 16 10 9.64 58.17
Swin T 0.9472 09073 0.9584 0.9290 28,291,428 768 32 10 18.1 69.06
Swin V2B 09619  0.9305 0.9693 0.9478 86,907,898 1024 16 10 1.27 58.82
Swin V28§ 0.9897  0.9915 0.9789 0.9850 48,969,980 768 16 10 4.05 61.18
Swin V2T 0.9505 09123 09610 0.9332 27,584,108 768 32 10 14.29 64.38
VGG16 0.9808  0.9793 0.9653 0.9721 14,715,714 - 256 20 37.81 77.52
VGG19 09763  0.9816 0.9506 0.9650 20,025,410 - 256 20 36.75 73.71
ResNet-50 09566  0.9321 0.9462 0.9389 23,591,810 - 256 20 36.5 65.03
MobileNet V2 0.9519 09553 0.9051 0.9272 2,260,546 - 256 20 40.19 80.13
Inception V3 0.9691 09696 09411 0.9544 21,306,382 - 256 20 40.68 69.76
MobileNet V3 0.9605  0.9717 0.9155 0.9400 2,998,274 - 256 20 40.11 79.69
DenseNet-121 09713 09779 0.9399 0.9573 7,039,554 - 256 20 38.81 67.72
EfficientNet BO  0.9686  0.9669  0.9421 0.9538 4,052,133 - 256 20 4291 69.61
EfficientNet
V2B0 0.9605  0.9722 09150 0.9399 5,921,874 - 256 20 42.25 68.59
ResNet-152 0.9416 09046 0.9382 0.9198 58,375,042 - 32 20 27.82 61.31

According to Table 2, among the CNN models, MobileNetV2 and MobileNetV3
demonstrate strong performance across all metrics, with particularly high accuracy and F1-
scores. MobileNet V3 slightly outperforms MobileNet V2 in precision and recall. EfficientNet
B0 and EfficientNet V2B0 also perform well, maintaining high accuracy and F1-scores.
DenseNet121 exhibits robust performance similar to EfficientNet models, with balanced
metrics. VGG16 and VGG19 show excellent performance, especially in precision and recall,
resulting in high Fl-scores. VGG16 delivers the best F1-score among all tested CNN models
at 0.9721. ResNet-50 exhibits strong performance with balanced metrics, slightly lower than
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InceptionV3 and VGG models, but still robust. For the ViT models, Swin T, Swin S, Swin
VSS, and Swin V2B perform well, particularly Swin V2S, which shows high precision and
recall, translating to a high Fl-score. ViT B16 shows competitive performance with high
accuracy and F1-score, but slightly lower precision and recall than Swin models. ViT B32, ViT
L16, and ViT L32 show varying performance, with ViT L32 lagging in recall and F1-score but
maintaining decent accuracy and precision. Swin V2S gives the best F1-score among Vision
Transformer models at 0.9850, and surpasses VGG16, which is the best-performing CNN
model.

Based on Table 2, comparing the two types of models, CNN models like VGG16, VGG19,
and Inception V3 exhibit high accuracy. ViT models such as Swin S, Swin V2S, and ViT B16
also show high accuracy but with some variability among variants. Regarding precision, ViT
models, particularly Swin V28, show higher precision than many CNN models. CNN models
generally exhibit strong precision, with VGG and Inception models leading. Regarding recall,
ViT models such as Swin V2§, Swin S, and ViT B16 exhibit higher recall, indicating better
performance in identifying all relevant instances. CNN models like VGG19 and InceptionV3
also demonstrate high recall.

5.2. Model Training and Model Inference Performance

As shown in Table 2, ViT models also tend to have a much higher number of parameters.
ViT L32 has over 303 million parameters, significantly higher than the 2.9 million parameters
in MobileNetV2. This higher parameter count can contribute to the increased training time and
potentially higher model complexity, impacting the inference time. Thus, every model's
training and inference time is measured and shown in Figure 4 and Figure 5, respectively.

According to Figure 4, ViT models generally require significantly longer training times
than CNN models. For instance, ViT L16 has the longest training time at 17087.90 seconds,
whereas MobileNetV2 has the shortest at 1682.62 seconds. Even CNN ResNet-152's longest
model training time, at 2698.13 seconds, is almost two times shorter than the fastest model
training of Vision Transformer ViT B32, at 4688.91 seconds. This indicates that Vision
Transformers are more computationally intensive and require more computing resources for
training.
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Figure 4. The training time required for each model, run on the workstation

179



ITUM Engineering Journal, Vol. 26, No. 2, 2025 Kamaru Zaman et al.
https://doi.org/10.31436/iiumej.v26i2.3488

Furthermore, the inference times for these models are measured. The time taken to process
the image and apply the models is considered in the measurement of inference time.
Surprisingly, based on Figure 5, Vision Transformers' inference times are shorter than CNNss.
For example, ViT L32 has an average inference time of 0.0055 seconds, whereas MobileNet
V2 has an inference time of 0.0731 seconds, even though the ViT L32 model has higher
complexity. To ensure that the inference performance on the powerful workstation used for
training is translated into the actual application implementation, each model is tested in an
intelligent driving behavior detection program, as mentioned earlier. This comparison is crucial
for understanding how these models perform in different hardware environments, particularly
for real-time applications like driving behavior monitoring systems.
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Figure 5. The inference time required for each model, run on the workstation

5.3. Swin V28 vs. VGG-16 Classification Results Analysis

Based on the results tabulated in Table 2, the top two best CNN and ViT models according
to the F1 Score are the VGG-16 and Swin V2S models, with 0.9721 and 0.9850 F1 Scores,
respectively. In this section, the results of the two models are compared through an analysis of
the confusion matrix, as presented in Figure 6.
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Figure 6. The confusion matrix from the test dataset classification using the Top-2
classifiers: (a) Swin V2S and (b) VGG-16
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From Figure 6, Swin V2S demonstrates high accuracy, particularly for the "normal" class,
with a low number of false positives (4) compared to VGG-16 (18). Its ability to correctly
identify both classes, especially "fatigue," is evident, with only a small number of fatigue cases
misclassified as normal cases (33) compared to (51) by the VGG-16 model. The VGG-16
model shows a slightly higher rate of errors in both false positives and false negatives compared
to Swin V28S. Specifically, it has slightly more difficulty differentiating between "normal" and
"fatigue" states, leading to greater misclassification in both cases. It clearly shows that the Swin
V2S model consistently outperforms VGG-16 in distinguishing between normal and fatigue
driving conditions, showing fewer errors across both classes. Figure 7 shows several examples
of misclassifications made by the models.

Swin V28 performs superiorly over VGGI16 in driver fatigue classification due to its
hierarchical architecture with shifted windows, which enables efficient capture of both local
details and global context. This ability to integrate fine-grained features with broader patterns
is enhanced by its self-attention mechanism within non-overlapping windows, making
distinguishing between fatigue and normal states robust. While VGG16 offers a simpler
sequential architecture with small filters, it cannot handle long-range dependencies of the
relationship between spatially distant regions of an image, a strength of Swin V2S.

According to Figure 7, most misclassifications are due to the apparent similarity of some
fatigue behavior images with normal behavior images. This similarity challenges the model by
having shared visual characteristics and low inter-class variability. Additionally, since the data
collection requires the participants to imitate fatigue behavior, the imitations may not be as
realistic as the actual behaviors, i.e., when the drivers are in a fatigue or drowsy condition while
driving. This has contributed to several misclassifications by the models.

False Positives

Swin V28

False Negatives

False Positives

VGG-16

False Negatives

Figure 7. Examples of several misclassifications by the Swin V2§ and VGG-16
models. False Positives refer to the incorrect classification of normal behavior as
fatigue behavior, whereas False Negatives refer to the incorrect classification of fatigue
behavior as normal behavior
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5.4. Model Performance in an Intelligent Driving Behavior Detection Program

Each of the CNN and ViT models trained earlier is loaded and deployed in the intelligent
driving behavior detection program to evaluate the inference speed of each model on different
computing platforms. The platforms used in the experiment are a Raspberry Pi 5 and a desktop
computer with a GPU. The inference performance is shown in Figure 8.
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Figure 8. The comparison of processing time measured in fps for each model
implemented in the intelligent driving behavior detection program.

According to Figure 8, the inference performance on the desktop with a GPU shows a clear
advantage across all models, achieving significantly higher fps than the Raspberry Pi 5.
MobileNet models demonstrate exceptional performance on the desktop, reaching close to 80
fps, indicating their efficiency and suitability for high-speed inference tasks. Other CNN
models, such as VGG16, VGG19, and InceptionV3, also perform faster on the desktop,
maintaining fps values around 70 and above. ResNet models achieve moderate fps values,
around 60, indicating good performance but slightly less efficiency than the more streamlined
models.

The inference performance on the Raspberry Pi 5 is notably lower, reflecting the
constraints of running complex models on a less powerful, embedded platform. EfficientNetB0
and V2BO still perform well, achieving more than 30 fps, which is respectable for such a device.
Other CNN models perform relatively well, maintaining fps values of more than 25 fps.
However, Vision Transformer models like ViT B16, ViT B32, and larger ViT variants such as
ViT L16 and L32 exhibit very low fps on the Raspberry Pi 5, often below 10 fps, highlighting
the significant computational demands of these models that are not well-suited for low-power
embedded devices.

On the other hand, Vision Transformer models achieved almost equivalent fps
performance to CNN models on a desktop with a GPU. With a GPU for computation, the fastest
Vision Transformer model (ViT B32) can achieve higher fps than CNN InceptionV3. Even the
slowest Vision Transformer model, ViT L16, achieved more than 50 fps, indicating that Vision
Transformer models, while offering higher accuracy and better handling of complex patterns,
demonstrate excellent fps in environments with high computational capabilities, such as
desktops with powerful GPUs. To further illustrate the performance comparisons of CNN and
Vision Transformer models in actual applications, the comparisons are given in Figs. 9 and 10.
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Based on Figure 9, all CNN models can deliver more than 25 fps performance on the
Raspberry Pi 5. However, only ViT B32 and Swin V2T can provide acceptable fps on
Raspberry Pi 5 at around 14-18 fps. The Vision Transformer model with the best F1-Score,
Swin V28§, can only deliver 4 fps on the Raspberry Pi 5. Meanwhile, according to Figure 10,
all models benefit from the enhanced computational power on the desktop with a GPU, but
CNNis still slightly outperform Vision Transformer in inference speed.

VGG16 and VGG19 achieve more than 70 fps with high Fl-scores of 0.97 and 0.95,
respectively, indicating their efficiency and suitability for high-speed, real-time applications.
MobileNetV2 and MobileNetV3 perform exceptionally well, maintaining fps around 80 with
good Fl-scores. In contrast, Vision Transformer models like ViT B16, ViT B32, and Swin
variants achieve lower fps on GPU but still more than 45 fps, though Swin V28§ stands out
among Vision Transformers with relatively better performance, with 61 fps and 0.99 F1-score.

To summarize the findings, VGG16 is recommended as the best CNN model due to its
superior balance of speed and accuracy across different hardware environments, making it ideal
for both embedded and high-performance applications. Swin V28 is recommended as the best
Vision Transformer model for its high accuracy and reasonable inference speed, especially in
high-performance environments, despite its lower fps than CNN models. For deployment on
computation machines with a GPU, Swin V2§ will deliver the best performance and excellent
computation speed, while VGG16 should be used if deployment is targeted at embedded
platforms.

6. CONCLUSION

This paper investigates and compares CNN models against Vision Transformer (ViT)
models in classifying fatigue driving behaviors. Both model types were evaluated on their
accuracy and performance during training and inference on desktop and embedded platforms.
CNN models consistently deliver high accuracy with balanced precision and recall, with
VGGs, InceptionV3, and MobileNets showing exceptional performance across all metrics. ViT
models, particularly the Swin variants, excel in precision and recall but require longer training
and computational resources. CNN models like VGGs, InceptionV3, and MobileNets are
reliable for balanced performance with high accuracy and efficient processing. In contrast, ViT
models, especially Swin variants, are suitable for applications demanding higher precision and
recall, provided robust computational resources are available. VGG16, with a 0.97 F1-score
and 77 fps on GPU and 37.81 fps on Raspberry Pi 5, is the top CNN model for its balance of
speed and accuracy. Swin V28§, achieving 0.99 F1-score and 61.18 fps on GPU, is the best ViT
model, recommended for high-performance settings despite lower fps than CNNs. ViT models,
though slower on embedded platforms, can surpass CNNs in accuracy in environments with
powerful GPUs. Future work should explore hybrid models combining CNN and ViT strengths
to enhance driving behavior classification further. Real-time testing on larger, more diverse
datasets and advanced data augmentation and temporal context integration through RNNs or
LSTMs could improve model robustness and accuracy. Optimizing models for deployment on
low-power embedded devices while maintaining high accuracy is crucial for practical, real-
world automotive applications.
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ABSTRACT: Grey relational analysis (GRA) is a grey system theory method used to solve
multi-criteria decision problems with incomplete or uncertain data. The GRA analyzes the
level of closeness or relationship between several alternatives based on a series of criteria.
One of the limitations in using the GRA method is the weight of the criteria, which is often
fixed or subjective. In many GRA applications, the criterion weights are set based on expert
considerations or decision-maker preferences, which can be highly subjective and influenced
by individual biases. Grey relational analysis change data driven (GRA-C) method
emphasizes the increased effectiveness and flexibility of this method in performance appraisal
for multi-criteria decision-making. GRA-C allows for more precise adjustments according to
the importance of each criterion, leading to more accurate and relevant evaluation results. By
modifying the weights, the GRA-C becomes more flexible and can be adapted to different
contexts and specific decision-making needs, so that it can be applied in various industry
sectors. These modifications help reduce bias due to improper weight allocation, resulting in
more objective performance assessments. The results of the modified GRA-C can provide
better insights for decision-makers, supporting a more effective and informed decision-
making process. The comparison with the Spearman correlation shows that the GRA-C
method has a very strong degree of conformity in producing alternative rankings, with a
correlation value 1. This indicates that these methods provide similar results, making them
reliable for consistent decision-making.

ABSTRAK: Analisis Perhubungan Kelabu (Grey Relational Analysis, GRA) merupakan satu
kaedah dalam teori sistem kelabu yang digunakan untuk menyelesaikan masalah keputusan
berbilang kriteria (multi-criteria decision-making) yang melibatkan data tidak lengkap atau
tidak pasti. GRA menganalisis tahap keterkaitan atau hubungan antara beberapa alternatif
berdasarkan satu siri kriteria. Salah satu kekangan dalam penggunaan kaedah GRA ialah
pemberat kriteria yang sering kali bersifat tetap atau subjektif. Dalam banyak aplikasi GRA,
pemberat kriteria ditentukan berdasarkan pertimbangan pakar atau keutamaan pembuat
keputusan, yang boleh menjadi sangat subjektif dan dipengaruhi oleh bias individu. Kaedah
Grey Relational Analysis Change Data Driven (GRA-C) menekankan keberkesanan dan
fleksibiliti yang lebih tinggi dalam penilaian prestasi bagi sistem keputusan berbilang kriteria.
GRA-C membolehkan pelarasan yang lebih tepat mengikut kepentingan setiap kriteria, yang
membawa kepada keputusan penilaian yang lebih tepat dan relevan. Dengan pengubahsuaian
pemberat, GRA-C menjadi lebih fleksibel dan boleh disesuaikan dengan pelbagai konteks
serta keperluan khusus dalam membuat keputusan, membolehkannya diaplikasikan dalam
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pelbagai sektor industri. Pengubahsuaian ini membantu mengurangkan bias akibat
pengagihan pemberat yang tidak sesuai, sekali gus menghasilkan penilaian prestasi yang lebih
objektif. Hasil daripada GRA-C yang telah diubah suai dapat memberikan pandangan yang
lebih baik kepada pembuat keputusan, seterusnya menyokong proses membuat keputusan
yang lebih berkesan dan berasaskan maklumat. Perbandingan dengan korelasi Spearman
menunjukkan bahawa kaedah GRA-C mempunyai tahap kesesuaian yang sangat tinggi dalam
menghasilkan kedudukan alternatif, dengan nilai korelasi sebanyak 1. Ini menunjukkan
bahawa kaedah-kaedah tersebut memberikan hasil yang serupa dan boleh dipercayai untuk
proses membuat keputusan yang konsisten.

KEYWORDS: Comparison, Decision, GRA-C, Modification.

1. INTRODUCTION

Grey relational analysis (GRA) is a method in grey system theory that is used to solve
multi-criteria decision problems with incomplete or uncertain data [1]. The GRA analyzes the
level of closeness or relationship between several alternatives based on a series of criteria. In
the GRA, the relationship between different data is calculated using the concept of gray
relational grade, which represents the relative proximity of each alternative to the ideal
condition [2]. The general application of GRA in multi-criteria systems is very broad and
varied, due to its ability to handle problems with incomplete or uncertain data [3]. GRA is often
used for performance evaluation in various fields, such as employee performance assessment,
supplier selection, and product or service selection. In the manufacturing industry, GRA is
applied to optimize production processes and evaluate product quality. In project management,
GRA selects the best projects based on several criteria such as cost, time, and quality. In
addition, GRA is also used in environmental research to analyze environmental performance
and choose the best strategy in natural resource management [4]. The advantage of GRA in a
multi-criteria system is its flexibility in assessing various alternatives based on several complex
and diverse criteria [5]. One of the main advantages of GRAs is their ability to handle problems
with incomplete or uncertain information, which often arises in multi-criteria decision-making.
This method does not require complete or perfect data to perform the analysis, so it is suitable
for applications when the available data is limited, inconsistent, or uncertain. GRA reduces
complexity by focusing on patterns of relationships between data, rather than demanding
absolute precision [6]. Despite the lack of information, GRA can use the gray relational grade
to determine the degree of proximity between the evaluated alternatives to the ideal solution.
This makes GRA a flexible and reliable tool in a variety of applications such as performance
evaluation, risk analysis, and decision-making in environments full of uncertainty or
incomplete information [7].

One limitation in using the GRA method is the weight of the criteria, which is often fixed
or subjective [8]. In many GRA applications, the criterion weights are set based on expert
considerations or decision-maker preferences, which can be highly subjective and influenced
by individual biases. This weight determination is also less adaptive to changes in different
contexts or decision scenarios, so it can reduce the accuracy of the analysis results if the weights
do not reflect the actual conditions. In addition, unchanging weights often do not consider the
dynamics in the relationship between criteria, for example, when criteria become more or less
critical depending on the specific situation. These limitations can cause the results of decisions
to be less than optimal or not follow real conditions, especially in complex and dynamic
environments. The main limitation in using GRA is the often fixed or subjective weight of the
criteria, resulting in a lack of flexibility in the analysis. The importance of adjusting the weight
of the requirements is crucial so that the analysis can be more relevant to the desired goal [9].
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With weights that can be adjusted objectively or dynamically, GRA can capture changes in
priorities between criteria, improve the accuracy of analysis results, and provide more effective
solutions according to the contextual needs of the decisions at hand.

Problems that arise due to weights that are not adjusted to the reality of complex and varied
decision-making can result in several negative impacts [10]. The resulting decision may not
reflect actual conditions or needs, as the weight of the fixed criteria cannot capture the
dynamics and complexity of the situation. Inaccuracies in weights can lead to dissatisfaction
among stakeholders, as decisions taken may not be in line with their expectations or priorities
[11]. This can reduce trust in the decision-making system used. The use of irrelevant weights
can result in neglecting important criteria that should be considered in the decision-making
process, potentially resulting in fatal errors in alternative selection. If the weight is not adjusted
to the change, the decisions taken may become ineffective and unresponsive to the challenges
that arise [ 12]. As such, it is important to develop methods that allow for objective and dynamic
weight adjustments to make decision-making results more accurate and relevant. The main
problem in this study is the lack of ability of conventional RA methods to accommodate the
dynamics of criterion weights in decision-making. In many situations, the weight of the criteria
is often considered fixed, although the relevance of each criterion may change based on context
or changes in the data. For example, when selecting suppliers, criteria such as price may have
a higher weight in times of economic crisis, but product quality can be a top priority in normal
times. The GRA's inability to capture these changes can lead to less accurate analysis results,
potentially resulting in suboptimal decisions. In addition, standard GRA methods tend to be
sensitive to large-scale or multi-dimensional data, as they lack an adequate mechanism to
balance the influence between criteria based on their relevance dynamically. This problem is
exacerbated when data is complex, heterogeneous, or frequently updated. The reliance on fixed
weights can also reduce the flexibility of these methods in responding to evolving decision
needs, especially in highly competitive or rapidly changing environments, such as the business,
technology, or crisis management sectors.

The development of a more flexible and adaptive GRA model for applications in multi-
criteria performance assessment in this study uses change data-driven. The change-data-driven
approach allows for real-time adjustment of criterion weights based on the analysis of the latest
data [13], so that models can respond quickly to changing needs or evolving situations. Thus,
decision-making becomes more precise and relevant, resulting in more accurate and effective
performance evaluations. This approach also increases the flexibility of the model, allowing
for better adaptation to frequent changes in operational and business contexts [14]. Increasing
the accuracy and relevance of assessment results in the GRA can be achieved through a more
dynamic adjustment of the criteria weight. By applying a responsive approach to change data,
criterion weights can be adjusted in real-time based on recent data analysis on performance and
environmental conditions. This means that when situations or priorities change, the weight of
the criteria will reflect new needs and conditions, resulting in a more accurate and relevant
analysis. This research contributes to enriching GRA-based decision-making methodologies
by developing more effective and efficient models through dynamic and responsive adjustment
of criterion weights. By integrating a change-driven data-driven approach, this study provides
a framework that allows real-time adjustment of criterion weights based on changes in
conditions and evaluation needs [15]. This not only improves the accuracy of the assessment
results, but also ensures that the analysis remains relevant in an ever-changing context [16].

The main problem to be solved in this study is the limitation of the GRA method in
handling the weight of criteria that change dynamically according to the conditions or context
of the decision. In many cases, the weight of the criteria is often considered fixed, thus ignoring
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the dynamic nature of factors that affect the decision-making process, such as changing
priorities, market situations, or environmental contexts. This can lead to less accurate and
relevant analysis results. By modifying the GRA to integrate dynamic criteria weighting, this
study aims to improve the flexibility and accuracy of the decision support system, so that it is
more adaptive to changing conditions and produces more optimal decisions. The study aims to
develop and improve the flexibility of the GRA method by modifying the weight parameters
in performance assessment to provide a more accurate and relevant evaluation in the context
of multi-criteria decision-making. This modification aims to overcome the limitations of
traditional GRA methods that often use fixed weights by offering a more dynamic and
responsive approach to the relative importance of each criterion. Thus, this research is expected
to provide deeper insights for decision-makers in various industry sectors and improve the
quality and effectiveness of the decision-making process.

2. RELATED WORKS

The GRA method has been widely used in various fields to solve multi-criteria decision
problems. With its wide range of applications and innovations, GRA remains an interesting
and relevant research topic in decision support systems. The following is related to research
conducted using the GRA method.

Research from Andika (2024) shows that combining GRA and Rank Order Centroid
(ROC) in determining supervisor promotions can provide a more objective and comprehensive
approach. The GRA evaluates supervisors' performance based on several criteria that are not
completely clear or cannot be measured with certainty. Meanwhile, ROC is used to determine
the relative weight of each criterion by giving higher priority to the aspects that decision-
makers consider most important. By combining these two methods, supervisor performance
assessment can be carried out by considering the relationship between existing criteria, as well
as giving more proportional weight to the most relevant criteria for promotion, so that the
decisions taken are more transparent and fair [17].

Research from Gao (2024) shows that combining GRA and Entropy in optimizing laser
coating parameters for steel presents an effective approach in improving coating quality. GRA
is used to evaluate the performance of various laser coating parameters such as laser power,
scanning speed, and feed rate based on several quality criteria, such as coating thickness,
hardness, and wear resistance. Meanwhile, the Entropy method helps to determine the objective
weight for each criterion based on the variation of the data obtained from the experiment, so
that the parameters significantly influencing the coating quality get a higher priority. By
combining these two methods, the optimization process becomes more directional and data-
driven, allowing for the selection of optimal coating parameters to achieve the best results in
steel applications [18].

Research from Lu (2024) The combination of GRA and Criteria Importance Through
Intercriteria Correlation (CRITIC) in selecting agricultural machinery provides a smarter, data-
driven approach to support decision-making. GRA measures the performance of various
alternative agricultural machinery based on several important criteria. On the other hand, it is
used to objectively calculate the weight of the criteria by considering the variation and
correlation between them, so that the more important and unrelated criteria get greater weight.
By combining GRA and CRITIC, decision-making becomes more comprehensive, taking into
account both the relative performance of each machine and the importance of each criterion
objectively, which ultimately allows the selection of agricultural machinery that best suits the
needs and operational conditions [19].
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Research from Arshad (2024) suggests that combining GRA and the Pivot Pairwise
Relative Criteria Importance Assessment (PIPRECIA) method in selecting warehouse heads
offers an effective and structured approach. GRA is used to evaluate the performance of
prospective warehouse heads based on several criteria. Meanwhile, the PIPRECIA method
helps to determine the weight of the criteria subjectively by involving repeated assessments
from experts who consider the relative importance of each criterion. Through this stage, the
weight of the criteria can be obtained more accurately according to the specific priorities and
needs of the organization. By combining GRA for performance analysis and PIPRECIA for
criteria weighting, the warehouse head selection process becomes more transparent and
accurate, ensuring that the best candidates are selected based on a thorough and relevant
evaluation [20].

The results of comparing the combination of the GRA method with various weighting
methods, such as ROC, Entropy, CRITIC, and PIPRECIA, show how different approaches can
be used for optimization and decision selection based on relevant criteria.

3. MATERIALS AND METHODS

The GRA method has been widely used in various fields to solve multi-criteria decision
problems. With its wide range of applications and innovations, GRA remains an interesting
and relevant research topic in decision support systems.

3.1. Case Study and Dataset

In this study using a case study on the selection of the best division head, the analysis was
carried out using a decision support system approach that involved several performance
criteria, such as leadership (C-01) it is a person's ability to motivate, direct, and influence team
or organization members to achieve a common goal, managerial ability (C-02) this ability
includes skills in managing company resources, including human, financial, time, and material,
to achieve organizational targets efficiently, task completion (C-03) this a person's ability to
complete assigned tasks on time and according to the expected standards. This includes work
discipline, punctuality, reliability in meeting deadlines, and the ability to overcome obstacles
and challenges in the execution of tasks, innovation (C-04), the ability to think creatively and
create new solutions to existing challenges. These criteria include the development of new
ideas, the ability to improve existing processes or products, and the courage to take risks in
exploring untested approaches, and collaboration between teams (C-05). The ability to work
with other team members effectively within and between divisions. Individuals who are strong
in collaboration can communicate, share information, and work with various parties to achieve
common goals. Each candidate is assessed using historical data on their performance and the
results of interviews and assessments from colleagues and direct supervisors. By applying this
approach, companies not only rely on intuition or experience alone but also obtain results based
on comprehensive quantitative and qualitative analysis. Thus, selecting the best division head
can be done objectively, reducing bias, increasing credibility and fairness in decision-making,
and ensuring that the chosen candidates have optimal potential to lead the division towards
better performance.

The dataset used contains performance appraisal data from some division head candidates,
where each candidate is evaluated by the company's internal appraisal panel, which includes
senior managers and related team members. The assessment is based on a predetermined value
scale for each criterion, and the weight of the criteria is set to reflect the company's strategic
priorities. This dataset allows testing various multi-criteria decision-making methods to
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determine the most qualified candidates based on the overall rating obtained. Table 1 is the
dataset used in this study.

Table 1. Dataset assessment

Division Name C1 C2 C3 C4 C5
Production Division 8 9 9 6 8
R&D Division 7 7 8 10 7
Quality Division 6 8 9 5 7
Logistics and Supply Chain Division 7 9 8 7 9
Maintenance Division 6 7 9 6 6
Finance Division 8 9 8 5 7
Human Resources Division 9 8 7 6 9
Purchasing Division 7 8 8 6 7
IT Division 6 7 8 8 8

Assessment data for each division is based on five criteria: leadership, managerial ability,
task completion, innovation, and team collaboration. Scores are given on a scale of 1-10, where
1 is the lowest and 10 is the highest.

3.2. Modification of Grey Relational Analysis

The modification of the GRA aims to improve the accuracy and flexibility of the GRA
method in the multi-criteria decision-making process. One of the most common modifications
is to integrate advanced weighting techniques that are objective-based to better reflect the
importance of each criterion. Other modifications focus on adjusting the gray relational
coefficient to handle high-dimensional data more effectively or applying normalization
techniques to minimize outlier influence and ensure consistency of results. These
improvements aim to make GRA more reliable and versatile, enabling it to tackle more
complex decision-making scenarios with higher precision.

Matrix

Creating a Decision Decision Matrix
Normalization

Value Variation

"y - Tag . . . .
Criterion Weight Criterion Significance
Criteria

Value Value

- Normalization of
Criterion Values

Results of Weight Gray Relationship
Multiplication Value

Figure 1. Framework GRA-C
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The modification of GRA with a change data-driven approach called grey relational
analysis change data-driven (GRA-C) focuses on adjusting the GRA method to be more
responsive to dynamic data changes in the decision-making process. In this approach, the GRA
algorithm is modified to accommodate real-time or periodic data updates, so the analysis results
can continue to reflect current conditions. The weighting of the criteria and the relational
coefficient are changed based on significant changes in data patterns, which allows for more
adaptive analysis. As such, these modified GRA-C can handle scenarios with ever-evolving
data, such as market changes or technological developments, providing more relevant and
accurate results in real-time. Figure 1 is the GRA-C framework conducted in this study.

The GRA-C framework is designed to improve the effectiveness of grey relational analysis
by handling dynamic data in multi-criteria decision-making. Within this framework, there are
five main modification processes. First is the normalization of criterion values, which are
changed to the same scale to ensure equivalence in the analysis. Second, the criterion average
score is used to calculate the middle score of each criterion, providing an overview of the
candidate's performance. Third, the criterion variation value measures how far the criterion
value spreads, aiding in identifying performance stability. Fourth, the significance value of the
criteria assesses the relative contribution of each criterion to the final decision, so that the more
critical criteria can be recognized. Fifth, the criterion weighting value determines the priority
of the criteria based on the calculated significance value, providing a solid basis for the final
calculation in the GRA. By integrating these five processes, GRA-C can provide more accurate
and relevant analysis results in an ever-changing situation.

Creating a Decision Matrix: This stage involves collecting data from alternatives that will
be evaluated based on predetermined criteria. The data is organized in the form of a decision
matrix, where rows represent alternatives [21], and columns represent evaluation criteria. Each
cell in the matrix contains a value that indicates how well each alternative meets those criteria.
Eq. (1) creates a decision matrix.

X= (1)

X12 X222  Xop
xml xmz xmn

X11  X21 xZn]

Decision matrix normalization: At this stage, the values in the decision matrix are
normalized to convert them into the same scale [22]. Normalization aims to eliminate
differences in units and scales between criteria, so that all criteria can be directly compared.
Decision matrix normalization uses Eq. (2).

_ Xij=Xmin
XU B Xmax~Xmin (2)

Normalization of criterion values: After the decision matrix is normalized, the criterion
values for each alternative are further processed to ensure that the values obtained reflect
consistent performance [23]. Normalization of these criteria is important to provide a more
accurate picture of how each alternative performs in the same context. Normalization of
criterion values uses Eq. (3).

xl-j

reo= 2 3)
K /Z?ilxijz

The average value of the criteria results from a calculation that describes the level of
performance or the general score of a group based on certain criteria. This modification stage
is carried out in this study. The average value of the criteria is important because it provides an
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overview of how the group as a whole performs against those criteria[24], which can help in
more objective and balanced decision-making. The average value of the criteria in Eq. (4).
1
Ny =-— oy 4)
Value variation criteria: At this stage, the variation value is calculated for each criterion to
measure how much the spread of the existing value is at a modification stage carried out in this
study. The value of variation provides insight into the consistency of alternative performance
under certain criteria [25], aiding in identifying highly variable criteria that can influence
decisions. For the value variation criteria, use Eq. (5).

@; =X, (rij — N;)? (5)

Criterion significance value: This stage measures the relative significance of each criterion
in the overall context of this analysis, which is the modification stage carried out in this study.
The significance value is calculated by taking into account the average value and variation [26]
to determine which criteria have a greater impact on the final decision. The criterion
significance value uses Eq. (6).

pj=1-0; (6)
Criterion weight value: Once the significance value is determined, this step involves
determining the weight for each of these criteria, and a modification stage is carried out in this
study. The criterion weights reflect the relative priority of each criterion based on its
significance and are used to make the appropriate contribution in the final calculation [27]. The
criterion weight value uses Eq. (7).
Pj
Results of weight multiplication: At this stage, the normalized criterion value is multiplied
by the predetermined weight. The result of this multiplication contributes from each criterion
to the overall value of each alternative, thus allowing for a more precise comparison between
the alternatives being evaluated [28]. The results of weight multiplication use Eq. (8).

Vij =w; X xi; )

Gray relationship value: Finally, the gray relationship value is calculated by integrating
the results of multiplying the weights and the criterion value. This value reflects the relationship
between the alternatives and the criteria, indicating how well each alternative meets all the
criteria that have been set [29]. These end results are used to rank alternatives based on their
overall performance. Grey relationship value uses Eq. (9).

1
GRG; =~ Vi ©)

4. RESULT AND DISCUSSION

Moditying the weight parameters in the GRA for performance assessment in multi-criteria
decision-making provides greater flexibility than traditional methods. By changing the weight
of the criteria, the GRA can better adjust to specific preferences or different priorities in the
evaluation, so that the results are more accurate and relevant to the specific context. This
increased flexibility allows decision-makers to consider the importance of each criterion more
dynamically, providing more precise solutions in complex and diverse situations. It also
expands the application of GRA in various fields, from performance appraisal to selection of
the best alternatives.
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GRA-C modification is a development of the GRA method that focuses on dynamic
changes in data in multi-criteria decision-making. This approach takes advantage of constantly
changing or updated data, so that it can adjust analysis and decision results more responsively
to changes in information or conditions. GRA-C allows for more accurate performance
evaluations or decision alternatives because it considers trends and changes in the data. GRA-
C becomes more adaptive and relevant in contexts requiring rapid response to changes, such
as fast-moving business environments or technologies, using this dynamic, data-driven
approach.

4.1. Implementation of GRA-C in Case Studies

The implementation of GRA-C in the case study of the performance assessment of division
heads can be applied to evaluate the performance of each division based on various criteria that
are important in achieving organizational goals. Using GRA-C, the analysis is carried out by
taking into account dynamic changes in the performance data of division heads from time to
time. GRA-C will calculate the level of gray relationship (gray relational grade) between the
performance of the division head and the desired ideal target. Changes in the weight of criteria
and up-to-date performance data allow for a more adaptive and accurate assessment of the
performance of division heads, which may be subject to change due to internal or external
conditions.

The decision matrix is the first stage in GRA-C, a representation of data in tables used to
assist decision-making. Normalization of the decision matrix uses Eq. (10).

X117 X211 X31 X41 Xs17 8 9 9 6 8
X12 X22 X332 X42 Xs2 7 7 8 10 7
X13  X23 X33 X43 X353 6 8 9 5 7
X14 X24 X34 Xg4 Xs5g 7 9 8 7 9
X=|%15 X25 X35 X45 Xss5|=|6 7 9 6 6 (10)
X16 X26 X36 Xa6 Xs6 8 9 8 5 7
X17 X7 X37 X47 Xs7 9 8 7 6 9
X1g8 X288 X33 X438 Xsg 7 8 8 6 7
1 X19 X29 X39 X49 Xsod L6 7 8 8 8
The normalization of the decision matrix is the second stage in the GRA-C to convert it to

the same scale calculated using Eq. (11).

o)}

Xy = 30 _2_ 0667 (11)

X11,19—X11,19 9-6 3

Table 2 is the calculation result of the matrix normalization assessment of each alternative
for each criterion.

Table 2. Normalization matrix

Division Name C1 C2 C3 C4 C5
Production Division 0.667 1 1 0.2 0.667
R&D Division 0.333 0 0.5 1 0.333
Quality Division 0 0.5 1 0 0.333
Logistics and Supply Chain Division 0.333 1 0.5 0.4 1
Maintenance Division 0 0 1 0.2 0
Finance Division 0.667 1 0.5 0 0.333
Human Resources Division 1 0.5 0 0.2 1
Purchasing Division 0.333 0.5 0.5 0.2 0.333
IT Division 0 0 0.5 0.6 0.667
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The criterion of value variation is the third stage in the GRA-C to measure how much the
spread of existing values is calculated using Eq. (12).

X11 8 8
1 m VBZ+72+62+72+62 482492472462 /464 (12)
Zi=1x11,19

Table 3 is the result of the calculation of the normalization of the criteria of each alternative
for each criterion.

Table 3. Normalization of the criteria

Division Name C1 C2 C3 C4 C5
Production Division 0.371 0.373 0.364 0.297 0.350
R&D Division 0.325 0.290 0.323 0.496 0.306
Quality Division 0.279 0.332 0.364 0.248 0.306
Logistics and Supply Chain Division 0.325 0.373 0.323 0.347 0.394
Maintenance Division 0.279 0.290 0.364 0.297 0.263
Finance Division 0.371 0.373 0.323 0.248 0.306
Human Resources Division 0.418 0.332 0.283 0.297 0.394
Purchasing Division 0.325 0.332 0.323 0.297 0.306
IT Division 0.279 0.290 0.323 0.397 0.350

The average value of the criteria is the fourth stage in the GRA-C, which helps provide an
overview of how the group as a whole performs against certain criteria calculated using Eq.
(13).

1

Ny =53 71100 =0.111 % 2.971=0.3301 (13)

Table 4 is the result of calculating the average value for each criterion.

Table 4. Average value of the criteria

Criteria C1 C2 C3 C4 C5
Average value 0.3301 0.3316 0.3324 0.3249  0.3307

The value of the variation criterion is the fifth stage in the GRA-C, helping with criteria
with high variability and influencing the decision calculated using Eq. (14).

@1 =Xi21(r1110 — N1)? =0.019157 (14)

Table 5 is the result of calculating the variation value for each criterion.

Table 5. Variation value of the criteria

Criteria C1 C2 C3 C4 C5
Variation value  0.019157 0.010309 0.005810 0.049686 0.015751

The significance value of the criterion is the sixth stage in the GRA-C to help determine
which criterion has the greatest impact on the final decision, calculated using Eq. (6), i.e.,
01=1—0,=1-0.019157 =0.980843. Table 6 is the result of the calculation of the
significance value of the criterion.
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Table 6. Significance value of the criteria

Criteria C1 C2 C3 C4 Cs
Significance value  0.980843 0.989691 0.994190 0.950314 0.984249

The criterion weight value is the seventh stage in the GRA-C to reflect the relative priority
of each criterion based on its significance, calculated wusing Eq. (7), i.e.,

n<p1 = 29898%3 _ 0.2002. Table 7 is the result of the calculation of the weight value of
Y @1 4899286

W1:

the criterion.

Table 7. Weight value of the criteria

Criteria C1 C2 C3 C4 C5
Weight value 0.2002 0.202 0.2029 0.194 0.2009

The result of weight multiplication is the eighth stage in the GRA-C to contribute from
each criterion to the overall value of each alternative calculated using Eq. (8), i.e.,
Vii=wy *x1; =0.2002 * 0.667 =0.13347. Table 8 is the result of calculating the value of
weight multiplication for each alternative of the existing criteria.

Table 8. Calculating the value of weight multiplication

Division Name C1 C2 C3 C4 C5
Production Division 0.13347 0.20201  0.20293  0.03879 0.13393
R&D Division 0.06673 0 0.10146  0.19397 0.06697
Quality Division 0 0.10100  0.20293 0 0.06697
Logistics and Supply Chain Division 0.06673 0.20201  0.10146  0.07759 0.20090

Maintenance Division 0 0 0.20293  0.03879 0

Finance Division 0.13347 0.20201 0.10146 0 0.06697
Human Resources Division 0.20020 0.10100 0 0.03879 0.20090
Purchasing Division 0.06673 0.10100 0.10146  0.03879 0.06697
IT Division 0 0 0.10146  0.11638 0.13393

The gray relationship value is the eighth, ninth, or last stage in the GRA-C. This value
reflects the relationship between the alternative and the criterion, which indicates how well
each alternative meets all the predetermined criteria calculated using Eq. (9), i.e.,

GRG, =§Z?=1 Vi151 =0.13347 + 0.20201 + 0.20293 + 0.03879 + 0.13393 =0.71112.
Table 9 is the result of calculating the grey relationship value for each existing alternative.

The ranking of division heads' performance assessments involves sorting or arranging
objects, individuals, or alternatives based on certain criteria to determine the best priority or
performance. The ranking results provide an overview of the best to worst alternatives, which
helps decision-makers choose the option that best suits the division head's performance
assessment. The ranking results are shown in Figure 2.
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Table 9. Calculation of the grey relationship value

Division Name Grey Value
Production Division 0.71112
R&D Division 0.42913
Quality Division 0.37089
Logistics and Supply Chain Division 0.64869
Maintenance Division 0.24172
Finance Division 0.50390
Human Resources Division 0.54090
Purchasing Division 0.37496
IT Division 0.35178
0.8 0.71112
07 0.64869
0.6 0408 (5030
0.5 0.42013
04 0.37496  0.37089 0.35178
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Figure 2. Results of the ranking of the performance assessment of division heads

The results of the division head's performance assessment ranking, Production Division,
ranked highest with a score of 0.71112, indicating that this division head performs superior to
other divisions. Followed by the Logistics and Supply Chain Division with a score of 0.64869
and the Human Resources Division in third place with a score of 0.5409. The Finance Division
is ranked fourth with a score of 0.5039, slightly higher than the R&D Division with a score of
0.42913. The Purchasing Division, Quality Division, and IT Division recorded scores of
0.37496, 0.37089, and 0.35178, respectively. The Maintenance Division was in last position
with a score of 0.24172, indicating the lowest performance among all the divisions assessed.

4.2. Discussion

In the context of multi-criteria decision-making, the GRA method has been widely used
because of its ability to analyze the relationship between various alternatives based on
established criteria. However, one of the main challenges in implementing GRA is its limited
flexibility, especially when setting parameter weights that can affect the final result. Therefore,
modifications to the weighting parameters can increase the flexibility of the GRA, allowing
this method to be more adaptive in handling the complexity of performance assessment
problems. Modifying weights in GRA enables this method to be more responsive to differences
in significance between criteria used in performance assessment. In the case of decision-
making involving many criteria, not all criteria have the same weight or level of importance.
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Therefore, by introducing customized weighting parameters, GRA can prioritize more relevant
criteria more precisely, increasing accuracy in ranking results. This increased flexibility also
allows decision-makers to tailor the analysis to specific needs, including considering various
scenarios and dynamic business or operational environment changes.

Grey Relational Analysis Change Data Driven (GRA-C) is a modified GRA method
designed to handle dynamic changes in assessment data. This method introduces a data-driven
approach, where changes in the dataset directly affect the weighting process and the
relationships between alternatives. By accounting for real-time data changes, GRA-C enables
more responsive analysis of fluctuations in criteria or dynamic environmental conditions, such
as changes in customer preferences, performance, or market conditions. The GRA-C method
leverages a data-change-based algorithm to adapt weighting and increase flexibility in multi-
criteria evaluations. For example, suppose there is a significant change in relevant criteria, such
as a decrease in the performance of a division or an improvement in the performance of an
alternative. In that case, the GRA-C automatically adjusts the relationship between the
alternatives based on the new data. This method is particularly effective in applications
requiring continuous adjustment and real-time assessment, such as project management,
performance appraisal, or supplier selection in highly competitive environments. GRA-C offers
a more dynamic solution than conventional GRA methods, as it can model changes directly in
a multi-criteria decision-making system, resulting in more relevant and accurate decisions as
data continues to change.

The comparison between GRA-C and GRA combined with the criterion weighting method
offers an interesting perspective on flexibility and adaptability in multi-criteria decision-
making. GRA-C has the advantage of responsiveness to real-time data changes, where criteria
weighting and relationships between alternatives can be adjusted automatically based on data
dynamics. On the other hand, GRA combined with criterion weighting methods, such as ROC
[17], Entropy [18], CRITIC [19], and PIPRECIA [20], prioritizes a more objective or user-
preference-based initial weighting before the analysis. However, these methods tend to be
static, so they cannot easily adjust weights when there are changes in the data or environment.
Table 10 compares the GRA-C and the GRA methods combined with the criterion weighting
methods.

Table 10. The result of a comparison of the GRA-C method and the GRA method

Division Name Original ROC Entropy CRITIC PIPRECIA GRA-C
Rank Rank Rank Rank Rank Rank
Production Division 1 1 4 1 1 1
Logistics and Supply
Chain Division 2 4 2 2 4 2
Humaq Rqsources 3 3 3 4 2 3
Division
Finance Division 4 2 6 3 3 4
R&D Division 5 6 1 5 5 5
Purchasing Division 6 5 7 7 6 6
Quality Division 7 7 8 6 7 7
IT Division 8 9 5 8 8 8
Maintenance 9 8 9 9 9 9
Division

The results of the comparison of Original, ROC, Entropy, CRITIC, PIPRECIA, and GRA-
C methods show a variety of approaches in weighting criteria and performance evaluation. The
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Original Method is the result of the ranking obtained from the company. ROC gives weight
based on a simple order of priority, but does not consider the relationship between criteria.
Entropy offers a more objective weighting by considering the variation of data between criteria,
which is suitable for situations where quantitative data is the basis for assessment. CRITIC
combines objectivity by looking at correlations between criteria, resulting in a more balanced
weight, and considering the influence of factors. PIPRECIA provides an approach based on
repeated assessments from experts, suitable for decisions that require a subjective but more
systematic professional assessment. Finally, GRA-C integrates performance between
alternatives with criterion weighting, resulting in a comprehensive approach to decision-
making involving various factors.

The comparison results using Spearman's correlation between the Original, ROC, Entropy,
CRITIC, PIPRECIA, and GRA-C methods provide an overview of the extent to which the
alternative rankings of each method correlate with each other. Spearman correlation measures
the strength of the monotonic relationship between two ranks, so the higher the correlation
value, the more similar the ratings produced by the two methods. Figure 3 is the result of
Spearman's correlation of the existing ranking.

1
0.9
0.9
0.8
0.667
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
ROC

Entropy CRITIC PIPRECTA GRA-C

—

Figure 3. The results of the comparison used Spearman's correlation.

The comparison results displayed in the graph using Spearman correlation show the degree
of alignment between the different methods compared. The Spearman correlation value varied
from 0.667 to 1, indicating the degree of correlation between these methods in generating
alternative rankings. ROC has a correlation value of 0.9, indicating a relatively strong
alignment with the ranking of the calculation results. Entropy showed the lowest correlation,
0.667, indicating that this method had a more significant difference in alternative rankings than
other methods. CRITIC has a high correlation of 0.967, indicating an almost perfect fit with
ratings from different methods, especially those based on objective data. PIPRECIA also
showed a strong correlation of 0.95, indicating that this method provides a fairly consistent
rating with other methods used. GRA-C achieves the highest correlation value, 1, indicating
that the rating generated by GRA-C is entirely consistent with the reference rating or other
methods.

The conclusion of the comparison with the Spearman correlation shows that the GRA-C
method has an extreme degree of conformity in producing alternative rankings, with a
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correlation value of 1 each. This indicates that these methods provide similar results, making
them reliable for consistent decision-making.

The limitations of the proposed research related to the GRA method need to be considered
to provide a clear context regarding the limitations of this methodology. One of the main
limitations is the reliance of GRA on fixed criterion weights, which do not consider the
dynamics or changes in the relevance of the criteria based on a particular context or situation.
This makes this method less flexible when changing data or in rapid decision-making
environments. In addition, GRAs tend to be sensitive to the scale of the data and the
normalizations used. Extreme scale differences between criteria can influence specific criteria
to become too dominant, thus affecting the analysis results. Improper normalization can also
result in gray relationships that do not reflect the proper relationship between alternatives and
criteria. The GRA method also has limitations in handling large and complex datasets,
especially those that involve many criteria or alternatives. This can increase computing time
and decrease the efficiency of the analysis. In addition, GRA is less efficient in handling
subjective or qualitative data, as the measurement and quantification process for these kinds of
criteria can be complex and prone to bias. Interpreting results from GRA often requires a deep
understanding of these methods, which can be challenging for non-technical users or
stakeholders who do not have a technical background. Discussing these limitations is essential
to provide insight into the scope and application limits of the GRA method and guide further
development to address existing shortcomings.

5. CONCLUSION

The GRA-C method emphasizes the increased effectiveness and flexibility of this method
in performance appraisal for multi-criteria decision-making. GRA-C allows for more precise
adjustments according to the importance of each criterion, leading to more accurate and
relevant evaluation results. By modifying the weights, the GRA-C becomes more flexible and
can be adapted to different contexts and specific decision-making needs, so that it can be
applied in various industry sectors. These modifications help reduce bias due to improper
weight allocation, resulting in more objective performance assessments. The results of the
modified GRA-C can provide better insights for decision-makers, supporting a more effective
and informed decision-making process. The comparison with the Spearman correlation shows
that the GRA-C method has extreme conformity in producing alternative rankings, with a
correlation value of 1 each. This indicates that these methods provide similar results, making
them reliable for consistent decision-making. The comparison results using Spearman's
correlation show the degree of alignment between the different methods being compared. The
Spearman correlation value varies between 0.667 and 1, showing the degree of correlation
between the methods producing alternative rankings. ROC has a correlation value of 0.9, which
shows a fairly strong alignment with the ranking of the calculation results. Entropy shows the
lowest correlation of 0.667, which shows that this method has a more significant difference in
alternative rankings than other methods. CRITIC has a high correlation of 0.967, which
indicates almost perfect agreement with the rankings of different methods, especially those
based on objective data. PIPRECIA also shows a strong correlation of 0.95, which shows that
this method provides a ranking consistent with other methods. GRA-C obtains the highest
correlation value of 1, which shows that the ranking produced by GRA-C is entirely consistent
with the reference ranking or other methods. Future work in this study can be focused on
developing and testing a more flexible GRA-C analysis model with modification of weight
parameters for performance assessment in multi-criteria decision-making. Furthermore,
research can investigate integrating these methods with other analytical techniques, such as
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boundary-based decision analysis or multi-objective programming methods, to provide a more
comprehensive view of performance appraisal.
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ABSTRACT: High Throughput Satellites (HTS) in geostationary Earth orbit (GEO) have
been rapidly launched to meet the growing demand for high-speed data. However, the latency
of HTS remains the same as that of conventional GEO satellites due to the characteristics of
their orbit. Recently, Starlink HTS satellites in low Earth orbit (LEO) mega constellations
have been operationalized globally, providing low-latency internet services compared to GEO
HTS. Despite their high-speed benefits, Ku-band HTS systems are highly susceptible to rain-
induced signal attenuation, particularly in regions with heavy rainfall, such as the tropics and
equatorial countries. This phenomenon weakens the radio frequency signals and impacts real-
time latency in the communication link. This research aims to determine the latency effect of
the HTS satellite in LEO and GEO and evaluate its performance under heavy rainfall
conditions. This study utilises real satellite link services from SES-12 GEO HTS and LEO
Starlink for performance assessment. Continuous latency measurements are recorded over six
months to analyse Ku-band performance in a heavy rainfall region. The results indicate that
extreme rainfall in the tropical region significantly affects GEO satellite links, causing
prolonged signal degradation due to fixed ground stations. In contrast, Starlink’s LEO
network experiences less impact from rain fade, as it dynamically switches between multiple
satellites. The results show latency for the GEO terminal link ranges from 600 milliseconds
(ms) to 3000 milliseconds (ms), whereas latency for the LEO Starlink terminal ranges from
20 milliseconds (ms) to 100 milliseconds (ms). Starlink provides higher satellite link
availability at 99.6% onsite compared to 94% for the tropical region’s SES-12 GEO HTS
satellite services.

ABSTRAK: Satelit Jalur Lebar Berkapasiti Tinggi (HTS) dalam orbit geostasioner (GEO)
berkembang pesat bagi memenuhi permintaan data berkelajuan tinggi. Namun, latensi HTS
GEO kekal tinggi seperti satelit GEO tradisional. Sebaliknya, HTS dalam orbit bumi rendah
(LEO) seperti Starlink menawarkan internet berlatensi rendah secara global.Walaupun
berkelajuan tinggi, sistem HTS menggunakan jalur Ku terdedah kepada pelemahan isyarat
hujan, terutamanya di kawasan tropika. Fenomena ini bukan sahaja melemahkan isyarat
frekuensi radio tetapi juga menjejaskan latensi komunikasi masa nyata. Penyelidikan ini
bertujuan untuk menentukan kesan latensi sistem satelit HTS di orbit LEO dan GEO serta
menilai prestasinya dalam keadaan hujan lebat. Pengukuran latensi berterusan direkodkan
selama enam bulan bagi menganalisis prestasi jalur Ku di kawasan beriklim hujan
lebat.Kajian ini menilai kesan latensi HTS LEO dan GEO dalam keadaan hujan lebat
menggunakan perkhidmatan satelit SES-12 GEO HTS dan LEO Starlink di Makmal
Komunikasi Satelit [IUM. Keputusan menunjukkan hujan lebat memberi kesan besar kepada
sambungan GEO kerana stesen bumi tetap, manakala rangkaian LEO Starlink kurang terjejas
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kerana boleh beralih antara satelit. Kelewatan GEO 1alah 600ms—3000ms, manakala Starlink
hanya 20ms—100ms. Starlink juga lebih stabil dengan 99.6% ketersediaan berbanding 94%
bagi SES-12 GEO HTS di kawasan tropika menyebabkan degradasi isyarat berpanjangan.

KEYWORDS: High Throughput Satellite, Ku Band, Starlink Satellite Latency, Tropical
Regions, Rain Attenuation.

1. INTRODUCTION

A high-throughput Satellite (HTS) is a type of satellite designed to handle large data
communication links, offering high data throughput capabilities. Each spot beam reuses the
frequencies in multiple transponders or carriers, which a single HTS can provide more than
100 Gbps of capacity, which is more than 100 times the capacity offered by conventional Ku-
Band satellites [1].

A geostationary satellite (GSO) is an Earth-orbiting satellite at the same rate as the Earth’s
rotation, located approximately 36,000 km from the Earth’s surface. This shows that the
satellite appears stationary at a fixed point in the sky [2]. The first Ku GEO HTS launched was
Thaicom in 2005, also known as IPSTAR, with 45 Gbps global capacity, and the launch of
ViaSat 2 in 2017 with over 300 Gbps [3]. Furthermore, Geostationary satellite lifetimes are
now extending to 15 years, and traffic demand changes are occurring rapidly during their
operational period, affecting service areas and applications [4].

While for LEO, two major announcements were made in April 2019 where Amazon is
planning an (HTS) constellation for broadband services with over 3,000 satellites in Low Earth
Orbit (LEO) known as Project Kuiper in the year 2020 and subsequently SpaceX announced
its HTS constellation known as Project Starlink and is going to launch nearly 1,600 satellites

[5].

Figure 1. Starlink Satellite operation and distribution map[10]

Placing an HTS in LEO offers advantages such as lower latency, improved signal
propagation, and enhanced data transmission speeds due to the satellite’s proximity to Earth[6].
The satellite industry has experienced a rapid transformation to meet the ever-growing demand
for high data throughput. Recently, Starlink has emerged as a prominent LEO satellite network
service and entered the Malaysian market in 2023 [7]. SpaceX has received Class Assignment
(CA) approval on a non-interference and non-protection basis to operate Starlink terminals
using the Ku-band in Malaysia, with its gateway operating in the Ka-band at frequencies
ranging from 12 to 40 GHz [8]. GEO HTS satellite services also utilise these frequency ranges,
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and they are particularly susceptible to rain attenuation [9]. Fig. 1 shows the Starlink satellite
distribution in September 2024 from the Non-GEO Constellations Analysis Toolkit, with more
than 6,000 active Starlink satellites [10]. The green code represents countries that have
approved Starlink to operate, while the orange code indicates countries where SpaceX is
obtaining approval.

Indirectly, those satellite signal link performances in Ku Band satellites operating beyond
10 GHz are subject to propagation loss, where rain attenuation is highly variable and,
depending on the liquid water content, will impose a significant impact on signal link
attenuation [11]. This propagation effect causes the receiving terminal signal level to be
attenuated, causing the satellite link to suffer outages during rain [12].

Radio wave propagation is the process by which electromagnetic waves are transmitted
from one point to another through the Earth’s atmosphere or space. It exhibits reflection,
refraction, diffraction, absorption, polarization, and scattering [13]. Atmospheric losses occur
in the Earth’s atmosphere due to energy absorption by the many atmospheric conditions, some
of which are from adverse weather conditions. Weather-related losses are called atmospheric
attenuation and absorption losses [14].

Annual precipitation data show that Peninsular Malaysia experiences the highest average
annual rainfall compared to the neighbouring countries within the Asia Pacific region [15].
Malaysia experiences the highest rainfall rates in the world, frequently exceeding 200 mm/hr,
attributed to its equatorial climate, which is characterized by high humidity and is further
influenced by tropical monsoon patterns [16]. The climate results in a consistent rainfall
distribution throughout the year, with heavy downpours often occurring in the afternoon due
to the intense heat and moisture build-up during the day [17]. Two distinct monsoon seasons
further shape the country’s rainfall patterns. The Southwest Monsoon, which spans from late
May to September, generally brings relatively lighter and less consistent rainfall. In contrast,
the Northeast Monsoon, occurring between November and March, is associated with heavier
and more sustained rainfall [16]. This monsoon primarily affects the eastern regions of
Peninsular Malaysia, where heavy showers are known to occur in bursts, lasting an average of
about an hour.
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Figure 2. East and South Asia Precipitation Map [18]
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Understanding rainfall patterns, specifically in tropical regions, is crucial for developing
robust strategies to mitigate the effects of the intensity and frequency of rain, ensuring
resilience in critical infrastructure and services in the face of this natural climatic phenomenon.
However, research on Low Earth Orbit (LEO) satellite constellations remains limited,
particularly in addressing their performance analysis in tropical regions. Most existing studies
on rainfall effects have only focused on Geostationary Earth Orbit (GEO) satellites, largely due
to their historical dominance in satellite communication services over the past decades.

Latency is often called round-trip time (RTT), the time it takes to receive and return data
between two nodes. GEO satellites, positioned at approximately 36,000 km, experience
inherently higher latency as little as 480 ms round-trip due to their extended transmission path,
making them more susceptible to prolonged degradation during heavy rain events [19], [20].
In contrast, Starlink satellites orbiting in low Earth orbit are positioned much closer to Earth,
at an altitude of approximately 550 km. Starlink network benefits from the reduced signal path
loss, adaptive beamforming, and dynamic satellite handovers, which may mitigate rain-related
latency fluctuations [19], [21].

This research aims to determine, compare, and evaluate the latency effect under heavy rain
conditions in the equatorial region using the cumulative distribution function (CDF) for LEO
HTS constellations versus GEO HTS, which provides a probabilistic view of exceedance times
for different latency thresholds. The method uses real satellite link paid internet services from
the Starlink terminal and the SES 12 GEO HTS very small aperture satellite (VSAT) terminal
installed onsite at the International Islamic University Malaysia satellite communication lab to
measure continuous latency measurements for 6 months. This setup measures latency in Ku-
band link from both LEO and GEO HTS exposed under a heavy rainfall region. Table 1 shows
a key comparison summary for both HTS GEO & LEO Starlink [8], [22], [23], [24].

Table 1. Comparison between SES12 and Starlink specifications

Satellite T Frequency Satellite Lifespan Nominal Data
Name ype band Count P Latency Throughput
Geostationary (GEO) g}.g]jf?d Download of 50-
HTS - Specific wide . 500-700 100 Mbps &
SES-12 . Terminal) & 1 15 years
beam covers the entire Ka-band ms Upload of 10-20
Asia-Pacific region (Gateway) Mbps
Low Earth Orbit (LEO) Ku-band
mega constellation - (Starlink 5107 Download of 100-
Starlink  Global coverage focusing ~ Terminal) & > 3000 cars 20-40 ms 250 Mbps & Upload
on underserved and Ka-band y of 20-40 Mbps
remote areas. (Gateway)
2. METHODOLOGY

This research methodology is structured into two key phases: (1) Onsite Measurement and
Data Collection, and (2) Onsite Performance Analysis. Each phase focuses on distinct aspects
to achieve the research objectives.

A critical aspect of the applied method is developing and implementing an automated
monitoring system for LEO Starlink and SES-12 GEO HTS VSAT terminals to measure
latency and ensure proper data storage accurately. This automated monitoring system enables
continuous, consistent, and reliable data collection for six months, facilitating the analysis of
latency trends across varying weather conditions.
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2.1. Onsite measurement and data collection

LEO Starlink and SES-12 GEO HTS VSAT terminals are co-located and were installed at
the satellite communication lab at the International Islamic University Malaysia (IITUM). This
phase comprises setting up and testing satellite link services using Ku Band transmission from
two different satellite systems: LEO Starlink and conventional SES-12 GEO HTS, a
Geostationary Earth Orbit (GEO) satellite. A real-time gravity tipping bucket rain gauge is
integrated into this setup to measure rainfall intensity accurately. It records data at one-minute
intervals, providing high temporal resolution for detailed analysis. With a measurement
resolution of 0.28 mm, the system ensures precise detection of even light rainfall events.
Subsequently, satellite link latency was captured at 10 ms intervals and monitored
continuously, serving as a primary parameter for understanding the behaviour of satellite
communication links under tropical weather conditions. By implementing this automated
monitoring approach, the methodology provides a comprehensive dataset for further analysis.

The LEO Starlink terminal is connected via the LEO Starlink Satellite network, as shown
in Fig. 1, which is marked as an approved and activated region on the map. This LEO Starlink
terminal is physically set up on a pole using a custom extended mount shown in Fig. 3. It
performs an automatic alignment to locate and connect with Starlink satellites. The terminal
will connect to the Starlink network and provide internet access. The Starlink terminal stays in
a fixed position while tracking Starlink satellites using its advanced phased array antenna as
shown in Fig. 3. Utilising a phased array antenna for electronically steered beam control, the
Starlink terminal tracks satellites by its integrated a GPS receiver for its location with Starlink
satellites’ ephemeris data to predict satellite positions. Compared to a VSAT parabolic antenna,
a phased array antenna scans faster due to electronic beam steering, while the parabolic antenna
depends on the initial mechanical setup of its azimuth and elevation [25].

However, information regarding the azimuth and elevation angles of the Starlink terminal
is not publicly available through its standard product dashboard. Therefore, the Starlink
azimuth and elevation angles are obtained separately using the open-source Starlink-Grafana-
Dashboard tool developed through outsourced scripting [26]. This tool was specifically created
to capture the Starlink terminal’s azimuth and elevation angles and to enable continuous
monitoring of these parameters. Based on this setup for 6 months of observation, the azimuth
and elevation angles measured in Kuala Lumpur, Malaysia, are approximately 4° and 76.5°,
respectively.

4 = - il
"
Starlink Terminal

]

Starlink Ethemet Adapter & @ - | - Azimuth and Elevation monitoring
LAN H * A d Latency Capturing

Desktop PC

Figure 3. Onsite experimental arrangement for Starlink
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Fig. 4 shows the SES-12 GEO HTS Ku-band terminal setup. The VSAT terminal is
connected to the SES-12 Satellite, which is positioned in a Geostationary orbit at 95° East with
a fixed azimuth of 244.35° and elevation of 81.20° [27].

Figure 4. Onsite experimental arrangement for SES-12 GEO HTS

As shown in Fig. 5, this orbital slot allows it to provide coverage across the Asia-Pacific,
specifically covering the Malaysian region in providing various communication services.

SES-12
95°E

Orbital location

Figure 5. SES-12 GEO HTS satellite with Malaysian footprints [22]

A batch script was developed during this stage to automate the measurement of satellite
link latency. The script was developed to ensure continuous operation, logging real-time data
by sending ping requests to Google’s DNS server (8.8.8.8) for both satellite links (SES-12 GEO
HTS and LEO Starlink). An automated script runs continuously, measuring and recording
latency results every 10 seconds. These results are saved in a file named ping_log.txt and are
also displayed in real-time on the desktop PC, allowing users to monitor the data as it updates.
Fig. 6 shows a simplified block diagram of the automated script process, where results are
stored in Google Cloud Storage in a structured format for future analysis.
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ping_log.txt | exists in cloud folder automated capture
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ping_log.txt and .
repeat the display result (reply/timeout)
process

Figure 6. Flow Chart for Automated Latency Script

2.2. Data Analysis

This section focuses on the performance evaluation methodology of the new Low Earth
Orbit (Starlink) HTS technology compared to the satellite communication HTS technology of
Geostationary Earth Orbit (GEO). Empirical data collected were evaluated with respect to their
critical parameters, such as latency and rainfall rate impact, resulting in their communication
signal link reliability.

The study starts with data preprocessing, which involves cleaning and organizing the
collected data, including rainfall intensity and satellite link delay (latency). Next, an analysis
is done to find patterns between the rainfall and latency over time, and to create Cumulative
Distribution Functions (CDFs) for both rainfall rates and latency for the LEO Starlink and GEO
SES-12 satellite systems. Finally, the performance of both satellite links is evaluated by
comparing their latency and connection timeouts during different rain conditions. The CDFs
are used to calculate useful statistics that help compare how each satellite system handles heavy
rain and how reliable they are overall. Given the tropical region’s high rainfall intensity and
frequency, the empirical observations provide insights into these technologies’ operational
limits and resilience under adverse conditions.

These three phases provide a comprehensive performance analysis, highlighting the
strengths and limitations of SES-12 GEO HTS and LEO Starlink satellite technologies,
specifically in tropical environments. Additionally, this analysis establishes a foundation for
future research and the development of region-specific recommendations for satellite
communication in high-rainfall areas.

3. EFFECTS OF RAIN ON LATENCY

This section analyzes the performance of the SES-12 GEO HTS and LEO Starlink satellite
services during rain events, focusing on how precipitation affects signal latency and discussing
the experimental findings in detail. This section also discusses the correlation between rainfall
rate and latency based on experimental data collected under various weather conditions. The
study aims to evaluate the impact of rainfall intensity on the Starlink satellite internet system’s
latency, focusing on signal degradation caused by rain fade.

3.1. Rain conditions

The graph consists of two subplots, each analyzing the latency performance of SES-12
GEO HTS and LEO Starlink under various rainfall conditions on August 22, 2024. Fig. 7(a)
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and 7(b) highlight the significant impact of heavy rainfall on the latency performance of
Starlink and the SES-12 GEO HTS satellite services. High rainfall rate caused the SES-12 GEO
HTS VSAT terminal to become fully disconnected at Fig.7(a). Rainfall rates consistently
exceeded 100 mm/hr, peaking at 120 mm/hr, causing disconnections and latency spikes above
60ms, occasionally exceeding 100ms from the LEO Starlink terminal. This is attributed to
raindrops’ scattering and absorption of satellite signals, highlighting the vulnerability of LEO
satellite links to rain fade (Fig.7 (b)).
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Figure 7. A Rain Event occurred on 22 August 2024
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(b) LEO Starlink
Figure 8. A Rain Event occurred on 23 August 2024
Fig.8(a) and 8(b) illustrate an August 23, 2024, event featuring prolonged medium to heavy

rainfall with multiple peaks exceeding 100 mm/hr for SES-12 GEO HTS and LEO Starlink
VSAT Terminal. During this period, as shown in Fig. 8(a), the SES-12 GEO HTS VSAT
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terminal still suffered a total loss of connectivity. The LEO Starlink satellite system
experienced only a few disconnects during this period, as shown in Fig. 8(b). In summary,
multiple rainfall rate conditions and rain events demonstrate a strong correlation between
rainfall intensity and higher latency, highlighting the susceptibility of high-frequency satellite
systems to adverse weather. These findings also confirm the vulnerability of Ku-band
frequencies to high-intensity rainfall, even in a LEO satellite system mega-constellation closer
to Earth. Rain fade causes signal degradation and higher latency. However, the LEO Starlink
terminal maintained link availability at certain rainfall rates below 60 mm/hr. In contrast, the
SES-12 GEO satellite system experienced complete disconnection.

3.2. Clear sky

The analysis in Fig. 9(b) highlights the stable performance of the Starlink satellite system
during no rain events, where rainfall rates consistently remained near 0 mm/hr, indicating clear
weather conditions. During these periods, latency for the LEO Starlink terminal showed
minimal variability, remaining within a predictable range between 25ms and 35ms. This stable
performance reflects the system’s ability to operate optimally without atmospheric
disturbances, with no signal attenuation or interference caused by rain fade. Compared to the
GEO satellite services, which range between 550ms and 750ms in Fig. 9(a), Starlink
demonstrates greater latency stability under clear skies, showcasing its robustness in favourable
weather conditions.
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Figure 9. A clear sky event occurred on 5 December 2024

3.3. Cumulative distribution function (CDF) analysis of rain rate

The CDF analysis of rainfall, illustrated in Fig. 10(a) and 10(b), provides a detailed
statistical evaluation of the distribution and frequency of rainfall rates across six months (July
to December 2024) and accumulated. This analysis examines the percentage of time that
specific rainfall rates are exceeded, offering insights into the occurrence and intensity of
precipitation during the data collection period. Each month’s rainfall distribution is represented
by a distinct line, with the x-axis indicating rainfall rates (in mm/hr) and the y-axis showing
the percentage of time exceedance.
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Figure 10. CDF Analysis of Rainfall Rate

The cumulative distribution function (CDF) of the rainfall rate in Fig. 10(a) highlights
seasonal variations in rainfall intensity. July experiences mostly light to moderate rainfall, with
minimal heavy rain. From August to November, the probability of moderate-to-heavy rainfall
increases, likely due to the monsoon season, as seen in the closely aligned curves. December
records the highest extreme rainfall events, exceeding 160 mm/h, but these are rare. Most of
the time, rainfall remains in the light-to-moderate range. Overall, September to November
shows the most frequent heavy rain, while December, despite occasional extremes, has a lower
time exceedance for intense rainfall. These seasonal variations directly impact Starlink’s
performance, particularly in the Ku-band range, as increased rainfall can cause signal
attenuation, leading to higher latency, reduced data rates, and potential service disruptions
during heavy rain periods. Though infrequent, heavy rainfall events above 100 mm/hr
significantly degrade performance, leading to substantial signal attenuation and increased
latency. Moderate rainfall, ranging between 40 and 100 mm/hr, also introduces signal
degradation, but connectivity remains mostly intact. In contrast, light rainfall below 40 mm/hr
has minimal impact, allowing for stable network performance.

The data collected over six months is not to be directly comparable to ITU-R standards,
which are based on long-term averages. However, since the data was gathered during the
monsoon season, when rainfall is most intense, it still offers valuable insight. Therefore, the
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result shown estimated Ro.o1 value from Fig. 10(b), ranging between 110—130 mm/h, is slightly
higher than the value shown by the ITU-R P.837-7 model, which generalizes Malaysia’s 0.01%
exceedance rainfall rate as 100 mm/h [23]. This suggests that the measured data may reflect
localised variations in rainfall intensity that exceed the ITU-R’s generalised value. The study
emphasises the importance of using tools like CDF to quantify the likelihood of various rainfall
intensities and their correlation with signal degradation. Integrating CDF insights with latency
data enables a comprehensive understanding of the relationship between rainfall intensity and
Starlink system performance.

3.4. Cumulative distribution function (CDF) analysis of latency

The Cumulative Distribution Function (CDF) analysis of latency, as depicted in Fig. 11(a)
and (b), provides a comprehensive evaluation of the percentage of time that specific latency
thresholds were exceeded over a six-month period (July to December 2024). This analysis is
crucial for assessing the variability and consistency of the Starlink satellite internet system’s
latency performance under different conditions. By examining the CDF curves, trends in
latency distribution across multiple months can be identified, highlighting periods of increased
or reduced network delays.

Cumulative Distribution of Latency (Starlink)
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Figure 11. CDF Analysis of Latency for LEO Starlink
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Furthermore, this analysis helps to establish a correlation between latency fluctuations and
environmental factors, specifically rainfall intensity. The CDF analysis highlights in Fig. 11(a)
monthly trends in Starlink’s latency performance, showing that latency averaged at 20ms about
90% of the time between July and August. From September to November, latency performance
increases closer to 40ms at 90% of the time. These changes in latency performance align with
higher rainfall intensities observed in the same period, where rain fade likely caused significant
signal attenuation and increased latency.

December recorded the highest latency, with latency surpassing other months. Overall, the
aggregated data show in Fig. 11(b) that average latency remained below 40ms for 90% of the
time, highlighting the reliability of the Starlink system under varying weather conditions.
Understanding these variations is essential for optimising Starlink’s quality of service (QoS),
predicting network behaviour, and improving system reliability for real-time applications.

Cumulative Distribution of Latency (SES-12)
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Figure 12. CDF Analysis of Latency for SES-12 GEO HTS

Meanwhile, for SES-12 GEO HTS, as shown in Fig. 12(a) and 12(b), the latency averages
around 600ms for approximately 90% of the time across the observed six-month period. The
cumulative distribution function (CDF) curves in Fig. 12(a) indicate that the latency remains
below 1,000ms during most months, suggesting relatively stable performance under normal
conditions. However, higher latency values exceeding 1,500ms are occasionally recorded,
particularly in October and December, where the curves gradually deteriorate beyond this
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threshold. Notably, in December, the latency remains persistently high, with a significant
portion exceeding 2,000 ms, likely due to the extensive rainy season causing network
congestion and signal degradation in the GEO satellite link.

Overall, the findings established a clear correlation between rainfall intensity and latency
performance, emphasising the vulnerability of high-frequency satellite signals to rain fade. The
insights gained from this chapter provide a strong foundation for future research to enhance the
resilience and reliability of satellite internet systems in varying environmental conditions.

3.5. Performance comparison

Fig. 13 shows a performance comparison graph between the SES-12 GEO HTS and LEO
Starlink satellite systems, analyzing the timeout occurrences and site availability from July to
December. The timeout percentage, represented by bars, indicates that Starlink in blue bars
consistently experiences minimal timeouts across all months. In contrast, the SES-12 GEO
HTS VSAT terminal in red bars shows significantly higher timeout occurrences, particularly
in August, November, and December.

Onsite availability performance, represented by solid and dashed lines, shows that Starlink,
in the solid blue line, maintains above 99% availability throughout the period, highlighting its
reliability. In contrast, in the dashed red line, the SES-12 GEO HTS VSAT terminal exhibits a
downward trend in its site availability, with a notable decline in December, when it drops below
90% due to heavy rain events.
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Figure 13. Monthly timeout and site availability

Table 2 summarizes the overall performance analysis, indicating that LEO Starlink
satellite services maintain superior stability and availability despite using similar Ku-bands. In
contrast, SES-12 GEO HTS Satellite services experience higher disruptions, especially during
extreme weather. The LEO Starlink terminal shows temporary latency spikes but recovers
quickly, whereas the SES-12 GEO HTS VSAT terminal suffers from persistent signal
degradation due to rain events. Additionally, the LEO Starlink terminal has much lower
latency, captured at 20ms to 100ms, compared to the SES-12 GEO HTS VSAT terminal, which
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is 550ms to 1000ms, further emphasising its advantage in responsiveness. The mean site
availability for the LEO Starlink terminal remains close to 100%. In comparison, the SES-12
GEO HTS VSAT terminal fluctuates significantly to 94% for 6 months of the analysis,
highlighting its vulnerability to network disruptions in this tropical region.

Table 2. Summary of performance

Parameters LEO Starlink terminal SES-12 GEO HTS VSAT terminal
Measured Latency ~20-100ms ~550 -1000ms
Effect of Rain Temporary spikes, but recovers fast Persistent degradation
Site Availability 99.63% (6 months average) 93.99% (6 months average)
4. CONCLUSION

This study analyzed the impact of rainfall on Starlink’s signal latency compared to the
GEO satellite link signals. Over six months, heavy rainfall exceeding 120 mm/hr was recorded.
This extreme weather condition resulted in significant signal degradation for both GEO and
LEO satellite services, highlighting the susceptibility of satellite communications to intense
precipitation. The findings emphasize the need for advanced mitigation strategies to enhance
signal reliability during severe weather conditions. Latency performance evaluation shows that
Starlink demonstrates superior satellite link availability, achieving 99.6% uptime onsite
compared to 94% for SES-12 GEO HTS satellite services in the tropical region. This higher
availability highlights Starlink’s resilience and reliability, particularly in areas where consistent
connectivity is critical. The difference in uptime suggests that LEO Starlink’s satellite network
is less susceptible to weather-related disruptions and signal latency issues that can impact
traditional geostationary (GEO) satellite services like SES-12. Further analysis is required to
develop a latency model that accounts for the effects of rain in tropical regions, particularly for
the LEO Starlink satellite network.
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ABSTRACT: The article focuses on the structural optimization of the planetary mechanism
of the spindle drum of a vertical-spindle cotton-picking machine in Uzbekistan and discusses
the problems of synthesizing a new vertical-spindle drum that significantly enhances the
efficiency of using spindles and increases the productivity of the machine. Utilizing the
interaction characteristics of drum spindles with cotton plants and ensuring the effective
functioning of spindle friction drives, it is theoretically justified that the trajectory of spindle
relative motion has an elliptical shape. Special attention is given to the shape and dimensions
of the directional path, ensuring the elliptical movement of the spindles. An analytical
expression is obtained, and a convenient calculation algorithm is developed to automate the
investigation of the influence of the dimensions of drum mechanism parts on the directional
path shape and its dimensions. The theoretical results allow for preliminary conclusions
regarding the dynamic processes occurring during drum operation and provide
recommendations for selecting the directional path shape and dimensions.

ABSTRAK: Artikel ini memberi tumpuan kepada pengoptimuman struktur mekanisme planet
bagi dram gelendong mesin pemetik kapas gelendong-menegak di Uzbekistan, serta
membincangkan permasalahan dalam mensintesis dram gelendong menegak baharu yang
dapat meningkatkan kecekapan penggunaan gelendong dan produktiviti mesin secara
signifikan. Dengan mengambil kira ciri interaksi antara gelendong dram dan pokok kapas serta
memastikan keberkesanan operasi pemacu geseran gelendong, didapati secara teori bahawa
trajektori pergerakan relatif gelendong berbentuk elips. Perhatian khusus diberikan kepada
bentuk dan dimensi arah laluan yang menjamin pergerakan elips gelendong. Satu ungkapan
analitik telah diperoleh dan algoritma pengiraan yang sesuai telah dibangunkan bagi tujuan
automasi penyelidikan terhadap pengaruh dimensi komponen mekanisme dram terhadap
bentuk dan dimensi laluan arah. Dapatan teori yang diperoleh membolehkan rumusan awal
dibuat berkaitan proses dinamik yang berlaku semasa operasi dram dan seterusnya
memberikan cadangan dalam pemilihan bentuk serta dimensi laluan arah.

KEYWORDS: Cotton picker, vertical spindle, planetary mechanism, directional path.

1. INTRODUCTION
About 80% of the world's cotton is produced in India, China, the United States, Pakistan,

Uzbekistan, Turkey, Brazil, Greece, and Egypt. The successful application of machinery in
cotton harvesting operations depends on selecting appropriate mechanisms for the working
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parts of cotton pickers as shown in Fig.1. In addition, it is always necessary to address the
analysis of the system, including geometric, kinematic, and dynamic aspects, and continuous
improvement of its characteristics. The activities and research conducted in this regard are
extensive and diverse in the field of application.

We will dwell on several studies conducted on mechanisms closely related to the vertical-
spindle cotton-picking machine in terms of their structural configuration and working
principles. Note that the two-shaft module is widely used in light industrial technological
machines. The work is devoted to elucidating the principles of distributing friction forces in a
dual-shaft module. Its working shaft covers are made of materials with different hardness,
which are widely employed in various industrial sectors. In addition, in [1], the advantages of
an asymmetric two-shaft module are substantiated.

In [2], the issue of utilizing toothed-lever differential mechanisms in technological
machines was discussed. In this technological process, the distance between the axes of the
working shafts changes with a roller. Such mechanisms are widely used in agricultural
machinery and light industrial technological equipment. In addition [2], information about the
principle of operation of the new device developed by the authors is presented. The possibility
of reducing the variability of the kinematic characteristics of side-by-side shafts by using the
device was also justified.

Figure 1. Vertical spindle Cotton Picker.

The work [3] studied a comparative analysis of two types of gear-lever transmission
mechanisms in agro-technological machines with drum working bodies. For this, the centroid
method was used to derive an analytical expression for the dependence of the kinematic chain
parameters of the mechanism. Based on this, the kinematic parameters of the toothed chain
were obtained, and computational experiments were conducted. The obtained results
established that their transmission ratios also change with the change of the distance between
the axes of the leading and driven shafts. The work [4] is devoted to the mathematical modeling
of the shape of contact curves of two-roller technological module rollers. The proposed contact
curve equation allows the technological module's theoretical research under different operating
conditions.

The following works dedicated to the improvement and increasing reliability of the spindle
drums of the vertical-spindle cotton picking machine are also noteworthy. One of the factors
that negatively affects the completeness of picking in the working process of a vertical spindle
cotton-picking machine is the bending of cotton plants along the direction of movement of the
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machine. The bending of the cotton into the working slot causes the cotton bolls to be blocked
by the branches from the spindles, limiting the activity of the spindles. To solve this problem
and increase the machine's working speed by 20-25%, the authors of the work [5, 6] proposed
a mechanism for inserting the cotton into the working slot for the cotton picking machine. They
also attempted to justify its parameters theoretically. However, the experiments on this
apparatus show that its reliability is much reduced because of the complexity of the drum
construction.

The spindle drives of the vertical spindle cotton picking machine are reversible friction
drives. Instability in the spindle's speed modes negatively affects the quality of cotton picking.
The authors of the work [7] proposed a method of experimental determination of the actual
speed regimes of spindles and gave recommendations for improving the drive. The work [8]
experimentally studied the mechanism of friction and the deteriorating processes occurring in
the friction drives of the spindles of the vertical-spindle cotton picker to increase the durability
of drive belts. It also proposed covering the working surfaces of drive rollers with nanocrystals
using the ultrasonic method. Experimental studies have shown that the durability of drive belts
increases due to the reduction of the roughness of the working surfaces.

The results of the works [9, 10] dedicated to the theoretical study of the kinematic modes
of the elliptical drums of the cotton picking machine with a vertical spindle show that this drum
construction is promising. They also indicate that research work should be continued in this
direction. In particular, the work considers the issue of synthesizing a structurally developed
mechanism that increases the contact zone of spindles with cotton. This mechanism allows for
the optimal values of their kinematic modes to be chosen based on the characteristics of the
technological process of harvesting and the results of theoretical research.
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Figure 2. Using a large diameter drum to increase the contact area of the vertical spindle
drum spindles with the cotton.

According to the requirements of the technological process of cotton picking, the distance
between the centers of the spindles on the drum of vertical spindle cotton picking machines
should not be less than 60 mm [11]. This factor limits the number of spindles in a drum being
mass-produced. To increase the number of spindles involved in the cotton harvest at one time,
it will be necessary to increase the diameter of the drums. However, the metal and energy
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consumption of the cotton picking machine is high, and it is difficult to fit the machine equipped
with large diameter drums between the rows of cotton as shown in Fig. 2.

As a solution to this problem, in the 1980s in Uzbekistan, the idea emerged to increase the
number of spindles simultaneously involved in harvesting and expand the zone of direct contact
of the working bodies with cotton. This was achieved by structurally developing the mechanism
of the spindle drum of the vertical spindle cotton machine [12-14]. The idea is to change the
spindles' trajectory relative to the drum apparatus from a circle to an ellipse. Fig.3 shows the
structural development options of the serial drum mechanism.
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(a) replacement to a crank-slide mechanism (b) replacement to a telescopic mechanism

Figure 3. Options for replacing the drum mechanism with a lever-crank planetary
mechanism.

Figure 4. Series vertical spindle drum scheme: 1 is the drum; 2 is the spindle; 3 is drive
belt; 4 is a reversible pad; 5 and 6 are springs.

The preparation and testing of both variants showed that option (a) was more suitable [12,
14]. There are some problems with the preparation and its use as a cotton picking drum for
option (b). This can be explained, firstly, by the fact that the number of excess connections in
the mechanism increases and requires very high precision in its preparation. Secondly, using a
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telescopic mechanism at the bottom of the drum will not fit. With this in mind, we choose option
(a).

Before considering the drum based on the mechanism with the developed structure, we will
briefly review the design and technological features of the currently used vertical spindle drum.
In a serial drum, the spindles are positioned so the lower and upper discs can rotate around their

axes. They are the planetary mechanisms' satellites, which move in reverse rotation around their
axes during the process (Fig. 4).

In the proposed design, an additional link is added to the serial drum mechanism, which is
converted into a planetary-claw-clamp mechanism (Fig.5). This allows the spindles to move
closer to the rows of cotton.

Further, the paper is organized as follows: Section 2 presents the equation for the directing
ditch and discusses some features of the mechanism in designing an elliptical drum for the
distinct values of parameters. In Section 3, we present the main conclusions.

2. SYNTHESIZING THE DIRECTING DITCH
According to the structure, the mechanism can be conditionally considered as a curved-

sliding mechanism in which the slide moves in a curved line. Let OA = r be a crank, AB = [
be arod, and C be a slider (Fig. 5).

e

0

Figure 5. Additional link insertion scheme for serial drum mechanism.

In practice, this mechanism allows the desired trajectory of the spindles to be obtained.
However, following the requirements of cotton picking technology using vertical spindles, it is
recommended that the line forming the trajectory of the spindles be smooth, closed, and convex.
In addition, to ensure the satisfactory operation of the friction drives of the spindles, the same
conditions should be met [14]. As such, the ellipse was the most suitable [12]. Because of this
reason, the proposed drum is called an elliptical drum.

By the condition, the point B must move along the ellipse when the point A of the crank
r moves along a circle in the direction shown in Fig. 5. The results of the structural analysis of
this mechanism show that when the point B moves along the ellipse, the point C, which is at a
distance m from the axis of the connecting rod [, moves along a line different from the ellipse.
We determine the analytical expression of the line drawn through the point C.

From the point of view of construction, the mechanism can be considered one whose roller
moves along a curve (Fig. 5). We can find the spindles' trajectories for such mechanisms.
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Let the point A moves with an angular speed equal to [ on the circle of radius r centered at
the point O (OA = r) (Fig. 5) in a counterclockwise direction. We assume that the center of the
spindle B with AB = [ moves along a specified ellipse. This ellipse is the curve passing through
the center of the directing ditch. However, it is important to facilitate the service of spindles
(B) to moving rollers (C) and to prevent roller fractures that may occur due to the increased
distance from the boundary of the roller to its support. Therefore, it is expedient to install the
directional roller (Fig. 6, point C) and the directional ditch close to the crank plane.

Figure 6. Scheme for determining the shape of the directing ditch.

The results of the structural analysis of this mechanism show that when the point B moves
along the ellipse

2 2
z—2+§—2=1,a>b (1)

where a and b are given numbers, and they are the lengths of half of the major and minor axes
of the ellipse, respectively, the point C moves along a curve that differs from the ellipse. Let us
find an analytic formula that describes this curve, that is, the trajectory of the point (C).

For constructional reasons, the point C is at a distance DC=m from the connecting rod AB
along its perpendicular bisector (Fig. 6), that is, AB L DC and AD = DB. The length of the
connecting rod AB is [.

Denote
£4BOX =1, £LAOX =t, £DAC =, £C0X =y, OB=p, OC =R (2)

where the points O and X are in a horizontal line. We assume that the angle 7 is given, and we
find the coordinates of the point C. We have, the coordinates of the point B,

xg = pCost, yg = pSint 3)

Since the point B moves along the ellipse (1), substituting xz and yg in (3), into the
equation (1) we have

p%Cos?t | p?sin?t _
=t = 1, 4)
ab . . . . . .
where p = (ST 02 00D which is the equation of the ellipse, Eq. (1), in polar coordinates.
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Since ZAOB =t —t and AB = [, we obtain from the triangle AOB by the law of cosines
that

12=1%+ p?—2rpCos(t —1). (5)

r2+p2—l2

This implies that t = T + arcCos . Next, we find the angle ZOAB = a. To this

end, we find from the triangle AOB by the law of cosines that

2492_,2
a = arcCos % (6)
We obtain from the right triangle ACD that
B = arctan*Z (7

l
Applying the law of cosines to the triangle AOC gives

R% = 0A% + AC? — 204 - AC - Cos (a — B) (8)
where OA = r and AC = %\/l2 + 4m?. Therefore, using Eq. (8),
R=(r2+§+m2—r\/l2+4m2 Cos (a — B))Y/? 9)

Next, to determine < COX = y we consider the triangle AOC. Since < AOC = t —y, by

. . R2+47r2-AC
the law of cosines, we obtain cos(t —y) = - And, hence,
R?472-AC? 4R?+472-1%2—4m?
y =t —arccos———— =t — arccos (10)
2rR 8Rr

Finally, we find the coordinates of the point C as shown in Equation (11)
xc(1) = R(D)Cosy(1),  yc(r) = R(D)Siny(7) (11)

We discuss why x. and y. depend on 7 in these formulas. By (4) p is expressed in terms
of 7, thatis, p = p(7). Equation (5) shows that time t depends on t and p , and so by the (4)
parameter t can be expressed only in terms of t, that is, t = t(7). The equation (6) allows us
to conclude that @ depends on 7since p is expressed in terms of T. Equation (7) shows that £ is
constant, since r and [ are given numbers. By equation (9) R depends on a, and so R can be
expressed in terms of 7, that is, R = R (7). Finally, by equation (10) y can be expressed in terms
of 7, that is, y = y(1).

p=p@), t=t(r), a=a(r), R=R@), y=yv(@) (12)

In reality, T varies depending on t. But here we are using the inverse relationship, that is, t
varies dependently on 7. This is because we want to obtain only the trajectory of the point C.

Note that if T varies depending on t, then the radius OA rotates in anti clockwise direction
with unit angular speed, and the angular speed of OC. In general, it is not constant. Conversely,
if t varies dependently on 7, then the radius OC rotates in anti clockwise direction with unit
angular speed, and the angular speed of OA. In general, it is not constant. To find the trajectory
of the point C, both options work and therefore, we can use the option where t varies depending
onT.
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b=14.6
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I =10
R m :13.5
J

Figure 7. Directing the ditch when a = 17.5, b = 14.6,r = 10.5,1 = 10, m = 3.5.

@

The elliptic drums furnished by the cotton picking mechanism must move along the cotton
plant rows, and this circumstance is reflected in traditional circular drums. To guarantee this
condition in a new elliptic drum, we make the half axis of the ellipse equal to the radius of the
traditional circular drum, that is, b = R =14.6 cm. Note that the diameter of the circular drum
for the current cotton picking machine is D = 2R = 29.2 cm. For the various values of the
parameter a from the interval (14.6 cm, 20 cm), we study the trajectory of the point C.

a=18
b=14.6
r=10.5
=10
m=3.5

@

Figure 8. Directing the ditch when a = 18, b = 14.6,r = 10.5,1 = 10, m = 3.5.

From the point of view of construction, we choose the length of the connecting rod AB of
the elliptic drum to be equal to [=10 cm, the radius of the crank OA to be equal to r =10.5 cm,
and the distance of the roller € from the connecting rod to be equal to m =3.5 cm. The
numerical experiment was conducted for the distinct values of the semi-major axis a of the
elliptical drum. The trajectories of the point C are illustrated in Fig.7 for a=17.5 cm, in Fig.8
for a =18 cm, and in Fig.9 for a=19 cm.
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Figure 9. Directing the ditch when a = 19, b = 14.6,r = 10.5,l = 10,m = 3.5.

In the mechanism of the drum, the arc of trajectory of the spindle, where the spindle

contacts the cotton plant, can be enlarged by increasing the major axis of the ellipse a. We can
see, however, that if we increase the major axis of the ellipse, the shape of the trajectory of the
point C gets to differ from the ellipse. Also, the difference between the curvatures of the
spindle's trajectories gets larger in the picking and passage zones. This may cause an additional
vibration and complicate the drum's operation. Therefore, it is important to consider the
mechanism's features when designing an elliptical drum.

3. CONCLUSION

In the present paper, we have theoretically studied the elliptic drum of a vertical spindle

cotton picker. The study allows us to draw the following important conclusions.

1.

Through the structural development of the mechanism of the cotton picking drum with a
vertical spindle, it is possible to develop a new (elliptic) drum that increases both the contact
zone of the spindles with the cotton and the number of spindles participating in picking.

An effective analytical expression describing the change of the shape and dimensions of the
guide ditch was obtained for the structurally developed mechanism of the elliptical drum,
depending on the dimensions of other links of the mechanism.

Mathematical software allows for the automation of calculations and the visual observation
of the size and shape changes that occur in the mechanism guide ditch when the geometric
dimensions of the mechanism links change. It is an effective tool at the drum design stage.

Calculation experiments using the obtained analytical expression show that the value of the
semi-major axis of the ellipse in the elliptical drum increases. In addition, the trajectory of
the point C (guide ditch) deviates from the shape of an ellipse (quasi-ellipse), and the
differences in the guide ditch curvature radii in the places corresponding to the movement
trajectories in the pick-up and transition zones of the spindles get larger.

The formation of differences in the radii of curvature of the guide ditch of the new
mechanism, synthesized based on the structural development of the drum mechanism, can
cause dynamic movements in the mechanism. This means studying its kinematic and
dynamic properties is necessary to use the mechanism in technological machines.

The research results are essential for using elliptical drums in vertical spindle cotton picking
machines.
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ABSTRACT: Every year, the increasing human population has contributed to the abundance
of Municipal Solid Waste (MSW) at designated landfills, especially in Malaysia. On the other
hand, in the iron and steel industry, a high demand for steel production has caused an increase
in CO2 production, which would, unfortunately, contribute to global warming. Therefore,
sustainable solutions are needed to avoid this environmental crisis from worsening. This study
employed an effective approach, utilizing low-grade iron ore from Pahang to produce iron by
using MSW-derived biochar as an alternative to coal as a reductant and energy source. This
project aims to study the mechanism of the solid-solid reduction reaction of iron ore with
carbon. MSW was collected and prepared before the slow pyrolysis to obtain the MSW-
derived biochar. Iron ore was characterized by using X-Ray Fluorescence (XRF) for elemental
composition determination and X-Ray Diffraction (XRD) to observe the presence of mineral
phases. In this research, the solid-solid reaction was conducted for the reduction reaction at
900°C with residence times of 1 hour, 3 hours, and 5 hours. From the research that has been
conducted, temperature and residence time were found to influence the elemental
composition, reduction degree, and mineral phase transformation of iron.

ABSTRAK: Setiap tahun, peningkatan populasi manusia telah menyumbang kepada
kelimpahan Sisa Pepejal Perbandaran (MSW) di tapak pelupusan yang ditetapkan,
terutamanya di Malaysia. Manakala dalam industri besi, permintaan yang tinggi terhadap
pengeluaran keluli telah menyebabkan peningkatan pengeluaran karbon dioksida, yang
malangnya menyumbang kepada pemanasan global. Oleh itu, penyelesaian yang mampan
diperlukan untuk mengelakkan krisis alam sekitar ini menjadi lebih buruk. Dalam kajian ini,
pendekatan yang berkesan digunakan dengan memanfaatkan bijih besi gred rendah untuk
pembuatan besi dengan menggunakan arang yang dihasilkan daripada MSW sebagai alternatif
kepada arang batu sebagai bahan agen penurunan serta sumber tenaga. Tujuan projek ini
adalah untuk mengkaji mekanisma tindak balas dalam pembuatan besi. MSW telah
dikumpulkan dan disediakan sebelum menjalani proses pirolisis untuk mendapatkan arang
yang dihasilkan daripada MSW. Bijih besi dianalisa menggunakan Fluoresens X-Ray (XRF)
untuk penentuan komposisi unsur dan Penghabluran X-Ray (XRD) untuk memperoleh
komposisi fasa mineral. Dalam penyelidikan ini, eksperimen dijalankan untuk tindak balas
penurunan pada suhu 900°C dengan masa selama 1 jam, 3 jam dan 5 jam. Berdasarkan kajian
yang telah dijalankan, suhu dan masa didapati mempengaruhi komposisi unsur serta tahap
penurunan besi.

KEY WORDS: Municipal Solid Waste, Reduction of Iron, Biochar, Biomass Ironmaking.
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1. INTRODUCTION

Municipal solid waste (MSW) is mostly generated from homes, businesses, offices,
schools, and other places regularly. It covers all types of non-industrial solid waste, including
garbage, street cleanings, decaying organic matter, and medical waste. MSW comprises
organic food waste, paper, plastics, metal, and glass. Today, most developing countries use
landfills as their final disposal method. This is because landfills are considered the cheapest,
easiest, and most cost-effective method of waste disposal. The rising amount of generated
MSW is a major cause of environmental problems such as recurring land and water pollution.
MSW poses a significant global challenge, with an annual production that exceeds 2 billion
tons, which is forecasted to double by the end of the century [1]. As the population grows in
Malaysia, an increasing amount of MSW is reportedly deposited at landfills yearly. Foods,
papers, and plastics were discovered to be the major composition of Malaysian MSW, which
is expected to increase 3.3% annually [2].

However, since the significant components of MSW are found to be organic matter, this
makes it a viable candidate to be utilized as a source for bioenergy generation [3]. Pyrolysis is
one of the most prominent processes for producing energy from these organic materials. This
prominent thermochemical process is conducted at temperatures between 300 and 700°C to
thermally convert organic matter into biochar and bio-oil, which can be later used as alternative
energy sources [4]. Generally, the temperature for producing biochar is up to 700°C, which
would take 20 to 60 minutes. As the temperature rises, the quantity of acidic functional groups,
particularly carboxylic functional groups, decreases and causes the development of basic
functional groups. In other words, the structure of biochar will change to become graphite
carbon at higher pyrolysis temperatures. The function of this biochar is comparable to that of
normal coal, which provides an alternative method to coal utilization in iron production [5].

Carbon emissions, mainly from iron mining and steel production, are also increasing due
to high market demand in developing countries. As a result, the world is at risk of a worsening
global warming crisis. This environmental crisis's risk will affect human health and all life on
land and in water. Therefore, prevention is always essential to sustaining this world and all
humanity. To overcome these problems, one of the solutions is to utilize other renewable
resources, such as MSW, as an alternative to coke.

On the other hand, in Malaysia, iron mines are still operating to extract iron ore. However,
Malaysian iron ores are regarded as low-grade iron ores because of the 56 to 59% iron content
and a relatively high combined water content. These low-grade iron ores do not fulfill the
specifications to be used directly in the blast furnace as a feedstock for pig iron production
without pre-reduction treatment [6]. According to the World Bureau of Metal Statistics, in
2021, Malaysia's iron ore production volume was approximately 4.98 million metric tons [7].

Scrutinizing the issues from both perspectives, MSW is a good candidate for biochar
production before being utilized as a reductant for the reduction reaction of iron ore. Research
on the reduction reactions of iron ore using MSW-derived biochar by solid-state responses is
minimal. Therefore, this study was conducted to observe the outcomes.

2. METHODOLOGY

MSW was collected from households, and in general, the main components of this MSW
in Malaysia are organic waste, plastic waste, and paper waste. The ratios were determined from
the proportions of each specific component and were based on 1kg of hematite, Fe2O3. To
obtain MSW-derived biochar that would be used as a reductant for iron ore reduction reaction,
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MSW underwent a slow pyrolysis process at 350°C for 2 hours. Based on the chemical
reactions, the minimum carbon required to reduce iron ore was calculated, and thus, the ratio
for sample preparation could be determined.

For sample preparation, MSW was prepared, with the organic materials, plastics, and
papers weighing 60, 20, and 20g, respectively. The samples were oven dried at 105°C for 24
hours to completely remove contact water. Subsequently, MSW was subjected to a heating
process from room temperature to 350°C with a 10°C/minute heating rate. This slow thermal
decomposition was conducted in an inert atmosphere for 2 hours to produce MSW-derived
biochar.

On the other hand, goethite, a low-grade iron ore, was selected as the raw sample for this
study. The physical form of this ore was reddish-brown in appearance, consisting of hard clay
and hard rock. For sample preparation, iron ore was oven dried at 105°C for 24 hours to remove
moisture before being ball milled for 1 hour to break the ore into small particles. The dough
was compacted with a single shaft compressor at 1000 psi for 5 minutes. It was then placed in
a cylindrical iron mold with water as the binding agent. Each sample weighed approximately
18g with a 2 cm diameter and 2.5 cm thickness. After pelletizing was completed, all pellets
were left at room temperature for approximately 20 hours, then the samples were placed in an
oven at 105°C for 24 hours to remove moisture inside the pellets.

For iron ore reduction experiments, an electric tubular furnace was used to examine the
solid-solid reaction between iron ore bodies and MSW biochar in an argon atmosphere. Iron
ore samples were mixed with biochar particles before being placed in enclosed steel baskets in
an electric furnace. For the reduction process, samples were prepared according to iron ore to
MSW char ratios, which were 8:2 and 8:4. These samples were subjected to experiments with
different residence times: one hour, three hours, and five hours. For sample characterization,
X-Ray fluorescence (XRF) and X-Ray diffraction (XRD) were utilized to determine the raw
iron ore's chemical composition and mineral phases, respectively. The reduction degree was
also calculated to observe the reduction reaction of iron.

3. RESULTS AND DISCUSSION

The elemental composition of the raw iron ore collected is shown in Table 1. The primary
composition of the ore was iron, which is 59.1 wt%. Fig. 1 shows the thermal characteristic
curve for this iron ore. At the temperature range of 220 to 350°C, there was a significant weight
loss of 3.65%, where an endothermic peak appeared, indicating heat absorption. This was due
to the removal of combined water in the form of hydroxyl, which often exists in limonitic ore
containing the goethite mineral. This process can also be seen in the endothermic peak on the
DTA curve. Heat was absorbed at 220 to 370°C for the iron ore sample, where the weight loss
ranged from 1.50% to 3.75%, indicating the occurrence of combined water removal at this
temperature range.

Table 1. Elemental compositions of Malaysian iron ore (wt%)

Locality T-Fe Si Al S Mn \4 Ti Ca T-Fe Si
3 59.1 0.8 1.3 0.2 0.4 0.5 6.2 0.3 59.1 0.8
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Figure 1. Raw iron ore TG-DTA profile

Fig. 2 shows the raw iron ore's XRD pattern. The primary minerals observed were goethite,
an iron oxide hydrate, with the predominant hematite phase. The XRD profile also indicated
some quartz as the main impurity.

The proximate and ultimate analyses of the MSW are shown in Table 2 below. The analysis
shows that the contents of volatile matter, fixed carbon, and ash were 69.35, 9.00, and 7.05
mass% of MSW, respectively. Furthermore, the elemental analysis of MSW indicates that it
contained 45.00, 6.11, 0.40, 0.12, and 48.37 mass% of carbon, hydrogen, nitrogen, sulfur, and
oxygen (by difference), respectively. Table 3 shows that during the pyrolysis process of MSW,
100.0g of the raw material was heated without oxygen, leaving behind an approximate 60%
char yield, where 40.5g was lost during the process.

G o G - Goethite
: G H — Hematite
‘ Q — Quartz
H/G
£
Q
= Q
20 30 40 50 60 70 80

20 [

Figure 2. XRD analysis of raw iron ore.
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Table 2. Proximate and Ultimate analysis of MSW.

Analysis Proximate Analysis Ultimate Analysis
Elemental Mass (%) Volatile Matter Fixed Carbon Ash C H N (@) S
MSW 69.35 9.00 7.05 45.00 6.11 040 48.37 0.12

Table 3. Weight differences of MSW after pyrolysis.
Sample Weight before (g) Weight after (g) Weight loss (g)

MSW 100.0 59.5 40.5
. Callulose .
005 Hemicellulose . A Lignin
Paper
: Organic
o 0004 . DeMypdration
g Plastic
a
2054
mm
!
0 200 00 600 800 1000
Temperature ("C)

Figure 3. DTG pattern of MSW by component.

Fig. 3 depicts the DTG curve for the MSW sample by component. As the temperature
increased to 300 °C, the weight of MSW steadily decreased as cellulose, hemicellulose, and
lignin decomposed. The weight of the samples does appear to significantly decline over 600°C,
indicating that the decomposition of hydrocarbons has completed. This demonstrates that
certain elements, such as CO, H2, CO2, and hydrocarbons, were released. The DTA curve
shows apparent peaks or valleys between 300 and 500 °C, representing reactive devolatilization
in the materials [8]. The pyrolysis process in this experiment was conducted at 350°C so that
during the reaction, there would be some diffusion of gaseous compounds, which would help
reduce iron [9]. Fig. 4 shows the weight loss of the iron pellets after each sample was reduced
with different reduction times within the range from one hour to five hours, with different iron
ore to MSW char ratios, to study the effectiveness of the reduction process. The weight loss of
pellets significantly increased with time, and the highest weight loss was obtained when twice
the mass of MSW char is used to reduce iron ore at a temperature of 900°C. As the reduction
temperature increases to 900°C, the rate of iron ore reduction also increases [10]. At this
temperature, MSW char was gasified into CO and H2, which act as a reduction agent for the
reduction reaction of iron oxide in the ore. Excess carbon and hydrogen in the mixture would
also help to proceed with the reduction reaction further, as shown in equations 1 to 6. Therefore,
higher carbon and hydrogen contents in the biomass promote more oxygen removal from iron
species, which causes greater weight loss of iron ore pellets.

Reducing gases are formed during the reduction process through the reaction of chemicals
between iron oxide and carbonaceous materials. The Boudouard reaction (Eq. 7) and the water
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gas reaction (Eq. 8) produced syngas, which would react with iron oxide to convert iron ore to
metallic iron. In the lower oxide and iron direction, simultaneous and continuous reduction
processes occur from hematite to magnetite, from magnetite to wustite, and from wustite to
metallic iron. The following sequence summarizes the main reduction processes of iron from
hematite to iron (Fe):

Hematite to Magnetite

3Fe304 + CO — 2 Fe304 + CO2 (1)
3Fe304 + H2 — 2FesO3 + H20 2)
Magnetite to Wustite
FesO3 + 4CO — FeO +4CO2 3)
Fe4O3 + 4H2 — FeO + 4H20 4
Woaustite to [ron
FeO + CO — Fe + COz2 ®)
FeO + H2 — Fe + H20 (6)
Boudouard reaction
CO2+C—CO (7)
Water-Gas reaction
H20+C — H2+CO (8)
) - 0 -
24 55
204
A T = Moo Tab = a0 w0 W |y W B s
Reduction Time (min) Reduction Time (min)

Figure 4. Effect of time on weight loss during iron reduction at 900°C for:
(a) 8:2 ratio (b) 8:4 ratio pellets.

As iron ore was reduced, the characterization using XRD was conducted to observe the
transformation phase of iron ore according to the reduction time. A longer reduction time
allows hydrocarbons and gases to diffuse and thus reduce the iron ore. Samples with 8:2 ratios
were exposed to reduction reaction with a holding time of 1 hour (Sample 1), 3 hours (Sample
3), and 5 hours (Sample 5). Samples with an 8:4 ratio were also exposed to the same residence
time; those were 1 hour, 3 hours, and 5 hours for Sample 2, Sample 4, and Sample 6,
respectively.
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Figure 5. XRD Pattern

Both reduction reactions for samples with 8:2 and 8:4 ratios indicate the presence of iron,
as the minimum temperature to obtain iron is 900°C, as shown in Fig. 5 (a) and Fig. 5 (b)
below. One hour is sufficient to reduce hematite to iron, but only a small number of ores can
be reduced directly to iron. Samples 1 to 4 show the presence of magnetite, hematite, and some
iron-Fe. Samples 5 and 6 illustrate the presence of mainly wustite and iron with little magnetite.
From this trend, it can be deduced that by increasing time and adding more biochar, there is a
possibility for iron ore to be reduced further.

The degree of reduction was calculated depending on the mass loss of the iron ore. A
similar pattern can be observed in the mass change of the pellets after the reduction process.
The degree of reduction increases with a reduction time of up to five hours. Maximum
reduction has been achieved when a 16:2 ratio of the weight of the MSW was used. As the
reduction continues, the biomass gasifies to produce more reducing gas in the chamber.
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Diffusion of CO and H2 through the pellets resulted from the gasification of MSW, which was
facilitated by the reduction reaction of iron oxide.

As the weight loss percent of both ratios of iron to MSW shows an increasing pattern with
time, the percentage of Fe content is also increasing, as shown in Table 4. The 8:2 ratio has an
increment of 23.9% in total, starting from one hour of reduction time up to five hours, while
the 8:4 ratio shows an increment of 27% of Fe produced. This indicates that the weight loss
due to the char element diffusion would lead to reduced iron. The mass of MSW biochar could
also affect the percentage of Fe increment.

This is because, as the mass of MSW increases, the iron oxides can be expected to fully
reduce into iron when exposed to a longer residence time. A short residence time would limit
the degree of reduction reaction. From the weight loss data of iron ore, ore pellet, and MSW,
the reduction degree was calculated, and it was found that as the residence time increased, the
percentage of Fe increment also increased, showing that MSW can be used as a reducing agent
for iron ores.

Table 4. Percent of Fe increment with time.

Sample Holding Time (hour) Fe Content (%)
(Raw) 59.1
) . 1 68.6
8:2 Ratio 3 762
5 83.0
(Raw) 59.1
) . 1 80.9
8:4 Ratio 3 ]34
5 86.7

Hematite

Waustite

Gasification Reduction Complete Reaction
Dehydration

Figure 6. Solid-solid reaction mechanism of MSW biochar with iron ore.

Fig. 6 illustrates the reduction mechanisms in the reduction process of iron pellets with
MSW biochar as reducing agent via solid-solid reaction. As the pellets were heated with bedded
char around them, the temperature inside the pellet increased due to heat transfer from the
outside to the inside of the pellet. In this experiment, combined water removal from iron ore
occurred when heated to a low temperature by releasing the hydroxyl chain, creating many
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voids and generating cracks on the iron ore surface with a large specific surface area. Gases
produced from MSW char gasification also diffused into the pellets of biochar-iron ore mixture
because of the formation and volume expansion of syngas occurring at this location. Therefore,
the hydrocarbons and gases produced a large amount of heat, spreading throughout the bodies
of the pellet. Biomass gasification produces syngas such as CO and Hz that can be utilized as
reducing agents in reducing iron ore. As these gases are being produced and diffused in the
inner area of the pellets, they also diffuse outwards to reduce the iron oxide species in the outer
part of the pellets. For the iron reduction, iron ore was first reduced by H2 and hydrocarbon
gases generated from MSW biochar, because reduction by Hz is a faster process than that of
other gases. However, the reaction process is very complicated because many elemental
reactions can take place in this process. During MSW biochar gasification, syngas and
hydrocarbon gases were produced as a potential reduction agent for iron oxide, and the
decomposition of hydrocarbon gases into carbon to inhabit the formed pores on the surface of
iron oxide. On the other hand, gases reacted together along with ore oxides, reducing Hematite
to Magnetite, Magnetite to Wustite, and Wustite to metallic iron phase.

4. CONCLUSION

Low-grade iron ore with 59.1% of Fe was used as the raw material for this study. MSW
was selected to be converted into biochar, a carbon material that acts as the reductant and/or
energy source in reducing iron. A sample with an 8:2 ratio of iron to MSW showed an
increasing weight loss pattern. A sample with an 8:4 ratio presented the same pattern but with
more weight loss because of the extra carbon particles. As the holding time increased, the
degree of reduction also increased.

After the experiment, the XRD results of each sample indicated the presence of different
iron species such as magnetite, wustite, and iron-Fe. During the heating process, MSW-derived
biochar produced reductant gases that would assist in reducing iron from goethite to iron-Fe.
By doubling the mass of the MSW-derived biochar, the reaction towards iron ore particles is
highly active, with an increasing percentage of total iron in the sample, and more weight loss,
which indicates the removal of oxygen atoms. This study promotes the reduction of MSW at
landfills, which has become a troubling issue in Malaysia year by year. MSW can be a new
alternative source of energy for metal smelting.

REFERENCES

[1] Ali HM, Tyagi VK, Kazmi AA, Ojha CSP. (2024) Biomethane Production from Organic Fraction
of Municipal Solid Waste: Clean and Green Energy Generation under Circular Economy
Framework. International Journal of Hydrogen Energy, 95:1080-1094.

[2] Yong ZJ, Bashir MJK, Ng CA, Sethupathi S, Lim JW, Show PL. (2019) Sustainable Waste- to-
Energy Development in Malaysia: Appraisal of Environmental, Financial, and Public Issues
Related with Energy Recovery from Municipal solid Waste. Processes, 7(10):676.

[3] Traven, L. (2023) Sustainable Energy Generation from Municipal Soild Waste: A Brief
Overview of Existing Technologies. Case Studies in Chemical and Environmental Engineering,
8:100491.

[4] Khamis SS, Purwanto H, Salleh HM, Rozhan AN, Rahman MA, Warimani M, Alam N. (2024)
Novel Energy Recovery from an Integrated Municipal solid Waste and Leachate Treatment
System. Waste Disposal & Sustainable Energy, 6:53-61.

[5] Rozhan AN, Ani MH, Salleh HM, Akiyama T, Purwanto H. (2015) Development of Carbon-
Infiltrated Biochar from Oil Palm Empty Fruit Bunch. ISIJ International, 55(2):436-440.

238



ITUM Engineering Journal, Vol. 26, No. 2, 2025 Purwanto et al.
https://doi.org/10.31436/iiumej.v26i2.3509

[6] Yunus NA, Ani MH, Salleh HM, Rashid RZA, Akiyama T, Purwanto H. (2013) Reduction of
Iron Ore/Empty Fruit Bunch Char Briquette Composite. IS1J International, 53(10):1749—-1755.

[7] Siddharta A (2024) Production Volume of Iron Ore Malaysia 2012-2021. Available:
https://www.statista.com/statistics/1132484/malaysia-iron-ore-production/

[8] Siregar SRH, Nursani D, Setyawan MIB, Surjosatyo A. (2021) Study of Kinetic and Thermal
Decomposition from Municipal Solid Waste Pellets using Model-Fitting Methods. 1OP
Conference Series: Materials Science and Engineering, 1173(2021):012033.

[9] Purwanto H, Salleh HM, Rozhan AN, Mohamad AS, Zakiyuddin A. (2018) Phase Change of
Iron Ore Reduction Process using EFB as Reducing Agent at 900-1200C. IOP Conference Series:
Materials Science and Engineering, 342(1):012054.

[10] Rashid RZA, Salleh HM, Ani MH, Yunus NA, Akiyama T, Purwanto H. (2014) Reduction of
Low Grade Iron Ore Pellet using Palm Kernel Shell. Renewable Energy, 63:617-623.

239


http://www.statista.com/statistics/1132484/malaysia-iron-ore-production/

IIUM Engineering Journal, Vol. 26, No. 2, 2025 Muttagin et al.
https://doi.org/10.31436/iiumej.v26i2.3556

ENHANCEMENT OF THE PHOTOCATALYTIC ACTIVITY
OF MIL (53) METAL-ORGANIC FRAMEWORKS THROUGH
THE ADDITION OF THE REDUCED GRAPHENE OXIDE
FOR IMPROVING DEGRADATION OF ORGANIC DYE
POLLUTANTS IN WATER TREATMENT APPLICATIONS

MUTTAQIN MUTTAQIN'", FANDRY HOSEA JABY!, RiS KEVIN BRAMASTA!,
NONA MERRY MERPATI MITAN!, YOSE FACHMI BUYS?

]Department of Chemistry, Universitas Pertamina, Jakarta, Indonesia
’Department of Mechanical Engineering, Universitas Pertamina, Jakarta, Indonesia

*Corresponding author: muttagin@universitaspertamina.ac.id

(Received: 29 December 2024, Accepted: 17 February 2025; Published online: 15 May 2025)

ABSTRACT: A simple nanocomposite consisting of MIL-53(Al) and reduced graphene oxide
(rGO), denoted as MIL-53(Al)/rGO, was synthesized as a photocatalyst driven by sunlight
and UV light to study the decomposition of methylene orange and methylene blue in aqueous
solution. The MIL-53(Al)/rGO ultrafine particles were produced by an in situ method using
the solvothermal technique. The nanocomposite was made with two different amounts of
rGO, 2.5% and 5% by weight. Various tests, including XRD, N, adsorption-desorption
isotherms, SEM, SEM-EDS, UV-Vis DRS (Diffuse Reflectance Spectroscopy), and FTIR,
were performed on all photocatalyst variations to analyse their properties. Results from SEM
and EDS showed the creation of small MIL-53(Al) particles measuring 10-20 um and rGO
spread evenly on the MIL-53(Al) surface, particularly in the 2.5% rGO sample. The
photocatalytic effectiveness of the MIL-53(Al)/rGO nanocomposites was tested for degrading
organic dyes (MO and MB) in water under both sunlight and UV light for 60- and 120-minute
durations. The 2.5% rGO photocatalyst showed the highest performance, removing over 96%
and 98% of the dyes after one hour of sunlight exposure for MB and MO, respectively. This
demonstrates that the combined effect of MIL-53(Al) and rGO composite can be seen as an
effective photocatalyst for breaking down reactive dyes, such as MO and MB, in water
treatment applications.

ABSTRAK: Kajian ini adalah berkaitan nanokomposit sederhana daripada MIL-53(Al) dan
grafit oksida yang tereduksi (rGO), atau MIL-53(Al)/rGO, berjaya disintesis sebagai
fotopemangkin oleh cahaya matahari dan cahaya UV bagi mengkaji penguraian metil jingga
(MO) dan metilena biru (MB) dalam larutan akueus. Zarah ultrahalus MIL-53(Al)/rGO
dihasilkan melalui kaedah in situ menggunakan teknik solvotermal. Nanokomposit dibuat
dengan dua jumlah rGO berat berbeza, 2.5 wt% dan 5 wt%. Pelbagai ujian termasuk XRD,
N, penyerapan-nyahserapan isoterma (BET), SEM, SEM-EDS, UV-Vis DRS, dan FTIR telah
dilakukan pada semua variasi fotopemangkin bagi mengkaji sifatnya. Dapatan kajian dari
SEM dan EDS menunjukkan penciptaan zarah kecil MIL-53(Al) berukuran 10-20 pm dan
rGO tersebar secara rata pada permukaan MIL-53(Al), terutamanya dalam sampel rGO 2.5%.
Keberkesanan fotopemangkin nanokomposit MIL-53(Al)/rGO telah diuji bagi mengurai
pewarna organik dalam air, di bawah kedua-dua cahaya matahari dan cahaya UV selama
tempoh 60 dan 120 minit. Fotopemangkin rGO 2.5% menunjukkan prestasi tertinggi, dengan
penyingkiran lebih dari 96% MB dan 98% MO, selepas pendedahan cahaya matahari selama
satu jam. Ini menunjukkan, kesan gabungan komposit MIL-53(Al) dan rGO, boleh dilihat
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sebagai fotopemangkin yang berkesan bagi memecahkan pewarna reaktif, seperti MO dan
MB, dalam aplikasi rawatan air.

KEYWORDS: Metal organic frameworks, Photocatalyst, Reduced graphene oxide,
Organic Dye Pollutants, Degradation.

1. INTRODUCTION

In the last decade, freshwater pollution by organic dyes has become a problem of concern
for governments in every country. Industrial wastewater containing organic dyes is the most
difficult waste to eliminate due to its high level of toxicity, difficult degradation process, high
chromaticity content, and difficulty in removing the color [1]. Several methods have been
introduced to remove organic dyes, such as physicochemical processes like adsorption,
coagulation, and filtration. However, they include high costs, low efficiency, and the generation
of large volumes of sludge that need further treatment [2][3]. Therefore, finding alternative
technologies for removing toxic organic dyes in wastewater is essential. Advanced oxidation
processes (AOPs) have emerged as a highly effective alternative for converting organic
materials into simple mineral products [4][5]. Among AOPs, photocatalysis is seen as the most
promising solution for sustainable energy conversion [6]. Researchers have focused on
photocatalysis for its non-selectivity, efficiency in removing pollutants, and toxicity reduction.
However, the complete degradation of organic dyes is time-consuming and less effective in
some studies. Therefore, developing new and improved photocatalysts is necessary to address
these issues. Materials that can be used as photocatalysts are semiconductors [7][8].
Semiconductors have proven to be promising materials as photocatalysts for degrading liquid
organic waste [9]. In addition, photocatalysts have several advantages, such as low energy
consumption, mild reaction conditions, reduction of secondary pollution, and so on, which have
attracted wide attention domestically and internationally [10][11]. However, some
semiconductor materials have disadvantages, such as being unresponsive to visible light
(around 43% of the solar spectrum) and rapid recombination between electrons and holes
[12][13]. Therefore, to overcome these limitations, the development of new photocatalysts with
high efficiency, long-term stability, and the ability to harness visible light is necessary[14][15].

One of the materials that are included as semiconductors and receiving wide attention for
application in the field of photocatalysis is metal-organic frameworks (MOFs) [16][17]. MOFs
have a band gap that is not too large [18][19]. MOFs have the potential as semiconductor
materials because they can transfer charge from ligands to metals (LMCT) or transfer charge
from metals to ligands (MLCT). With this charge transfer ability, MOFs have photocatalytic
capabilities to reduce hazardous materials [20]. One type of MOF with an interesting structure
and widely studied is Hong Kong University of Science and Technology-1 (HKUST-1), a Cu-
based MOF with benzene dicarboxylate organic ligands [21]. By adding graphene oxide (GO)
to the HKUST-1 structure, the composition of these two materials has very good photocatalytic
performance on organic dyes [22]. Furthermore, GO is a graphene-like material that has been
functionalized with different oxygen-containing groups such as hydroxyl, carboxylic, carbonyl,
and epoxide groups. Studies have shown that there are chemical bonds formed between MOF
and substrates in composite materials [21]. Research indicates that the oxygen groups of GO
are linked to the metal centres of the MOF in MOF/GO composites, leading to an enhanced
ability to adsorb toxic gases such as NHs, H2S, and NO: [23][24]. But the use of
nanocomposites combining MOF MIL-53 with Aluminium (Al) metal ion cluster and
graphene-based materials like reduced graphene oxide (rGO) as highly effective photocatalysts
has not been extensively studied until this point.
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In this study, we will perform and report the degradation process of organic dyes,
methylene orange (MO) and methylene blue (MB), contaminating water using MOF MIL-
53(Al) nanocomposite with tGO as co-doping. The photocatalyst synthesis method uses
solvothermal techniques, while rGO is produced using the modified Marcano method [25].
MIL-53(Al) bandgap measurement shows great potential in photocatalysis because it has a
band gap between 3.5 — 4.5 eV. The formation of nanocomposites between MOFs and rGO is
expected to widen the range of absorption light and slow down the electron-hole recombination
process of semiconductor materials based on MOFs.

2. METHODOLOGY

This section contains the materials we used, the synthesis method and process of the target
materials, and various characterizations employed to determine the physical and chemical
properties of the synthesized materials. The final part describes the testing methods used to
evaluate the synthesized materials as photocatalysts.

2.1. Materials

The materials needed for this procedure are aluminium nitrate nonahydrate
(AI(NO3)3-9H20, Merck KGaA), terephthalic acid or benzene-1,6-dicarboxylic acid (H.BDC,
98%, Sigma Aldrich), graphite as a carbon source for GO/rGO synthesis, concentrated sulfuric
acid (H2SOa4, Mallinckrodt), phosphoric acid (H3PO4, Merck KGaA), 30% hydrogen peroxide
(H202, Merck KGaA), potassium permanganate (KMnOs, Sigma Aldrich 98%), N,N'-
dimethylformamide (DMF, Merck KGaA), methanol (CH30OH, Merck KGaA), and distilled
water. All materials are used directly without any purification steps.

2.2. Synthesis of Reduced Graphene Oxide (rGO)

The rGO synthesis followed previous work [25]. The process begins by preparing a 9:1
mixture of H2SO4/ H3PO4 (23 ml) and adding 1g of graphite powder. Afterward, 3g of KMnO4
is slowly added to the solution, and the mixture temperature is maintained below 10°C during
the addition process. The mixture is stirred for 40 minutes at 50°C and then diluted with
deionized water. 30% hydrogen peroxide (H20:2) enhances the oxidation process. Adding H202
to the solution changes its colour to greenish yellow with bubbles indicating a high oxidation
level. The solution is filtered and washed until the pH is near 7. The washing and filtration
process of the rGO suspension was carried out by following the following steps: The rGO
powder was dispersed in excess distilled water and stirred for 10 minutes using a magnetic
stirrer at 300 rpm to neutralize the residual acid attached to the rGO. The rGO solid was then
separated from the suspension solvent using a centrifuge, set at 5000 rpm for 10 minutes. This
suspension formation and centrifugation process was repeated several times with excess
distilled water until the pH of the rGO suspension approached 7. Finally, the product, rGO, is
recovered and heated to 60°C overnight.

2.3. Synthesize nanocomposite Mil-53 (Al)/rGO

Synthesis of MIL-53 (Al)/rGO nanocomposites started by preparing the metal source from
aluminium nitrate salt and the ligand source from terephthalic acid in a 1:1 molar ratio. Both
materials are mixed and homogenized in DMF for 60 minutes under standard conditions.
Afterwards, the rGO suspension was added in an amount of 2.5 to 5 % wt. of the total weight
of the metal salt and ligand used and homogenized using a magnetic stirrer at around 400 rpm
for 60 minutes. Then, the suspension is in a Durant bottle and is heated in an oven at 120°C for
72 hours to trigger the growth of MIL-53 (Al)/rGO crystals. After heating, the solid MIL-53
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(Al)/rGO catalyst was recovered using a centrifugation technique at 5000 rpm for 10 minutes,
then washed twice with methanol. The wet MIL-53 (Al)/rGO catalyst was dried at 80°C for 24
hours in the oven. Next, synthesized MIL-53 (Al)/GO is ground and sieved using a 200-mesh
sieve. Finally, the catalyst was activated using a furnace at 160°C for 5 hours to produce dry
nanocomposite MIL-53 (Al)/rGO.

2.4. Characterization

The samples were characterized using various analytical techniques. The infrared spectra
were recorded using a NICOLET iS5 FT-IR spectrophotometer with ATR windows. Powder
X-ray diffraction was performed with a Rigaku Miniflex 600 with a detector 1D—DteX/Ultra,
Kp filter. The XRD instrument uses a Cu-Ka radiation source. Furthermore, the morphological
surface of the catalyst was examined using a Phenom Pro-X SEM. Finally, a Micrometrics
TriStar II gas sorption and porosimeter device determined specific surface areas and porosity.

2.5. Photocatalytic Test

The photocatalyst testing of all photocatalyst materials was conducted by mixing 12 mg
of the material with 20 mL of Methylene Blue (MB) or 20 mL of Methylene Orange (MO) at
a concentration of 20 ppm in a reactor vessel. The mixture was stirred at 400 rpm using a
magnetic stirrer for 60 and 120 minutes. The experimental setup for testing the photocatalyst
material uses a glass reactor with the equipment arrangement as shown in Fig. 1. The
photocatalyst performance tests were conducted under two types of light: UV light and
sunlight. For UV light, the test was performed using a UV-A lamp with a wavelength range of
320-400 nm. For sunlight testing, the reactor containing the test solution was placed near a
window to expose it to sunlight throughout the testing period. The cooling jacket was also filled
with water, and the temperature was maintained at 30°C. This temperature was chosen as it is
a moderate temperature typical for Jakarta and its surroundings.

Glass Tube
UV-A Lamp
;u’"ﬁathymne Blue (MB)
Methylene Orange (MO)

. Photocatalyst ————
Particles
| = Magnetic Slirrer =—

@

Outlet Water
—_—

Cooling
Jacket

Inlet Water

o

@ O

—
—* Holplate =——

Figure 1. Experimental setup for organic dyes degradation using photocatalyst
materials.

3. RESULTS AND DISCUSSION

3.1. FTIR SPECTRA

The interaction of aluminum (Al) ions and organic linker, H2BDC, in the solvent, triggers
the formation of covalent coordination bonds between metal ions and oxygen atoms derived
from bidentate terephthalic acid [26]. As presented in Fig. 2, the wave numbers at 1417, 1511,
and 1603 cm™ correspond to a carbonyl (C=0O) group and CO stretching in the C-OH
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carboxylic group. Meanwhile, the wave numbers at 1001, 755, and 593 cm™ indicate the C=0
double bond in terephthalic acid, which interacts with metal ions and forms a single metal-O
bond [27]. From FTIR data, we qualitatively assume that the target materials had been
synthesized successfully.

MIL-53(A1)/rGO 5% wi.

rGO
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Figure 2. FTIR spectrums of MIL-53 (Al), tGO, MIL-53(Al)/rGO 2.5% wt., MIL-
53(A1)/rGO 5% wt.

3.2. PHOTOCATALYST BANDGAP

The bandgap measurement of the photocatalytic materials was conducted using a UV-Vis
DRS spectroscopy instrument. The sample reflects electromagnetic waves in the UV-Visible
wavelength range in this measurement. Using the Tauc plot proposed by J. Tauc [28], the
bandgap of a material can be calculated. The bandgap values for all photocatalyst variants are
presented in the figure below.
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Figure 3. Bandgap measurement of photocatalyst materials.

Fig. 3 shows that the addition of 2.5% wt. rGO is effective in reducing the bandgap of the
photocatalytic material. However, increasing the rGO ratio to 5% wt. does not further decrease
the bandgap value. Instead, it remains the same or even slightly increases compared to the
bandgap of the photocatalytic material without rGO. This phenomenon appears to be
influenced by the decrease in the photocatalytic material's crystallinity and the increase in the
size of the photocatalyst due to the increasing coverage by rGO.
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3.3. X-Rays Diffraction

XRD patterns of GO, rGO, and MIL-53(Al) and MIL-53(Al)/rGO composites are shown
in Fig. 4. In the XRD pattern of the GO sample, the sharp intense peak at 26 of 10° is assigned
to the plane of [002] belonging to the GO layer [24]. In the XRD pattern of rGO, the sharp peak
no longer exists but is replaced by a diffractogram representing material with amorphous
properties. Interestingly, the diffractogram peak of the rGO sample appears at 20 of 23°, a
value similar to the 20 peak of graphite [29]. In the XRD pattern of MIL-53 (Al), the strong
peaks appear at 20 0£ 9.13°, 10.05°, 15.36°, 18.26°, 20.91°, 25.45°, and 32.6° are several peaks
characteristic of the MIL-53 (Al) phase, which match the peaks reported in the previous report
[30]. In the XRD pattern of MIL-53(Al)/rGO, some diffraction peaks of MIL-53(Al) are still
clearly visible, but these peaks appear at 20 values that are either higher or lower. Furthermore,
the amorphous profile, which belongs to rGO, does not appear due to mixing with the crystal
structure of MIL-53(Al). This result indicates that MIL-53(Al) crystals may be well dispersed
within the interlayers of GO/rGO sheets.

913"

'J \\_/’ —&ﬁ-.w g MIL-53 (Al)/rGO 5% wt.

L

;; f N Il MIL-53 (A/rGO 2.5% wt.

é j

= .-v"'* rGO
-Jl) | \ j%’ MIL-53 (Al)
| L W
s 10 15 20 25 30 35 40 45 50

20 (%)
Figure 4. XRD patterns of: MIL-53 (Al), rGO, MIL-53(Al)/rGO 2.5% wt., MIL-
53(Al)/rGO 5% wt.

3.4. SEM and SEM-EDS Analysis

The photocatalytic process is influenced by the physical characteristics of the catalyst,
such as its active surface area and porosity. Smaller catalyst sizes result in a higher surface-to-
mass ratio, reducing the distance electrons need to travel to the solid/solution interface and
increasing efficiency. Therefore, our objective was to produce semiconductor nanocrystals to
enhance light absorption. Scanning electron microscopy (SEM) images in Fig. 5 illustrate the
morphology of MIL-53(Al), MIL-53(Al)/rGO 2.5% wt., MIL-53 (Al)/rGO 5% wt. From XRD
testing results, the addition of rGO, both at 2.5% w.t and 5% w.t, did not significantly affect
the crystal structure of MIL-53 (Al) because they have similar diffractogram profiles. This
XRD result is supported by SEM profiles for MIL-53(Al)/rGO composites for all variants. The
general SEM image of MIL-53(Al) appears as sub-micrometer particles with bar and flat cube
surfaces and sharp or rounded edges [31]. The presence of GO/rGO surrounding the crystal
structure of MIL-53(Al) did not alter its crystal structure dramatically, as seen in the following
image.
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Figure 5. SEM profile for (a) MIL-53 (Al) [30], (b) MIL-53 (Al)/rGO 2.5% wt.
(c) MIL-53/rGO 5% wt.

Fig. 5 shows that the addition of rGO ratio to the photocatalyst material leads to the
coverage of the MIL-53 (Al) surface, resulting in larger crystallite sizes compared to the
composite material with a lower rGO content and without rGO. As the crystallite size increases,
the surface area decreases as shown in Table 1. The crystallite size measurements, presented
in Table 1, show that the amount of rGO strongly influences the crystallite size added to the
photocatalyst composition. As the rGO ratio increases, most MIL-53(Al) MOF surface
interacts with rGO sheets. Since rGO still contains many oxygen-based functional groups, the
interaction between crystallites becomes stronger due to hydrogen interaction, leading to an
increase in crystallite size.

Table 1. The effect of rGO ratio on the crystallite size of the photocatalyst-composite
material.

<o Do '
Voo Xy p
- g

MIL-53 (A])rGO 2.5% wt.

1

MIL-53 (AD/rGO 5% wt.

No Particle Length of Particle (um) No Particle Length of Particle (um)

1 10.15 1 28.32
2 4.63 2 8.04
3 5.92 3 6.05
4 6.27 4 4.74
5 13.47 5 1.95
6 4.49 6 9.22
7 5.52 7 9.51
8 3.03 8 7.46
9 7.29 9 25.08

Average 6.75 Average 11.15
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SEM-EDS analysis was performed to investigate the chemical composition of MIL-
53(Al)/rGO. The EDX spectra (Fig. 6) of MIL-53(Al)/rGO showed that the amount of
aluminium decreases with the increase in the rGO weight ratio. In Fig. 6, for MIL-53 (Al)/rGO
2.5% wt., the atomic percentage of Al is 10.04% when the rGO ratio is increased to 5% wt.
(MIL-53 (Al)/rGO 5% wt.). The atomic percentage of Al decreases to 5.43%, nearly halving.
The EDX spectra results qualitatively match the composition of the two variations of the
photocatalyst composite materials well.

® ®

Flement | MTL-53 (AT} rGO 2.5% wi. Element | MIL-53 (AlFrGO 5% wt.
(“a) Atom (%) Weight @ @ %) Atam {%) Weight
o H1.78% 50,70 s 59,56 50,31
0 2R 30,80 o] 23.01 39.40
Al 10.04 18,50 Al 543 13,30
(D
Al
Al
o 1 2 3 4 5 1] 7 o 1 2 3 4 - [
357470 counts in 120 seconds 619,664 counts in 12() seconds

Figure 6. Elemental composition for each photocatalyst material

3.5. Nitrogen Isotherm adsorption

Fig. 7 shows that the isothermal curve of all photocatalyst samples shows type III based
on the IUPAC classification.
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Figure 7. N2 adsorption-desorption for synthesized MIL-53 (Al)/rGO. (a) 2.5% wt.
rGO, (b) 5% wt. rGO.

The type-III adsorption isotherm, like the type-II isotherm, shows a general increase in
adsorption with increasing pressure or concentration. As shown in Fig. 7, this rapid rise
continues until the pressure is equal to the saturation pressure. At this point, adsorption is

typically stable after relative pressure larger than 0.8, suggesting that the surface is saturated
by adsorbate [32].
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3.6. Photocatalyst Performances

To evaluate the performance of the synthesized photocatalytic materials, tests were
conducted to degrade two organic dyes, namely methylene blue (MB) 20 ppm and methyl

orange (MO) 20 ppm, under UV and sunlight irradiation. The results of these tests are shown
in Fig. 8.

N Radiation for Methylene Blue (MB) Degradation Sunlighl Radiation for Melhylene Blue {MB) Degradalion
100 - '] 100 - - -
—a— Blank- MB 20ppm, 20mL —=— Blank- MB 20ppm, 20mL
z —=— MIL-53{Al) z —s— MIL-53(Al)
= —4— MIL-53(AIrGO 2.5% wt. oy —a— MIL-53(AINTGO 2.5% wt,
2 r— MIL-63(AIrGO 5% wt. = r— MIL-53(ATGO 5% wt.
by B
5 50 § 0
[ 8
T 15
@ @
2 =
o O v
8] [
0 E . 0
T T T T T
0 60 120 [ 80 120
Radiation time (minutes) Radiation time {minutes)

Figure 8. Photocatalyst performance under UV and Sunlight irradiation in 20 ppm MB
solution.

Fig. 8 shows the performance of each photocatalyst material in degrading a 20 ppm MB
test solution. Generally, all photocatalyst materials can degrade the test solution by more than
75% during the testing period. The MIL-53(Al)/rGO 2.5% wt. composition exhibits the best
performance in degrading the test solution. Under sunlight, this composition can degrade the
test solution by up to 97%, while under UV light, the test solution can be degraded by up to
99%. These results show that the MIL-53(Al) photocatalyst yields higher degradation of the
test solution under sunlight than the MIL-53(Al)/rGO 5% wt. material shows slightly lower
performance than the MIL-53(Al)/rGO 2.5% wt. composition. The poor photocatalytic
performance of MIL-53(Al)/rGO 5% wt. under visible light, compared to other photocatalyst
materials, is likely attributed to the larger crystallite size of this material resulting from the
highest rGO ratio of 5%. As is well known, larger crystallite sizes can lead to a reduction in
the number of active sites on the catalyst surfaces [33], facilitate faster recombination of
electrons and holes [34], widen the bandgap [35], and enhance the stability of the photocatalyst
material [36]. Ultimately, the increased crystallite size in the photocatalyst reduces its
performance in degrading organic dye molecules.

A similar trend was observed for the methylene orange (MO) test solution. The
photocatalyst with 2.5% wt rGO exhibited the best performance in degrading the 20 ppm MO
solution within 60 and 120 minutes, under UV light and sunlight. The photocatalytic
performance in the MO solution is presented in Fig. 9.
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Figure 9. Photocatalyst performance under UV and Sunlight irradiation in 20 ppm MO
solution.

3.7. General Mechanism of MIL-53(Al)/rGO Photocatalyst.

Methylene blue and methylene orange are synthetic dyes commonly used in various
applications, including in the textile and pharmaceutical industries. Its decomposition under
UV and sunlight irradiation in the presence of a photocatalyst involves photochemical reactions
that lead to the breakdown of the dye molecules into smaller, non-toxic components. This
process can be enhanced by using photocatalysts or other semiconductors, which facilitate
photodegradation [24][37].

Here is an explanation of the mechanism of methylene blue and methylene orange
decomposition using photocatalysts under UV and sunlight irradiation. UV-Irradiation: When
UV light (typically in the range of 200-400 nm) is irradiated onto the photocatalyst, MIL-53
(Al), it excites the electrons (e”) in the photocatalyst’s valence band to the conduction band due
to its relatively small bandgap. This creates electron-hole pairs, where the photogenerated
electron (¢") in the conduction band and hole (h*) in the valence band are highly reactive. On
the other hand, Sunlight Irradiation contains a broader spectrum, including visible light. To
enhance the photocatalysis under sunlight, doping MIL-53(Al) with substances like rGO can
allow the catalyst to absorb visible light and become activated under sunlight [9].

The electron-hole pairs generated in the photocatalyst due to UV or sunlight irradiation
can migrate to the surface of the photocatalyst. The electron in the conduction band can
participate in reducing species (such as oxygen molecules or water), while the hole in the
valence band can oxidize other species (such as water or hydroxyl ions) [9]. Electron in the
conduction band reacts with dissolved oxygen (O:z) in the solution to form superoxide anions
(O2¢7), or they can reduce oxygen into hydrogen peroxide (H20:)[38]. This leads to the
formation of various reactive oxygen species (ROS), such as hydroxyl radicals (*OH) [38],
[39], which are highly reactive and play a crucial role in the degradation of MB and MO.

02+ e — O2* (superoxide anion) (1)
02~ + H20 — H20: + OH™ (hydrogen peroxide and hydroxyl ion) (2)

On the other side, the hole in the Valence Band reacts with water (H20) or hydroxide ions
(OH") on the surface of the photocatalyst to generate hydroxyl radicals (*OH), which are strong
oxidants capable of attacking and degrading MB molecules.

H->0 + h* — «OH + H* (formation of hydroxyl radicals) 3)
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OH™ + h" — *OH (formation of hydroxyl radicals) (4)

The reactive oxygen species (ROS), such as hydroxyl radicals (*OH), superoxide anions
(O2¢7), and hydrogen peroxide (H20-), are highly reactive and can attack the methylene blue
and methylene orange molecules. The degradation of MB and MO primarily involves the
following steps. The ROS oxidizes the aromatic structure of MB and MO, breaking the
chemical bonds in the dye and leading to the formation of smaller, less complex molecules,
eventually mineralizing to carbon dioxide (CO:) and water (H20)[39]. The next step is
demethylation and decolorization. The methyl groups on the MB and MO molecules may be
oxidized or broken down, leading to a loss of color. The photodegradation process of MO and
MB is presented schematically in Fig. 10.

Photodegradated
products
|
vl |
.'ﬂ : H_{.-’E\ s ?
MIL-53 (A) "\ ¢\ /8"

Figure 10. The process of photodegradation of MO and MB using MIL-53 (Al)/rGO

The breakdown of the chromophore (the part of the molecule responsible for its color)
leads to the decolorization of MB and MO. From our experimental data, the process of dye
decomposition is more efficient under UV light because of the high energy available to activate
the photocatalyst. Under sunlight, the process can still occur, but it may be slower or require
modified photocatalysts that can absorb visible light. Furthermore, factors like temperature and
pH can improve this mechanism, and the presence of additional substances like co-catalysts or
sacrificial agents can enhance the efficiency of MB and MO degradation.

4. CONCLUSION

The photocatalyst materials were successfully synthesized via the solvothermal method,
producing three variants: MIL-53(Al), MIL-53(Al)/rGO (2.5 wt.%), and MIL-53(Al)/rGO (5
wt.%). FTIR analysis confirmed their composition, with characteristic absorption peaks at 1417
cm™’, 1511 cm™, and 1603 cm™, indicating the presence of carbonyl and carboxyl functional
groups. The IR spectra at wave numbers 1001, 755, and 593 cm™ indicate the vibrational
interaction between metal ions and oxygen bonds. XRD characterization confirmed the
crystalline structure of the materials. MIL-53(Al) showed distinct diffraction peaks consistent
with reported data, while rGO exhibited an amorphous peak at 20 = 23°, characteristic of
graphite. Additionally, combining MIL-53(Al) with rGO caused a shift in diffraction peaks at
20 and peak broadening due to the amorphous nature of rGO. However, both materials retained
their characteristic peaks, confirming successful synthesis. The incorporation of rGO
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influenced the photocatalyst's morphology, with higher rGO content nearly doubling its size,
decreasing surface area, and affecting dye degradation efficiency. N2 adsorption-desorption
data revealed that larger particles had reduced gas adsorption capacity, which impacted their
photocatalytic activity. Additionally, introducing a small amount of rGO reduced the bandgap
from ~4 eV to 3.8 eV, though further rGO addition had no significant effect. Photocatalytic
tests showed that MIL-53(Al)/rGO (2.5 wt.%) achieved the highest degradation efficiency,
breaking down MB and MO dyes almost completely (~100%) within 120 minutes under both
UV and sunlight irradiation.
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ABSTRACT: The construction of toll roads in Indonesia has massively increased the need for
concrete. Therefore, concrete manufacturing companies must select new raw material
suppliers for concrete. This selection is based on several criteria, including qualitative and
quantitative criteria. This study proposes a new methodology for supplier selection. The
model captures decision-makers' dynamics in ranking suppliers by integrating quantitative
and qualitative criteria. The first stage in the proposed model is determining the criteria using
the Fuzzy Delphi Method (FDM). The second stage is weighting the criteria using the Fuzzy
Step-wise Assessment Ratio (F-SWARA) II and the Method Based on Removal Effects of
Criteria (MEREC). The last stage is supplier assessment using Fuzzy Measurement of
Alternatives and Ranking According to Compromise Solution (F-MARCOS). One of
Indonesia's largest concrete manufacturing companies was used to validate the proposed
model. The results showed that the proposed model is valid and more effective than some
previous methods. The company in the case study experienced a 5% reduction in production
costs in the later stages of the toll project, following several months of implementation,
indicating the effectiveness of the proposed methodology.

ABSTRAK: Pembinaan jalan tol di Indonesia telah meningkatkan keperluan konkrit secara
besar-besaran. Oleh itu, syarikat pembuatan konkrit mesti memilih pembekal bahan mentah
baru konkrit. Pemilihan ini berdasarkan beberapa kriteria, termasuk kriteria kualitatif dan
kuantitatif. Kajian ini mencadangkan metodologi baru untuk pemilihan pembekal. Model ini
menfokuskan pembuat keputusan dinamik dalam kedudukan pembekal dengan menyepadu
kedua-dua kriteria kuantitatif dan kualitatif. Peringkat pertama dalam model yang
dicadangkan ini adalah menentukan kriteria menggunakan Kaedah Rawak Delphi (FDM).
Peringkat kedua adalah menimbang kriteria menggunakan Nisbah Pentaksiran Rawak
Langkah-Bijak (F-SWARA) II dan kaedah berdasarkan Kriteria Kesan Pengasingan
(MEREC). Peringkat terakhir merupakan penilaian pembekal menggunakan Solusi
Kompromi berdasarkan Pengukuran Rawak Alternatif dan Kedudukan (F-MARCOS). Salah
satu syarikat pembuatan konkrit terbesar di Indonesia telah digunakan bagi mengesahkan
model yang dicadangkan. Dapatan kajian menunjukkan bahawa model yang dicadangkan ini
adalah sah dan lebih berkesan berbanding beberapa kaedah sebelumnya. Syarikat dalam kes
kajian mengalami pengurangan 5% dalam kos pengeluaran pada peringkat akhir projek tol,
iaitu selepas beberapa bulan pelaksanaan, menunjukkan keberkesanan metodologi yang
dicadangkan.

KEYWORDS: Fuzzy Delphi Method, F-SWARA II, MEREC, F-MARCOS, Supplier
selection
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1. INTRODUCTION

The Ministry of Public Works (PU) Indonesia plans to construct freeways or toll roads
along 17,865.43 kilometers (km) between 2025 and 2040. Meanwhile, Java is the island most
connected to toll roads, with an operating toll road length of 1,632.63 km. However, this length
is still far from the total planned toll road length, which is 4,688.94 km. Due to this policy
implemented by the Indonesian government, concrete will be required. PT Wika Beton, one of
Indonesia's leading concrete manufacturers, will enhance its production capacity to prepare for
the anticipated rise in demand for concrete. As a result, acquiring materials from additional raw
material providers is essential.

PT Wika Beton selects its suppliers not for the short term but to establish long-term
partners. This is mainly because raw materials are an essential component and play a crucial
role in the development of our organization. In the long term, suppliers are required to ensure
the availability of essential materials. Consequently, it is imperative to identify the appropriate
supplier. Suppliers are indispensable to the organization's supply chain. Supply chain
management significantly influences enterprise performance and profitability. Consequently,
it is imperative to cultivate positive relationships with suppliers and preserve a robust supply
chain.

Supplier selection can be done using Multi-Criteria Decision Making (MCDM). There are
manyCDM, such as Analytical Hierarchy Process (AHP), Analytic Network Process (ANP),
Preference Ranking Organization Method for Enrichment Evaluations (PROMETHEE),
VlSekriterijumska Optimizacija I Kompromisno Resenje (VIKOR), Technique for Order of
Preference by Similarity to Ideal Solution (TOPSIS), Elimination et Choix Traduisant la
Réalité/Elimination and Choice Expressing Reality (ELECTRE), Multi-Objective
Optimization based on Ratio Analysis (MOORA), Complex Proportional Assessment
(COPRAS), and the Measurement of Alternatives and Ranking according to the Compromise
Solution (MARCOS). Recent studies show the latest developments in supplier selection
methods, including four strategies [1]. They are (1) utilizing fuzzy logic, which is suitable for
the dynamic and data-rich environment of Industry 4.0; (2) using mixed MCDM strategies to
handle the complex problems of supplier selection in Industry 4.0; (3) using hybrid fuzzy
MCDM techniques, which offer a more thorough and complex decision-making process [1].

The MARCOS method demonstrates high stability in ranking options than others [2]. It
can identify the optimal solution regardless of the number of alternatives or the weighting
method employed [3]. The criteria in MARCOS consist of qualitative and quantitative criteria,
so both need to be weighted. Qualitative criteria can only be assessed using the decision maker's
perception, while quantitative criteria can be evaluated based on historical supplier data. The
primary limitation of subjective weighting is its ineffectiveness as the number of criteria
increases, including additional criteria, which can lead to decreased accuracy in these
preferences [4]. The combined weighting approach reduces the potential bias associated with
a singular subjective or objective weight [4].

Throughout its evolution, MARCOS has found extensive utility in addressing issues
related to supplier selection. Badi and Pamucar [5] used the MARCOS system to choose the
best supplier and the Grey theory to establish the criteria weights in steel companies.
Chattopadhyay et al. [6] proposed the D number theory to incorporate MARCOS into the
supplier selection process in the iron and steel sector. Tas et al. [7] employed F-MARCOS and
Spherical Fuzzy Stepwise Weight Assessment Ratio Analysis (SF-SWARA) to identify
environmentally conscious vendors for textile businesses. To help textile businesses choose
ecologically friendly vendors, Tus and Aytac-Adali [8] presented a strategy that merges F-
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SWARA and F-MARCOS. Abdulla et al. (2023) suggested integrating MARCOS with
machine learning for supplier selection. Y. Wang et al. [9] present two methods for selecting
sustainable food suppliers: PF-CRITIC, which uses Pythagorean fuzzy measurement of
alternatives and ranking to compromise, and PF-MARCOS, which uses weights to determine

the criterion. The position of the proposed method in supplier selection research utilizing
MARCOS is illustrated in Table 1.

Table 1. Supplier selection research using MARCOS

Criteria Criteria weighting Alternative selection Case
Ref selection Objective Subjective Original Extended
method method MARCOS MARCOS
(5] . . Grey method ~ MARCOS . Steel-making
company
6] ) ; ) ) D-MARCOS Steel and  iron
industry
Fuzzy Green suppliers in
71 i ) SE-SWARA i MARCOS | textile companies
Fuzzy Green suppliers in
(8] i ) F-SWARA i MARCOS | textile companies
[10] - - - MARCOS - General
[11] - - Machme MARCOS - Oil and gas sector
learning
PF- Sustainable food
] ) PF-CRITIC i i MARCOS  suppliers
Concrete
Proposed Fuzzy F-SWARA Fuzzy .
method ~ Delphi ~ VIEREC 1 - MARCOs ~ Mmanufacturing
company

Previous research on supplier selection utilizing MARCOS only partially used subjective
or objective weighting. Such as Badi and Pamucar [5], Tas et al. [7], Tus and Aytac-Adali [8],
and Abdulla et al. [11] used only subjective criteria for weighting. Whereas Y. Wang et al. [9]
used only objective weighting. However, not all criteria can be weighed objectively or
subjectively. It depends on its characteristics. So, it is prone to bias [4]. In addition, the criteria
in previous studies already exist. The process of determining these criteria is essential in
selecting suppliers [4], The proposed method then employs Fuzzy Delphi for criteria selection
and integrates objective and subjective criteria weighting.

2. METHODS

The proposed method has three stages. The first stage is determining the supplier selection
criteria using FDM. The second stage is weighting criteria using F SWARA II and MEREC.
The last stage is supplier assessment. Some potential criteria are selected using FDM to produce
the chosen criteria. The chosen criteria consist of qualitative criteria and quantitative criteria.
Qualitative criteria are weighted using F SWARA 11, while quantitative criteria are weighted
using MEREC. Supplier performance assessment using F MARCOS based on weighted
criteria. The criteria are based on the weighting of F SWARA II and MEREC.

The selection of criteria uses FDM because FDM can reduce subjectivity in decision-
making based on expert opinion, produce more objective agreement in the early stages of
research or selection of essential factors, and does not require many iterations compared to
classical Delphi [12]. The objective criteria weighting uses MEREC because MEREC is a more
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efficient, precise, and accurate objective weighting than other methods [3]. The MEREC is
recommended for application because of its high accuracy [3]. The subjective criteria
weighting uses SWARA because SWARA is more straightforward than other subjective
methods, and experts can participate more spontaneously [13]. Supplier assessment uses
MARCOS because it is more stable than other MCDM [2] and can always find the best one,
no matter how many options are considered or how the weights are distributed [3].

2.1. Fuzzy Delphi Method

Compared to other expert-based methods (such as AHP or fuzzy AHP), the FDM can
obtain expert consensus to determine essential factors or variables in a study [14]. AHP or
fuzzy AHP can only choose the priority weight between criteria and alternatives in the multi-
criteria decision-making process [1]. The FDM’s steps are:

e Step 1: Expert panel. This document includes the division head and all procurement,
building, and commissioning staff members. They have been employed by comparable
organizations for over 15 years, which is why their responses are credible. Ten specialists
satisfy these procurement, building, and commissioning prerequisites. This investigation
exclusively employed the cases of PT. Wika Beton. All of the specialists selected are
experts in supplier selection at PT. Wika Beton, which is why they are the population used
in FDM.

e Step 2: List of the potential criteria. The most widely used criteria in the literature are price,
reject, delivery [6], and service [8]. Price and reject are critical criteria because they directly
affect the company's profit. The delivery and service criteria affect production lead time
and its impact on increasing penalty costs. This will reduce the company's profit. In the
FGD with decision makers at the largest concrete company in Indonesia, additional criteria
were obtained: communication and flexibility. These two criteria have an impact on
company trust. The selection of suppliers in concrete manufacturing is not only temporary
but also for the long term.

e Step 3: The experts measure each criterion using linguistic variables (LV). The p; ranges
from 1 to 0 in the LV, from Very Suitable to Very Unsuitable, as seen in Table 2. A score
is represented as a TEN 7if = (n¥,, nk;, n¥,) [14].

e Step 4.a: Determining threshold value (Th;) using Eq. (1) [14]. The minimum threshold on
each criterion i is 0.2 [15].

Th; = (%) k=1 \/g [(nf — a;)% + (nfy — a)? + (nfs — a;3)?] (1)

e Step 4.b: Testing the experts‘ consensus using Eq. (2) [14]. The minimum level of experts’
consensus is 75% for every criterion [15].

k .
K k c; =1,if d <0.2
Zk=0(ci ){0 2 f

EAi — ,K otherwise x 100% (2)

e Step 4.c: Defuzzification. The aggregate TFN is calculated using Eqgs. (3) [14]. Then the
calculation of the a-cut using Eq. (4) [14] which this value must be more than 0.5 [15].

i = (min(nfy), [z ], max(nfs) G)
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+ (Tliz—nu);'(niz—nn) (4)

Aeye = Ny

The diagram of the FDM can be seen in Figure 1. After forming the expert panel, the
second step is collecting data from experts. The questionnaire is given to the expert panel. The
answers are converted to fuzzy numbers. After that, the fuzzy average calculation is carried
out. The third step is defuzzification (conversion to crisp value) to obtain a precise value. The
fourth step is determining the Expert consensus, namely, the minimum threshold on each
criterion i is 0.2; the minimum level of experts’ consensus is 75% for each criterion; and the a-
cut value must be more than 0.5. If the factors do not reach consensus, reiterate with a revised
questionnaire. Final Decision Factors that reach consensus are included in the analysis. After
iteration, factors that still do not meet consensus can be removed or reviewed.

‘%

Expert panel

List of criteria

Literature review and FGD

Y —

The minimum threshold on The minimum level of experts’ consensusis The a-cut must be more than
each criterion i is 0.2 70% for every criterion 0.5

A

Is there
consensus

?
Yes
i
'

Figure 1. Flow chart of the FDM [12].

Table 2. Scale of fuzzy numbers in the FDM

No 5-Point LV Most reasonable (n,)  Pessimistic value (n;) Optimistic value (ns3)
1 Very Suitable 0.9 0.8 1
2 Suitable 0.7 0.6 0.8
3 Acceptable 0.5 0.4 0.6
4 Unsuitable 0.3 0.2 04
5 Very Unsuitable 0.1 0 0.2
2.2. Fuzzy SWARA 11

SWARA II is an improved version of SWARA, as presented by Keshavarz-Ghorabaee
[16]. However, specific adjustments to the methodology make SWARA II more attainable and
practical for decision-makers. This study proposed integrating fuzzy theory with the SWARA
II to enhance its intrinsic ambiguity and account for data imprecision and uncertainty. The steps
of the Fuzzy SWARA II are as follows and can be seen in Figure 2.
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e Step 1: Determination of the rank of the jt® criterion using the symbol ti
(t €{1,2,3,...,n}).

e Step 2: Ask the decision-maker to specify each criterion's relative preference (RP) by
comparing it ([t;]") with the following criterion ([t; + 1]*") in the prioritized list from
Step 1. This study employs linguistic variables (LVs) and associated values, as illustrated
in Table 3.

e Step 3: Determine each criterion's fuzzy number of the preference degree (PD) using Eq.

5).
— - Pre 1
Py = [Pies] = [52] ©)

e Step 4: Calculate the fuzzy number of the relative weighting coefficients using Eq. (6). The
coefficients are established based on the arrangement of each criterion within the ordered
list and the corresponding fuzzy number values of PD. Starting from the nth criterion, the
following equation is utilized for calculation.

V[tj—l] = (1 + PD[tj—l]) . V[tj] (6)

e Step 5: The relative weights of the evaluation criteria are determined using Eq. (7).
. Vie.
e )
Vit1®Ve2) ©-Vien)

Criteria Rank Relative Preference

Rank the criteria based on defuzzyfication Compare the level of importance between one

(FDM’s output) criterion and the criteria in the previous rank.
Relative weighting coefficients Preference Degree
Calculate the relative weighting coefficients Calculate the preference degree based on
using Eq. (6) relative preference using Eq (5)

Relative weighting

Calculate the relative weighting using Eq. (7)

Figure 2. Step of the F SWARA 11

2.3. MEREC

The MEREC stages in the proposed method can be seen in Celebi Demirarslan et al. [17].
The MEREC calculates weights based on the contribution of each criterion to the total
difference between alternatives [17]. In contrast, the CRITIC is based on the correlation
between criteria [ 18], and Entropy is based on the probability distribution of data in the criteria
[19]. Therefore, the CRITIC is ineffective if there is no correlation between the criteria [18],
and conversely, Entropy is useless if there is a correlation between criteria [19]. However, the
MEREC is unaffected by the presence or absence of correlation between criteria [17]. The
MEREC is not very sensitive to data scale because it is based on variation between criteria
[17]. At the same time, the CRITIC is less flexible for data with different scales, especially if
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the data is not normalized first [18]. The entropy is sensitive to un-normalized data, requiring
more careful preprocessing [19]. Although the Entropy is easy to implement and calculate, it
is less accurate if the data has a uniform distribution pattern, because the weights can become

insignificant [19]. At the same time, the MEREC is not affected by such patterns.

2.4. Fuzzy MARCOS

The proposed method's F-MARCOS stages can be seen in Stankovi¢ et al. [20]. Table 3
illustrates the transformation of the linguistic variable into a fuzzy initial decision matrix.

Table 3. Scale of fuzzy numbers

9-Point LV in the F

Relative Preference

9-Point LV in the F Relative Preference

No MARCOS [20] (nl, n,, n3) SWARA 11 (nl, n,, n3)
1 Extremely poor (EP) (1, 1,1) Very very low (VVL) (1, 1,2)
2 Very poor (VP) (1, 1,3) Very low (VL) (1,2,3)
3 Poor (P) 1,3,3) Low (L) 2,3,4)
4 Medium poor (MP) (3,3,5) Medium-low (ML) (3,4,5)
5 Medium (M) 3,5,5) Medium (M) 4,5, 06)
6 Medium good (MG) (5,5,7) Medium-high (MH) (5,6,7)
7 Good (G) 5,7,7) High (H) 6,7,8)
8 Excellent (VG) 7,7,9) Very high (VH) (7,8,9)
9 Extremely good (EG) (7,9,9) Very very high (VVH)  (8,9,9)
Table 4. Linguistic variable of the criteria assessment
Criteria
Cl Cz C3 C4 CS C6 C7
Very Very Very Very . .
! Dy Suitable Suitable Suitable Suitable Acceptable Suitable Suitable
Very Very . . . Very
2 D, Suitable Suitable Suitable Suitable Suitable Suitable Acceptable
. Very Very Very Very . .
3 Ds Suitable g ioble  Suitable  Suitable  Suitable  Suitable  Suitable
Very . . . . Very
4 D, Suitable Suitable Suitable Suitable Suitable Acceptable Suitable
Very . Very Very . .
5 Dq Suitable Suitable Suitable Suitable Acceptable Suitable Suitable
. Very . . Very Very
6 D¢ Suitable Suitable Suitable Acceptable Suitable Suitable Suitable
Very . Very Very . .
7 D, Suitable Suitable Suitable Suitable Acceptable Suitable Suitable
Very . . . Very .
8 Dg Suitable Suitable Suitable Suitable Acceptable Suitable Suitable
Very Very Very . Very
O Do guible  Suitable  ACCCPBOle g b, Acceptable  Suitable g Lo
Very Very . Very . Very
100 D10 gliable  Suitable  “oceptable  Suitable g bl Suitable g bl
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Table 5. Fuzzy number of the criteria assessment linguistic variable

Criteria
Cy G, Cs Cy Cs Ce Gy
Very Very Very Very . .
U Di guitable  Suitable  Suitable  Suitable  ‘rcceptable  Suitable  Suitable
Very Very . . . Very
2 D, Suitable Suitable Suitable Suitable Suitable Suitable Acceptable
. Very Very Very Very . .
3 Ds Suitable Suitable Suitable Suitable Suitable Suitable Suitable
Very . . . . Very
4 D, Suitable Suitable Suitable Suitable Suitable Acceptable Suitable
Very . Very Very . .
5  Dg Suitable Suitable Suitable Suitable Acceptable Suitable Suitable
. Very . . Very Very
6 Dg Suitable Suitable Suitable Acceptable Suitable Suitable Suitable
Very . Very Very . .
7 D, Suitable Suitable Suitable Suitable Acceptable Suitable Suitable
Very . . . Very .
8 Dg Suitable Suitable Suitable Suitable Acceptable Suitable Suitable
Very Very Very . Very
9 Dy Suitable Suitable Acceptable Suitable Acceptable Suitable Suitable
Very Very . Very . Very
100 Do guiable  Suitable  “cecptable  Suitable g o, Suitable g bl
3. RESULTS

3.1. Criteria selection

Seven evaluation criteria were established to identify the optimal supplier for PT Wika
Beton: reject (c;), delivery (c,), price (c3), communication (c,), complaint procedure (cs),
service (cg), and flexibility (c;). Table 4 presents the assessment criteria decision-makers
utilize in their expert evaluations—step two. The experts' responses on the 5-point linguistic
scale were converted into a fuzzy number consisting of three specific values: nq, n,, and ns.

Table 6. The threshold

Criteria
Cy G, Cs Cy Cs Ce G,

1 D 0.04 0.04 0.04 0.04 0.36 0.16 0.16
2 D, 0.04 0.04 0.16 0.16 0.16 0.04 0.36
3 Dy 0.16 0.04 0.04 0.04 0.04 0.16 0.16
4 D, 0.04 0.16 0.16 0.16 0.16 0.36 0.04
5  Dg 0.04 0.16 0.04 0.04 0.36 0.16 0.16
6 Dg 0.16 0.04 0.16 0.36 0.16 0.04 0.04
7 Dy 0.04 0.16 0.04 0.04 0.36 0.16 0.16
8 Dg 0.04 0.16 0.16 0.16 0.36 0.04 0.16
9 Dy 0.04 0.04 0.36 0.04 0.36 0.16 0.04
10 Dy, 0.04 0.04 0.36 0.16 0.04 0.16 0.04
K
Z d(ﬁﬁ‘, dl) 0.64 0.88 1.52 1.20 2.36 1.44 1.32
k=1

Th; 0.06 0.09 0.15 0.12 0.24 0.14 0.13

Table 6 presents the results of this step. The criterion c¢s (Thcs) has a threshold value over
0.2, and the expert agreement is under 70%, leading to its removal. It transforms the computed
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average fuzzy rating score for each criterion 7 into its corresponding crisp values [14] utilizing
Eq. (4).

Table 7. The expert's agreement value

Triangular Fuzzy Numbers Condition of Defuzzification Process
. Threshold  Percentage of Experts’  Fuzzy Number . Experts
Criteria Value Ag%eementp y(A) Ranking Conlsoensus
1 G 0.06 100% 0.819 1 Accepted
2 G, 0.09 100% 0.805 2 Accepted
3 G 0.15 80% 0.708 6 Accepted
4 C, 0.12 90% 0.722 3 Accepted
5 Cs 0.24 50% 0.674 7 Not Accepted
6 (g 0.24 90% 0.710 5 Accepted
7 C, 0.13 90% 0.716 4 Accepted
Table 8. The results of F SWARA 11
N Criteria Fuzzy BnFP [tj] RP P[tj] PD[tj] V[tj] VT/}-S
o number n, n, ng m n, ng n, n, ng
Ny 0.400 0.31
1 ¢, ng, 0.767 0.722 1 ML 3.00 4.00 500 0.09 0.16 025 136 158 1.86 0.40
N4 1.000 0.52
ng; 0.400 0.29
2 ¢ ne, 0.748 0.716 2 MH 5.00 6.00 7.00 025 036 049 125 136 149 0.35
nes  1.000 0.41
Ny, 0.400 0.23
3 ¢ n,, 0.730 0.710 3 VL 1.00 2.00 3.00 0.01 0.04 0.09 1.00 1.00 1.00 0.25
n,. 1.000 0.28

3.2. Criteria weighting

Three subjective criteria exist: communication (c,), service (¢g), and flexibility (c;). Table
8 is obtained using the F-SWARA II steps. The fuzzy weights for the subjective criteria are c,
=(0.33;0.40; 0.33), ¢, =(0.33; 0.35; 0.33), and ¢, =(0.33; 0.25; 0.33). Three objective criteria
exist: reject (¢, ), delivery (c,), price (c3). In contrast to subjective data, objective data are clear
and precise. The objective data includes minimum, average, and maximum values—the
application of objective criteria weighting through MEREC. The initial phase of MEREC
involves the creation of a decision matrix. The second and third steps involve normalizing the
decision matrix and assessing the overall performance of suppliers. The fourth step consists of
calculating by removing each criterion. The fifth step is calculating the outcome effect of
removing the jt" criterion. The final step involves establishing the criteria's weights. The
MEREC method, as described by Celebi Demirarslan et al. [17], is employed to carry out these
steps, resulting in Table 9. According to Table 10, the fuzzy weights for the objective criteria
are ¢; = (0.290; 0.330; 0.340), ¢, = (0.230; 0.232; 0.349), and c; = (0.361; 0.428; 0.440).
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Table 9. The results of MEREC
D& N& S'a E&
Supplier L - Si - L
O S - W % S S G G G G G G
1 PTISBS 007 4 60 0714 0750  0.667 0295 0208 0221 0.8 0087 0074  0.106
2  PT.MS 005 3 50 1000 1.000 0800 0072 0072 0072 0000 0000 0000 0072
3 PT.CBS 0065 4 60 0769 0750  0.667 0276 0208 0201 0.168 0069 0076  0.108
4 PTJCT 006 3 40 0833 1000 1000 0059 0000 0059 0059 0059 0000  0.000
Weight(w}") 0330 0230  0.440
D2 N2 S/b EP
Supplier - 2 s - L
i G (G G G Cs G G G G G G
1 PT.ISBS 009 44 80 0778 0909  0.750 0192 0120 0165 0109 0072 0027  0.082
2  PT.MS 007 42 70 1000 0952  0.857 0065 0065 0050 0016 0000 0015 0049
3 PT.CBS 0085 52 80 0824 0769  0.750 0222 0168 0149 0142 0053 0073  0.080
4 PTJCT o008 4 60 0.875  1.000  1.000 0.044 0000 0044 0044 0044 0000  0.000
Weight(w)) 0340 0232 0428
DE. NE gre E°€
Supplier - =L S5 L L
i G (G G G C3 Cy G, Cs Cy G, Cs
1 PTISBS o1l 6 100 0818 0833 0800 0184 0127 0132 0120 0057 0052 0064
2  PT.MS 009 s 90 1000 1.000  0.889 0039 0039 0039 0000 0000 0000 0.039
3 PT.CBS 0105 6 100 0857 0833 0800 0171 0127 0118 0106 0044 0053  0.065
4 PTJCT o1 6 80 0.900 0.833  1.000 0.092 0059 0035 0092 0033 0057 0000
Weight(w/) 0.290 0349 0.361

3.3. Supplier Evaluation

Five decision-makers evaluated the suppliers as experts following the predetermined
criteria; the results are summarized in Table 10. The geometric mean of the fuzzy initial
decision matrix is employed to construct the initial matrix, as illustrated in Table 11. The
subsequent phase entails the development of an extended initial fuzzy matrix (see Table 12).
The extension involves the identification of the fuzzy ideal and fuzzy anti-ideal solutions. The
third stage consists of normalizing the data to guarantee its awareness. The results of the
normalization procedure are summarized in Table 13.

Following the normalization of the initial matrix, the aggregated values are calculated in
the fourth step utilizing the weighting coefficients derived from the preceding phase. The fourth
step’s result is in Table 14. The calculation of the fuzzy utility degree takes place in the fifth
step. Identifying the ideal and anti-ideal solutions was crucial for executing this step. Anti-ideal
values represent the minimum acceptable level of a specific criterion, while the perfect solution
indicates the maximum standard of that criterion. The utility degrees were determined by
aggregating the values of each supplier in conjunction with the ideal and anti-ideal solutions.
The sixth step of the F-MARCOS method involves defining the utility function of the suppliers.
The utility function for the ideal and anti-ideal solutions was computed to determine this
function. The final value of the suppliers was determined by incorporating these values, which
established their ranking.
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Table 10. Linguistic variable and fuzzy parameter of supplier assessment
E PT.ISBS PT.MS PT.CBS PT.JCT
xpert
C, C, Cs C, C, Cs C, C, C, C, C, C,
1 Ex, MG M EG MG MP EG M VP VG G M VP
2 Ex, M MP EG VG G G MP P G MG VG MP
3 Ex; M MG EG P MP MG MP MG EG M MG G
4 Ex, MG P VP VP EG EG M G P G EG P
5 Ex; EG MP EG M EG P VG MG M MP VG M
PT.ISBS PT.MS PT.CBS PT.JCT
Expert
G G G G & G G G G () G G
1 Ex, (557 (355 (199 (57 (335 (799 (355 1,13 (79 (77 (355  (1,13)
2 Ex, (355 (35 (799 (179 G727 G (G35 (133 GL)  G5SD (1719 (33,5
3 Ex; (355 57 (799 (1,33) (G35 G571 (B35 G657 (799 G55 G5 (77
4 Ex, 57 (133 (1L,13) (L3 (799 (799 (G55 G727 (133 GLD (799  (1,33)
5 Ex; (799 (33,5 (799 (355 (7,99 (1,33) (77,9 (557 (355 (39 (179 (3,55
PT.ISBS PT.MS PT.CBS PT.JCT
Expert
Cy Ce C, C, Ce C, C, Ce C, Cy Ce C,
1 Ex, M MG EG P MP MG M M EG M MG G
2 Ex, MG P VP VP EG EG M G P VG VG VP
3 Ex; EG MP EG M EG P VG MG M MP VG M
4 Ex, M MP EG EG MG MG MP P G MG VG MP
5 Exs G MP VG MG MP EG M VP VG G M VP
PT.ISBS PT.MS PT.CBS PT.JCT
Expert
C, Ce C, C, Ce C, C, Ce C Cy Cq C
1 Ex, (355 (557 (199 (133 (335 657 (55 (55 (799 (355 (57 (577
2 Ex, 57 (1,33 (1L13) (L3 (799 (799 G55 77 (133 (779 (779 (1,1,3)
3 Ex; (799 (3.5 (799 (G55 (799 (1,33 (779 57 (G55 (B39 (7179 (355
4 Ex, (355 (35 (799 (799 57 G657 (G35 (133 G G5 (1719 (33,5
5 Exs (577 (335 (179 (557 (335 (799 (355 (1,13 (7179 GL7) (355 (1,13
Table 11. Initial matrix of the F-MARCOS
. Gy G Cs
Supplier
ny ny N3 ny U N3 ny ) N3
PT.ISBS 4.36 5.62 6.43 2.67 3.68 4.83 4.74 5.80 7.22
PT.MS 2.54 3.50 4.90 4.66 5.52 6.77 4.15 6.11 6.53
PT.CBS 3.55 4.36 5.62 2.63 3.50 4.99 3.74 5.81 6.11
PT.JCT 4.08 5.16 6.12 5.52 6.43 7.61 2.14 3.16 4.36
. C4_ C6 C7
Supplier
ny ny n3 ny ny n3 ny ny n3
PT.ISBS 4.36 6.02 6.43 2.67 3.32 4.83 4.74 5.52 7.22
PT.MS 2.54 3.68 4.90 4.66 5.16 6.77 4.15 5.71 6.53
PT.CBS 3.55 4.83 5.62 2.37 3.50 4.66 3.74 5.81 6.11
PT.JCT 4.36 5.16 6.43 5.52 6.12 7.61 2.14 2.54 4.36
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Table 12. Extended initial matrix of the F-MARCOS
. Cy C; C3
Supplier
1 1y 13 LT 1, 3 1 1, 13
Ay 2.54 3.50 4.90 2.63 3.50 4.83 2.14 3.16 4.36
PT.ISBS 4.36 5.62 6.43 2.67 3.68 4.83 4.74 5.80 7.22
PT.MS 2.54 3.50 4.90 4.66 5.52 6.77 4.15 6.11 6.53
PT.CBS 3.55 4.36 5.62 2.63 3.50 4.99 3.74 5.81 6.11
PT.JCT 4.08 5.16 6.12 5.52 6.43 7.61 2.14 3.16 4.36
Arp 4.36 5.62 6.43 5.52 6.43 7.61 4.74 6.11 7.22
: Cy Co Cy
Supplier
1 1y 13 LT 1, 3 1 1, 13
Ay 2.54 3.68 4.90 2.37 3.32 4.66 2.14 2.54 4.36
PT.ISBS 4.36 6.02 6.43 2.67 3.32 4.83 4.74 5.52 7.22
PT.MS 2.54 3.68 4.90 4.66 5.16 6.77 4.15 5.71 6.53
PT.CBS 3.55 4.83 5.62 2.37 3.50 4.66 3.74 5.81 6.11
PT.JCT 4.36 5.16 6.43 5.52 6.12 7.61 2.14 2.54 4.36
Arp 436 6.02 6.43 5.52 6.12 7.61 4.74 5.81 7.22
Table 13. Normalized extended initial matrix of the F-MARCOS
. Cy C; Cs
Supplier
Ay 0.39 0.45 0.58 0.35 0.41 0.48 0.30 0.35 0.45
PT.ISBS 0.39 0.45 0.58 0.54 0.71 0.98 0.30 0.37 0.45
PT.MS 0.52 0.72 1.00 0.39 0.48 0.56 0.33 0.35 0.52
PT.CBS 0.45 0.58 0.71 0.53 0.75 1.00 0.35 0.37 0.57
PT.JCT 0.41 0.49 0.62 0.35 0.41 0.48 0.49 0.68 1.00
A 0.52 0.72 1.00 0.54 0.75 1.00 0.49 0.68 1.00
: Cy Co Gy
Supplier
1 1, 13 14 1, 3 4 1, 13
Ay 0.39 0.57 0.76 0.31 0.44 0.61 0.30 0.35 0.60
PT.ISBS 0.68 0.93 1.00 0.35 0.44 0.63 0.66 0.76 1.00
PT.MS 0.39 0.57 0.76 0.61 0.68 0.89 0.57 0.79 0.90
PT.CBS 0.55 0.75 0.87 0.31 0.46 0.61 0.52 0.80 0.85
PT.JCT 0.68 0.80 1.00 0.73 0.80 1.00 0.30 0.35 0.60
A 0.68 0.93 1.00 0.73 0.80 1.00 0.66 0.80 1.00
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Table 14. Weighted by the normalized extended initial matrix
: Gy G Cs
Supplier
ny Ny N3 ny ) n3 ny ny N3
Ay 0.39 0.45 0.58 0.35 0.41 0.48 0.30 0.35 0.45
PT.ISBS 0.39 0.45 0.58 0.54 0.71 0.98 0.30 0.37 0.45
PT.MS 0.52 0.72 1.00 0.39 0.48 0.56 0.33 0.35 0.52
PT.CBS 0.45 0.58 0.71 0.53 0.75 1.00 0.35 0.37 0.57
PT.JCT 0.41 0.49 0.62 0.35 0.41 0.48 0.49 0.68 1.00
Arp 0.52 0.72 1.00 0.54 0.75 1.00 0.49 0.68 1.00
. Cy Ce G
Supplier
n, n, ns ny n, ns n, n, ns
Ay 0.39 0.57 0.76 0.31 0.44 0.61 0.30 0.35 0.60
PT.ISBS 0.68 0.93 1.00 0.35 0.44 0.63 0.66 0.76 1.00
PT.MS 0.39 0.57 0.76 0.61 0.68 0.89 0.57 0.79 0.90
PT.CBS 0.55 0.75 0.87 0.31 0.46 0.61 0.52 0.80 0.85
PT.JCT 0.68 0.80 1.00 0.73 0.80 1.00 0.30 0.35 0.60
Arp 0.68 0.93 1.00 0.73 0.80 1.00 0.66 0.80 1.00
Table 15. Final value of suppliers
. K~ K f(K)
Supplier
PT.ISBS 0.589 1.381  3.085 0.347 0.764  1.753 0.235 0.551 1.230
PT.MS 0.574 1.349  3.050 0.338 0.746 1.733  0.229 0.538 1.216
PT.CBS 0.553 1.376  3.062  0.326 0.761 1.740  0.220 0.549 1.221
PT.JCT 0.629 1.432 3.288 0.371 0.792  1.868 0.251 0.571 1.311
. K - i
Suppher f( ! ) i crisp i+crisp f(Kl )C f(Ki+)C f(Ki )cri: Rank
n ny n3
PT.ISBS 0.138 0.305  0.699 1.533 0.859 0.611 0.343 0.81941 2
PT.MS 0.135 0.297  0.691 1.503 0.843  0.599 0336 0.7878 4
PT.CBS 0.130 0.303 0.693  1.520 0.852 0.606 0340 0.80528 3
PT.JCT 0.148 0.316 0.745  1.608 0901 0.641 0.359 0.90114 1
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Figure 3. Performance of the suppliers.
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Figure 4. Sensitivity analysis.

3.2. Discussion

The ranking of supplier evaluation for PT. Wika Beton is PT. JCT, PT. ISBS, PT. CBS,
and PT. MS. The weight of the criteria and supplier performance determines this evaluation.
The crisp values after normalization for the weights of reject, delivery, price, communication,
service, and flexibility are 0.159, 0.134, 0.204, 0.204, 0.174, and 0.126, respectively. If
associated with supplier performance, as seen in Figures 3(c) and 3(d), PT. JCT has the lowest
price compared to others; likewise, for the performance of the communication sector, PT. JCT
has a relatively higher performance value than others. At the same time, the weight of the price
and communication criteria is the largest, making PT. JCT is the best supplier candidate. The
weight of the reject and delivery criteria is only fourth and fifth, so their contribution is not the
most significant. However, based on Figures 3(a) and 3(b), PT JCT's reject and delivery
performance is excellent. In general, PT.JCT performs well in all criteria except flexibility,
with the lowest weight of the flexibility criteria. Even the performance of the price criteria is
the best, with the highest weight of the price criteria. So, the proposed method is the best one
for providing the best alternative for PT. Wika Beton is determining suppliers to increase its
production.
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Moreover, managers should emphasize considerations beyond cost, which have been
overshadowed due to the product's critical role in the organization's survival and elevated
demand. The production process should function efficiently by emphasizing the reject and
delivery criteria. Therefore, besides the lowest price, the supplier exhibiting the quickest
delivery time and lowest rejection should be prioritized and regarded as the optimal choice,
regardless of their performance in other domains.

A sensitivity analysis is needed to validate the proposed method, with changes for each
weight range from -5% to 20%. Based on Figure 4, the proposed method is not sensitive to
changes in the criteria weight because the supplier ranking does not change. So, the proposed
method is valid. Based on Figures 4.b and 4.d, changes in the delivery and communication
criteria weight will start to cause changes in the second and third supplier rankings if they are
below 20%. Meanwhile, changes in the weight of the reject and service criteria will start to
cause changes in the second and third supplier rankings if they exceed 20% (see Figures 4(a)
and 4(e)). Based on Figures 4.c and 4.1, regardless of the change in the weight of the price and
flexibility criteria, it does not affect the supplier ranking.

Table 16. Supplier rank for each hybrid MARCOS method

MARCOS (Stevi¢ et F-SWARA F-
al. [2], Paradowski F ?}Z ?lj/:t ];/IIADRS?S E_ZAPA,;??: ([];;?; MARCOS (Tus and Proposed method

Supplier __and Szyjewski [10]) 1cetal " uear Aytac-Adali [8])

Ut111t_y Rank Utlh_ty Rank Utlh_ty Rank Utlh.ty Rank Utlh.ty Rank

function function function function function
PTISBS  0.7504 2 0.7524 2 0.8070 1 0.9654 3 0.8194 2
PT.MS 0.7435 3 0.7491 3 0.7782 3 0.9488 2 0.7878 4
PT.CBS 0.7869 1 0.7904 1 0.8057 2 0.9774 1 0.8053 3
PT.JCT 0.7202 4 0.7205 4 0.7756 4 0.9294 4 0.9011 1

Table 17. Borda count for each performance’s selected supplier

X - . MARCOS (Tadi¢ et (Tus and Aytac-Adali method -
ra SZYJ‘EXS&[SIOD . al.[21])-PT.CBS  © an;??ggsz]) . [8]) - PT.CBS PT.JCT
Performance 0.065 0.065 0.07 0.065 0.06
C, Rank 2 2 3 2 1
Borda 3 3 1 3 5
Performance 4 4 4 4 3
C, Rank 2 2 2 2 1
Borda 2.5 2.5 2.5 2.5 5
Performance 60 60 60 60 40
Cs Rank 2 2 2 2 1
Borda 2.5 2.5 2.5 2.5 5
Performance 100 100 80 100 100
Cy Rank 1 1 2 1 1
Borda 3.5 3.5 1 3.5 3.5
Performance 60 60 70 60 50
Ce Rank 2 2 1 2 3
Borda 3 3 5 3 1
Performance 60 60 80 60 45
C, Rank 2 2 1 2 3
Borda 3 3 5 3 1
Sum 17.5 17.5 17 17.5 20.5
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Table 16 compares the supplier’s utility function and the rank of the methods. It shows
that the supplier rank for each technique is different. Meanwhile, supplier selection aims to
select the supplier with the best performance in each criterion. Often, no single supplier
performs best across all of these criteria. So, MCDM is needed to solve this problem. The
proposed method is compared with the previous methods to determine its effectiveness. This
test uses the Borda count on the performance of selected suppliers for each method. The Borda
count generates the overall ranking of suppliers by combining inconsistent results from
different evaluation models [23]. The Borda rule suits multi-person decision-making when
exploring multiple options [23]. In other words, the Borda technique assigns ranks to
alternatives based on the assumption that the higher an option's position on the list, the higher
its rating. The winner is the option with the highest calculated score, where each alternative is
awarded a score beginning with 1 for the least favorable answer, 2 for the second worst, 3 for
the third worst, and so on. The Borda score for each option is calculated by weighting all scores
[23]Figure 2 shows each supplier's performance for each criterion. Table 17 shows the test
results. Based on Table 18, the supplier of the proposed method has the highest Borda value.
Thus, the proposed method is more effective than the previous method because it can select the
supplier with the best performance.

4. CONCLUSION

The optimal raw material supplier for the Indonesian concrete industry was determined by
material quality, competitive pricing, prompt delivery, communication, service, and flexibility.
PT JCT emerged as the optimal choice, exhibiting a utility value of 0.9011. PT Wika Beton
places significant emphasis on the quality of raw materials and prompt delivery. The company
strategically selects raw materials at competitive prices, aligning with its cost-cutting initiatives
in the supply chain to ensure customer satisfaction and maintain high service quality.

The decision to select PT JCT as the optimal supplier is justified and sound. Cost is
traditionally viewed as a critical factor, often leading to immediate rejection, while other
aspects are evaluated with varying degrees of importance. In Indonesia, concrete products play
a crucial role in infrastructure development, and managers are responsible for ensuring the
operational efficiency of their production. The sustainability of the Indonesian concrete
industry is contingent upon the selection of suppliers. Selecting an appropriate supplier
enhances a concrete manufacturing company’s downstream operation by decreasing
production costs and improving customer satisfaction.

The company in the case study experienced a 5% reduction in production costs in the later
stages of the project, following several months of implementation, indicating the effectiveness
of the proposed methodology. The management of the case companies is fully committed to
executing the supplier ranking established in this study and allocating orders according to that
ranking. This commitment demonstrates their confidence in the proposed methodology's
effectiveness.

The future research: (1) consider applications in other industries; (2) the use of Deep
Reinforcement Learning (DRL) in optimal supplier selection in dynamic environments; (3) the
use of Machine Learning models, such as Random Forest, or Neural Networks to predict
supplier performance based on historical data; (4) the use of Al to automatically determine
criteria weights; (5) the use of Fuzzy Logic accompanied by Al to handle uncertainty in
decision-maker preferences.
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ABSTRACT: Corrosion monitoring remains a significant challenge at high temperatures.
Understanding the varying factors in high-temperature cathodic protection is crucial for
developing mitigation strategies and predictive maintenance. This study assesses how
cathodic protection influences oxidation in T91 alloys at elevated temperatures by evaluating
the effects of exposure duration and voltage-induced void development in the oxide layer. It
is hypothesized that polarizing the sample affects the diffusivity of cations and anions in the
oxide scale, which is the rate-determining step of the oxidation process. This study measured
the number of voids directly on T91 alloys exposed at 823K under various induced voltages.
T91 alloy was externally induced with voltages of 0V, 50V, and 300V for 43.2 ks, 259.2 ks,
and 432 ks at 923 K in air (Pp,= 0.21 atm = 2.1x10* Pa). The presence of oxide layers was
analysed using X-Ray Diffraction (XRD), and the void formed was inspected using Scanning
Electron Microscopy (SEM). XRD results reveal that Fe,Os, Fe3O4, FeCr,03, and Cr,Os peaks
were formed on all samples. The parabolic rate constant, K,, was calculated as 3.83 x 107
m?/s,2.17 x 10" m?/s, and 9.25 x 10"'* m%/s, respectively, verifying that the reaction occurred
by solid-state diffusion. Changes in K, at different induced voltages are clear evidence that
the diffusivity was altered by external electrical potential. It was observed that the overall
void formation decreased by 17%. Inducing voltage onto T91 alloy affects the ionic
diffusivity. It changes the void formation, suggesting it may promote the diffusivity of more
inert species, such as Cr, to form a protective layer at the early oxidation stage.

ABSTRAK: Pemantauan hakisan kekal sebagai cabaran utama pada suhu tinggi. Memahami
pelbagai faktor perlindungan katodik pada suhu tinggi adalah penting untuk membangunkan
strategi pengurangan dan ramalan penyelenggaraan. Kajian ini menilai perlindungan katodik
mempengaruhi pengoksidaan dalam aloi T91 pada suhu tinggi dengan melihat kesan tempoh
pendedahan dan pembangunan rongga yang disebabkan oleh potensi elektrik luaran pada
lapisan oksida. Pemolaran sampel mempengaruhi keberaliran kation dan anion dalam oksida,
yang menentukan kadar dalam proses pengoksidaan. Melalui kajian ini, jumlah ruang kosong
diukur secara langsung pada aloi T91 yang didedahkan pada suhu 823K di bawah pelbagai
voltan teraruh. Aloi T91 dikenakan voltan luaran sebanyak 0V, 50V, dan 300V bagi tempoh
43.2 ks, 259.2 ks, dan 432 ks pada suhu 923K dalam udara (Pp, = 0.21 atm = 2.1 x 10* Pa).
Kehadiran lapisan oksida dianalisa menggunakan Pembelauan Sinar-X (XRD), dan ruang
kosong yang terbentuk diperiksa menggunakan Mikroskop Elektron Imbasan (SEM). Dapatan
XRD menunjukkan bahawa puncak Fe;Os, Fe3Os, FeCr,03, dan Cr20s terbentuk pada semua
sampel. Pemalar kadar parabola, K,, dikira masing-masing sebanyak 3.83 x 10™'* m?/s, 2.17
x 107" m?/s, dan 9.25 x 10'* m%s, mengesahkan bahawa tindak balas yang berlaku adalah
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penyebaran keadaan pepejal. Perubahan dalam K, pada voltan teraruh berbeza membuktikan
bahawa keberaliran telah diubah oleh potensi elektrik luaran. Hasil kajian mendapati bahawa
pembentukan ruang kosong secara keseluruhan berkurangan sebanyak 17%. Proses
penguraian voltan pada aloi T91 mempengaruhi keberaliran ionik dan mengubah
pembentukan ruang kosong, mencadangkan bahawa ia mungkin digunakan bagi mempromosi
keberaliran spesies yang lebih lengai seperti Cr bagi membentuk lapisan pelindung pada
peringkat awal pengoksidaan.
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1. INTRODUCTION

The most economical method of producing hydrogen is through steam methane reforming
(SMR), which accounts for 95% of global hydrogen production with an efficiency of 85% [1].
SMR involves reacting pure methane with superheated steam in the presence of a nickel
catalyst to produce syngas. The steam is generated at 923K using a heat recovery steam
generator (HRSG). Seamless ferritic alloy tubes, specifically T91 alloy (ASME SA-213 grade
T91), are the common boiler tubes used in the HRSG system. These tubes are exposed to high
temperatures, leading to oxidation in the presence of oxygen, which causes fouling and spalling
of oxide scales. Although these tubes are designed to last 100,000 service hours, studies by Li
et al. [2] show degradation starting as early as 4,000 hours, raising safety and operational
concerns.

Research done by Maruyama et al. [3] had linked void formation in oxide scales during
high-temperature oxidation to divergence of ionic flux. In a related study, Maruyama et al. [4]
also examined void formation in growing oxide scales with Schottky defects and p-type
conduction, finding that voids preferentially form near the metal/scale interface, their volume
increases parabolically, and their volume fraction remains time-independent. Using the Nernst-
Planck equation, Schlogl and Helffreich [5] theorized changes in ionic diffusivity under
electrical potential. Further, Jin et al. [6] had analysed the influence of applied electric fields
on carrier distribution during high-temperature corrosion, concluding that positive electric
fields promote cation vacancy migration toward the metal interface, thereby altering the growth
rate of corrosion film. However, the impact of electric fields on high-temperature corrosion
remains underexplored. This study investigates how applied voltages (0V, 50V, and 300V) at
923K in normal air affect void formation in T91 alloy, aiming to understand the relationship
between induced electrical potential and high-temperature corrosion.

2. EXPERIMENTAL METHODS

2.1. Sample Preparations

T91 alloy was cut into smaller pieces before being further cut into an average dimension
of 10.9 mm X 6.4 mm X 4.2 mm using a precision saw machine. Then, it was ground using a
grinding machine with various abrasive paper grades (P600 — P2000). A polishing machine
was used to polish the ground sample using up to 0.3 micron-sized diamond particles.

2.2. Voltage-Induced Experiment

Figure 1 shows the schematic diagram for the experimental setup. A platinum wire of 1
metre length was used as the working and counter electrode. Platinum was chosen due to its
high resistivity towards corrosion, high electrical conductivity, and low chemical reactions at
high temperatures. Then, the T91 alloy sample was spot welded onto the working electrode.
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This was done to ensure the electrodes remained firmly in place during the experiment. An R-
Type thermocouple was placed in the isothermal zone, Smm from the sample, to measure
precise temperature in the zone. Then, heat was supplied by the furnace.

The platinum electrodes were then connected to the Cockroft-Walton circuit, also known
as a voltage multiplier. The amount of voltage supplied to the sample was 0V, 50V, and 300V.
The experiment was conducted at 1 atm (2.1x10* Pa of oxygen) with standard dry air
composition. For 20 minutes, the temperature was progressively raised to 923K to ensure
stability inside the heated space. It was then left alone for another 15 minutes to check that the
provided voltage is stable. Table 1 summarizes the parameters used for the experiment.

Table 1. Parameters used for the experiment.

Time (ks)  Voltage Supplied (V)
0
43.2 50
300
0
259.2 50
300
0
432 50
300

| Working Electrode (T91)
Voltmeter Ceramic Tube
Voltage + i Vent
Multiplier - -
Quartz Tube
Power Supply

Counter Electrode
Figure 1. Schematic diagram for the Voltage Induced Experiment.

The selection of applied voltages was based on their expected impact on oxidation
behaviour. 0V was a control condition, representing natural oxidation without external electric
influence. 50V was chosen as a moderate voltage level, simulating conditions where minor
electric fields could affect ionic mobility and void formation. 300V was selected to represent
high-field conditions and evaluate whether the oxidation kinetics would still follow the
parabolic rate constant (Kp) behaviour, which is typically observed in high-temperature
oxidation. Deviations from the parabolic trend would indicate the presence of alternative
mechanisms influencing oxidation under high-voltage conditions.

The exposure times of 43.2 ks (12 hours), 259.2 ks (72 hours), and 432 ks (120 hours)
were selected to capture different oxidation stages. 43.2 ks represents the early-stage oxidation
behaviour and initial void formation. 259.2 ks provides insight into progressive oxide scale
growth and void evaluation. 432 ks enables observation of long-term oxidation effects,
including steady-state oxide growth and potential saturation of void formation. However,
common high-temperature corrosion studies often involve exposure periods longer than
suggested durations, extending beyond 432 ks.
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2.3. Phase Characterization

Oxide phases were analysed using XRD with divergence slit of 2.5 degree. The diffraction
angle was set from 20° to 80°. Cross-sectional images generated by SEM were used to
determine the oxide thickness, void formation, and parabolic rate constant.

The methodology of calculating volume fraction of voids was adopted from Kaderi et al.
[7], wherein uniformly sized grids were superimposed onto the SEM images of oxide scale
cross-sections. The area fraction of voids was calculated by assessing the proportion of void
areas relative to the total oxide scale area within these grids, which was a standard approach in
such analyses. To ensure measurement accuracy, multiple images were analysed for each
sample to account for variability and enhance statistical stability. This method provides a
reasonable estimation of void volume fractions.

3. RESULTS AND DISCUSSIONS

3.1. XRD Analysis

Figure 2 shows XRD patterns of all sample surfaces at respective conditions. The XRD
analysis of the raw sample shows intensity peaks at diffraction angles of 44.8° and 65°, which
confirms the presence of a-Fe in the BCC structure [8]. Furthermore, there are also noticeable
peaks of FexOs (hematite), FesO4 (magnetite), FeCr20s (spinel), and Cr203 (chromium),
confirming that major phases have been identified.

Meanwhile, samples subjected to 300V for 43.2 ks and all samples exposed for 259.2 ks
and 432 ks began to show a less intense peak of magnetite due to their variations in crystal
structure and atom arrangement. Nasrazadani and Raman [9] stated that magnetite is a mixed
valence iron oxide containing both Fe** and Fe** ions in an inverse spinel structure, while
hematite has a corundum structure with only Fe®" ions. Fe?" ions in magnetite cause more
disorder in the crystal structure, causing magnetite to have weaker diffraction peaks than
hematite. The dense formation of hematite can also affect the XRD in detecting the magnetite
phase [10].

The peaks of chromia started to increase from the sample exposed at 50V for 43.2 ks until
300V for 432 ks. However, the peak was less intense than magnetite and hematite. The presence
of multiple phases can lead to a reduction in diffraction peaks. Other than that, the chromium
content of T91 alloy was quite low at 9%, which can also lead to reduced intensity.

The XRD results demonstrate that increasing applied voltage influences the phase
composition of the oxide scale, particularly by altering the formation and stability of magnetite
and hematite. The observed reduction in magnetite intensity at higher voltage suggests potential
changes in oxidation kinetics and defect structures, which will be discussed further in this
paper. The gradual increase in chromium formation with voltage indicates how electric fields
may promote selective oxidation, further affecting the alloy's resistance to corrosion.
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Figure 2. XRD patterns of all samples exposed at 650°C after 43.2, 259.2, and 432 ks of
exposure with the proposed voltage supplied. The figure also includes the XRD pattern
of the raw sample.
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3.2. SEM Analysis

The morphology of the sample at the proposed timeframe was summarized in Figure 3. A
red dashed line indicates the interphase boundary between the alloy, inner scale, and outer
scale. For ease of discussion, the inner scale will be referred to as magnetite, while the outer
scale is hematite, and the term will be used interchangeably in the discussion. Based on Figure
3, all samples show the presence of oxide layers at various supplied external voltages. It was
also observed that the voids’ shape was irregular, and some aligned in a lath-like pattern at a
specific oxide thickness. A clear example of voids and lath-like patterns can be seen in Figure
4.

Voids in the inner and outer oxide scale are formed due to the ionic flux. A study by Ueda
et. al. [11] stated that the partial pressure of oxygen can affect the void formation. The higher
the oxygen partial pressure, the higher the oxygen chemical potential; hence, more voids are
formed. Even though the oxygen partial pressure of this experiment is high (2.1 x 10* Pa), there
is a presence of voids in the outer scale, and only a few appear in the inner scale. In addition,
Taniguchi [12] proposed that the oxide expanded under a compressive force if the volume of
oxide formed by the metal exceeded unity. If the ratio, however, were less than one, the
resulting oxide would expand under tensile stress. As a result, a porous oxide coating develops.
The oxide layer was either island-like or layer-by-layer when subjected to high temperatures
[13].
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Figure 3. Cross sectional micrograph of T91 alloy through various timeframe and voltage.
Red dashed line indicates the interphase boundary.
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Figure 4. Formation of voids and laths from one of the cross sections exposed to the
proposed condition. The image was taken from a sample exposed for 259.2 ks at OV.
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Figure 5. Overall oxide thickness vs Time.

Figure 5 shows the parabolic plots of the overall oxide thickness from the perspective of
the weight gain of the sample. It shows a sharp increase at the beginning phase and then slowly
gains weight up to 432 ks. The weight gain for the sample exposed to OV does not follow the
parabolic pattern, especially at 259.2 ks of exposure. This was due to oxide spallation, which
causes it to become fragile during the final weight measurement. Overall, it indicates that
almost all oxide scales formed obey the parabolic rate law. From the cross-section of the
sample, the thickness of oxide scales can be determined to calculate the parabolic rate constant,
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K. The K, values for 0V, 50V and 300V were 3.83 x 10714 m%/s, 2.17 x 10"'* m?/s and 9.25 x
107'* m?/s respectively.

3.3. Volume Fraction of Voids in Oxide Scale

Figure 6 shows the graphical representation of the volume fraction of voids for the
sample’s overall phase. The image illustrates that the volume percentage of voids and the
governing equations are in good agreement. It also shows that as exposure time increases, void
formation decreases. Overall, the formation of voids has decreased by 17%.

Similarly, as the voltage supplied increased, void formation on the oxide layers also
decreased. Generally, oxygen ions from the air will diffuse into the sample when exposed to a
high-temperature environment. Iron and chromium ions within the sample will also diffuse to
the surface. The difference in flux between iron, chromium, and oxygen ions triggers a faster
reconfiguration for some of them, causing slower-moving ions to have difficulty moving and
redistributing themselves. Thus, it will lead to the accumulation of voids. However, if external
driving forces are present, for this case, externally supplied voltage, the flux increased as well.
Hence, the diffusion process will speed up, causing void formations to be reduced.

For T91 alloy, chromium reacts with oxygen and will form a passive layer called chromia,
which prevents further oxidation [14]. Chromia has a much slower diffusion rate than other
oxide layers. Thus, some of the iron ions managed to react with oxygen to form an oxide layer
[15]. By inducing voltage onto the sample, the flux of chromia can be accelerated, allowing it
to reach the surface quicker and participate in oxide layer formation, enhancing both the passive
layer and resistance against void formation and corrosion. Figure 7 shows the overall void
percentage of T91 alloy decreases linearly with time.

A plot of overall void percentage vs voltage is shown in Figure 8. The correlation indicates
that void percentage decreases exponentially as voltage increases. Conversely, Figure 8 also
illustrates that increasing the voltage causes the void percentage to plateau, eventually reaching
a limit — indicating that beyond a certain point, applying higher voltage does not significantly
affect the void percentage.
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Figure 6. Volume fraction of void for overall phase of the sample.
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Figure 7. Overall void percentage vs Time.
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Figure 8. Overall void percentage vs Voltage.

Based on the graphs obtained in Figures 6, 7, and 8, a more detailed analysis of the void
percentage in hematite and magnetite layers can be conducted, as illustrated in Figures 9 and
10. These figures clearly show a distinction: a higher volume of voids is formed in hematite
compared to magnetite. This phenomenon can be explained by several factors related to these
two oxide layers' crystal structure and properties.
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Magnetite has a spinel structure and consists of both Fe?" and Fe** ions. This structure
allows more oxygen vacancies and defects within the oxide lattice [16]. Hence, magnetite tends
to exhibit a higher probability of void formation because it can facilitate the movement of iron
ions. In contrast, hematite has an alpha-corundum crystal structure and contains only Fe*" ions.
Hematite is more compact and less prone to the formation of defects and voids [17]. This is not
the case when an external voltage has been supplied. The volume fraction of voids for both
layers appeared to decrease as a higher voltage was supplied. Plus, the exponential pattern on
the volume fraction of void in magnetite phase appears steeper than that of hematite.

At exposed temperature, magnetite demonstrates an intriguing interplay between its
magnetic and electrical properties, being a ferrimagnetic material that inherently exhibits both.
Due to its mixed-valence compound, it creates a charged imbalance in the crystal lattice,
resulting in the presence of electrical conductivity. As noted by Radon et al. [18], rising
temperatures significantly enhance the electrical conductivity of magnetite due to increased
thermal energy, which facilitates a higher concentration of charge carriers. When combined
with an applied external voltage, the resulting induced current accelerates diffusion within the
magnetite layer, thereby reducing void formation.

On the contrary, hematite behaves as paramagnetic at temperatures above the Neel
temperature (TN = 955K), where the magnetic moments become disordered, resulting in no
long-range magnetic ordering [19]. Therefore, hematite is considered an insulator or weakly
conducting material as well as having a wide bandgap, which restricts the flow of electrical
current [20]. Due to the mentioned hematite properties, an increase in voltage supplied shows
a less significant steep slope, as shown in Figures 9 and 10. Moreover, when the voltage was
set to 300V, their volume fraction of void shows an almost linear pattern (Figure 10). Overall,
the effect of inducing different amounts of voltage onto T91 alloy shows that as the voltage
supplied increases, it speeds up the diffusion rate of magnetite, causing less formation of voids,
and vice versa for hematite.
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Figure 9. Void Percentage for all samples according to the hematite layer.
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Figure 10. Void Percentage for all samples according to the magnetite layer.
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Figure 11. Comparison of volume fraction of voids on the outermost scale with other
works.

Figure 11 shows a summary of work done on the volume fraction of voids on the outermost
scale of the sample with respect to oxygen partial pressure, Py,. A study on void formation at
the magnetite scale conducted by Maruyama et al. [3] and Ueda et al. [ 18] showed a very small
range of voids formed in the range of 0.05 to 0.06. Note that these two studies were conducted
in a controlled environment. In contrast, a study on void formation of NiO scale by Akiba et
al. [21] and void on Fe-Cr-Ni alloy by Kaderi et al. [ 7] was done in normal air and is comparable
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with this work. Note that the volume fraction of void on the outer scale is much smaller when
voltage is supplied.

4. CONCLUSION

T91 alloy has been exposed to a high-temperature corrosion environment at 923 K. The
samples were subjected to impressed voltages of 0V, 50V, and 300V at 43.2 ks, 259.2 ks, and
432 ks. XRD analysis confirmed the formation of oxide layers in all conditions, with phase
identification indicating the presence of hematite, magnetite, and chromium. SEM cross-
sectional analysis revealed the development of voids within oxide scales, with void formation
quantified at both the overall scale and within individual phases.

Oxidation kinetics, assessed through oxide thickness measurements, followed the
parabolic law, verifying that solid-state diffusion governed the reaction. Overall K, value for
samples exposed at 0V, 50V, 100V and 300V were 3.83 x 10'* m?%s, 2.17 x 10'* m%/s and
9.25 x 10" m?/s respectively. This suggested that S0V suppressed oxidation rates while higher
voltages (300V) accelerated diffusion kinetics, leading to increased oxidation rates. The
enhancement of oxidation at 300V can be attributed to increased mobility of oxygen and metal
cations under the influence of the external electric field, which facilitates faster oxide scale
growth. SEM images also revealed that voids formed in all samples.

The void percentage for the overall, hematite, and magnetite layers has been calculated.
The result shows that overall void formation decreased by 17% as exposure time increases, and
a smaller number of voids was observed on magnetite phases compared to hematite. This is
due to magnetite’s higher electrical conductivity, which enhances diffusion and reduces void
formation under applied voltage, and vice versa for hematite. At 300V, void formation in
hematite stabilized while magnetite showed a steeper decline. These findings confirm that
applied voltage influences oxidation behaviour by accelerating diffusion in magnetite, reducing
void formation, while having a lesser effect on hematite.
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ABSTRACT: A regenerative braking system is an advanced technology applicable to
transportation, particularly electric vehicles. The purpose of incorporating regenerative
braking is to recover energy during braking and deceleration, which can be stored in the
battery. This paper aims to study the operation of the regenerative braking system based on
an urban drive cycle. This study selects the US60 and NEDC drive cycles as inputs to evaluate
future powertrain systems and vehicle concepts. The output torque is calculated longitudinally
based on the vehicle dynamic equation to determine whether the torque is negative or positive.
When the torque is negative, regenerative braking applies, and the state of charge (SoC) of
the battery increases. The concept of regenerative braking is that this system uses four
MOSFETs as switches. As a result, at the 50% level of SoC, the first regeneration improved
performance by 12.22%, whereas the second showed a smaller gain of 5.96%. Similarly, at
the 80% level of SoC, the first regeneration yielded a 12.55% increase, while the second
achieved only a 6.19% improvement. The rise in SoC for both levels demonstrates that energy
can be recovered when implementing regenerative braking. Therefore, the results obtained
from the MATLAB simulation will be used for future studies in implementing a regenerative
braking control strategy.

ABSTRAK: Sistem brek jana semula adalah teknologi canggih yang digunakan untuk
pengangkutan, terutamanya kenderaan elektrik. Tujuan menggabungkan brek jana semula
adalah bagi memulihkan tenaga semasa brek dan nyahpecutan, yang boleh disimpan dalam
bateri. Kajian ini bertujuan bagi mengkaji operasi sistem brek jana semula berdasarkan kitaran
pacuan bandar. Dalam kajian ini, kitaran pemacu US60 dan NEDC dipilih sebagai input bagi
menilai sistem powertrain dan konsep kenderaan masa hadapan. Tork keluaran dikira
berdasarkan persamaan dinamik membujur kenderaan bagi menentukan tork negatif atau
positif. Apabila tork negatif, brek jana semula terpakai, dan keadaan cas (SoC) bateri
meningkat. Konsep brek sistem jana semula ini menggunakan empat MOSFET sebagai suis.
Hasilnya, pada tahap 50% SoC, penjanaan semula pertama meningkatkan prestasi sebanyak
12.22%, manakala tahap kedua menunjukkan kenaikan lebih kecil iaitu 5.96%. Begitu juga,
pada tahap 80% SoC, penjanaan semula pertama menghasilkan peningkatan 12.55%,
manakala yang kedua hanya mencapai peningkatan 6.19%. Peningkatan SoC bagi kedua-dua
tahap menunjukkan bahawa tenaga boleh dipulihkan bagi melaksanakan brek jana semula.
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Oleh itu, dapatan kajian yang diperoleh dari simulasi MATLAB akan digunakan untuk kajian
masa hadapan dalam melaksanakan strategi kawalan brek jana semula.

KEYWORDS: Regenerative, Braking, Electric Motorcycle, Drive Cycle, and Recovery
Energy.

1. INTRODUCTION

In this era, technological advancements are paralleled by energy consumption, leading to
an energy shortage crisis. This forces researchers to find solutions in new energy generation.
In Malaysia, fossil fuels contribute to about 90% of energy production, especially in Peninsular
Malaysia, which includes greenhouse gas (GHG) emissions [1]. To address this issue, the
Malaysian government has introduced the National Energy Transition Roadmap (NETR) to
achieve net-zero carbon emissions by 2050 with renewable energy shares targeting an
impressive 40% by 2040 [2]. One significant effort to reduce emissions is the adoption of
electric vehicles.

Moreover, Malaysia also aims to reduce GHG emissions through the increased use of
renewable energy (RE), as outlined in the 11" Malaysia Plan (2016—2020). This plan continues
for the 12™ Malaysia (2021-2025), and the main agenda still focuses on low-carbon
development, resource efficiency, and the preservation and sustainability of natural resources.
However, a major challenge is that industries are the most significant contributors to carbon
emissions and environmental impacts. Nevertheless, the government is also committed to the
Paris Agreement of 2015 and the decarbonization agenda; the energy transition from gasoline
cars to electric vehicles is becoming more imminent [3].

Low Carbon Nation
Selected Targets Aspiration 2040

@ 1. Percentage of urban public transport modal share o o 20% 50%
=) 2. Percentage of electric vehicle (EV) share [ ) <1% 38%
% 3. Alternative fuel standard for heavy transport [ ] B5 B30
% 4, Percent_age of Lig uef\efi Natural Gas (LNG) as ® 0% 25%
alternative fuel for marine transport
5. Percentage of industrial and commercial energy o o
M efficiency savings o0 <1% n%
6. P t f residential ffici
s ercentage of residential energy efficiency 000 A% 10%
savings
@ 7. Total installed capacity of RE 00 7,597 MW 18,431 MW
@ 8. Percentage of coal in installed capacity 00 31.4% 18.6%
“F 9. Percentage of RE in TPES 00 7.2% 17%

Legend: o Energy security [ ] Energy affordability @ Environmental sustainability

Figure 1. Selected targets on Low Carbon Nation Aspiration 2040 compared to 2018
[3].

Through the National Energy Policy 2021—-2024 (NEP 2040), the Minister of Environment
and Water (KASA) introduced several strategies to take advantage of the energy sector for
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socio-economic development, including the Low Carbon Nation Aspiration 2024 [4]. As
illustrated in Figure 1, the percentage of electric car use will increase from less than 1% to 38%
of the total industry volume (TIV) by 2040. This demonstrates the government’s commitment
to reducing carbon emissions by building 10,000 charging facilities, comprising 9,000
alternating current (AC) units and 1,000 direct current (DC) units, by 2050.

In Malaysia, the use of electric motorcycles has been increasing since the government
announced a rebate of up to RM2,400 in Budget 2024. This incentive scheme encourages
electric motorcycle adoption among individuals earning less than RM 120,000 annually or less
than RM 10,000 monthly [5]. However, some modern electric motorcycles still have certain
flaws, such as high purchase costs, ‘range anxiety’ among riders, and a lack of charging
stations. The main issue behind these problems is the battery. To overcome this issue,
regenerative braking technology can recover and store energy in the energy storage pack.

This paper is divided into five sections. The first section discusses Malaysia’s energy
policy. Section 2 covers related literature reviews on regenerative braking systems. Section 3
describes the methodology and concept of electric motorcycles, introducing the mathematical
equation for the longitudinal direction. Section 4 presents the findings and discussion. Finally,
Section 5 provides the conclusion, summarizing the findings and offering recommendations
for future work.

2. LITERATURE REVIEW

Electric motorcycles fall under the category of electric vehicles, which are particularly
useful in urban areas for riders to move efficiently from one place to another, especially during
congested city driving conditions. Electric motorcycles' size is sleeker than other electric
vehicles, allowing users to navigate traffic congestion more easily. An electric motor drives
battery-powered electric motorcycles. Additionally, the electric drive and control system are
key components connected to the motor drive, power supply, and speed control of the motor
[6]. Unlike traditional motorcycles that propel themselves using internal combustion engines
(ICEs), electric motorcycles are distinguished by their electric devices, control systems, and
mechanical systems, such as power drives.

The power supply from the battery sent to the drive motor converts electrical energy into
mechanical energy through a transmission system or by directly driving the wheel. Lead-acid
batteries are the most widely used power source in electric vehicles [7]. However, due to their
lower specific energy, slower charging speed, and shorter lifespan, they are gradually being
replaced by other types of batteries, such as lithium-ion, as electric vehicle technology
advances [8]. Meanwhile, the driving device generates torque, which are translated and
converted into ground forces through the wheel, propelling the electric motorcycle forward.

Brakes are another critical vehicle component, responsible for slowing down and stopping
the vehicle. In electric motorcycles, most braking systems are electromagnetic, which can
control the driving motor circuit to generate power. During deceleration and braking, the
energy produced can be converted into current to charge the battery, making it reusable [9].
This concept is known as regenerative braking.

2.1. Regenerative Braking System (RBS)

Many motorcyclists use their motorcycles for long journeys, leading to concerns about
battery capacity and frequent recharging to maintain the battery's state of charge (SoC) until
they reach their destination [10]. However, modifying an electric motorcycle to increase battery
capacity is challenging, costly, and cumbersome. Finding a solution to this problem is crucial,

288



ITUM Engineering Journal, Vol. 26, No. 2, 2025 Mohd Noor et al.
https://doi.org/10.31436/iiume;j.v26i2.3413

as electric motorcycles have the potential to revolutionize urban commuting by reducing
carbon emissions and traffic congestion and providing an efficient alternative to traditional
internal combustion engine-powered vehicles [11].

Regenerative braking is a technology designed to extend the travel range of electric
vehicles. When the vehicle slows down, kinetic energy is converted into electrical energy,
preventing energy wastage [12]. This process utilizes the motorcycle’s motion to generate
electricity stored in the battery. It assists in slowing down the motorcycle while recharging the
battery, enhancing overall energy efficiency. Depending on the vehicle's requirements, the
stored energy can be utilized immediately or later [13]. Figure 2 illustrates the energy flows
between traditional and electric vehicles. In traditional vehicles, kinetic energy is converted
into heat and wasted. However, with regenerative braking in electric vehicles, kinetic energy
is captured and stored in a storage device for future use.

Kinetic Energy of Conventional Braking

traditional vehicles Engine (ICE) : el LO_i?_

— 1 e

'--_—_@ ——>
 ——

Energy Flow
Kinetic Energy of Regenerative Braking Storage device
electric vehicles Electric Machine
—_— — o_n

= ® e

Figure 2. Energy flows for both traditional and electric vehicles.

Moreover, regenerative braking can capture 10% to 30% of kinetic energy, depending on
the system. During aggressive braking, the friction brake mainly slows down the motorcycle,
with regenerative braking offering additional support. However, under normal braking
conditions, the regenerative system can recover up to half of the energy [14]. Advanced
regenerative braking systems can recover 70% to 80% of energy using sophisticated control
strategies, allowing for more precise and responsive braking. When the brakes are applied
quickly, the energy recovery rate is lower than with moderate braking [15].

Regenerative braking is the only technique to recharge the batteries of electric vehicles
without requiring any additional connection between the electric motor and the drive wheels.
According to Vasiljevic et. al. [16], this type of brake can increase the travel range by up to 30%,
depending on the type of vehicle, terrain, temperature, and environment. It allows batteries to
recharge during downhill movement and deceleration and further store it in the onboard battery
for later use [17]. The advantages of the regenerative braking system include extending the
vehicle's range, reducing fuel consumption for hybrid cars, and decreasing maintenance for
disc and brake pads of friction brakes [18].

On the other hand, electric vehicles without regenerative braking may not benefit from
energy recovery capabilities, but they could offer other advantages. Depending on the vehicle
was implemented, these might include simpler system designs, lower maintenance
requirements, and reduced overall system complexity [19].
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2.2. Regenerative Braking Implementation using MOSFET

Electric motors are propulsive motors and act as generators to recharge the vehicle’s
battery during braking. Motor controllers can be adjusted to enable regenerative braking. The
motor can be modelled as a series circuit consisting of an inductor and a voltage generator. The
resistor and inductor represent the resistance and inductance of the motor’s electromagnets.
The voltage generator signifies the motor's spinning voltage, known as back electromagnetic
force (EMF). The back EMF voltage is proportional to the motor’s RPM. Figure 3 shows the
connection between the inductor and the voltage source.

L i
-]
3 =R |
DC Voltage Source
C " DC Machine |°|
/e —
a E < U

Figure 3. The circuit connection of the inductor and DC motor

When the motor rotates, it generates the back EMF voltage proportional to its rotational
speed. During acceleration, the current decreases, and the motor’s speed stabilises the back
EMF to produce torque [20]. This torque is enough to overcome friction and the motor's
mechanical load. However, if an external force drives the motor, such as the vehicle going
downhill, the rotation can cause the back EMF to match battery voltage, and current will flow
from the motor to the battery, creating a regenerative braking situation. Equation 1 describes
the relationship between back EMF and torque.

1 AT ()
€a(®) = 1 (RaTm(®) + Lo ™22) + Ky () ()
where T is the torque developed by the motor, V5 is the back EMF, R, is the armature

resistance, Lq 1s the armature inductance, K is the motor torque constant, and Kb is the back
EMF constant.

In regenerative braking systems of electric motorcycles, energy recovery can be achieved
using an inverter and a DC machine, such as a brushless DC motor (BLDC) [21], a permanent
magnet synchronous DC motor (PMSM) [22], and a DC motor. MOSFETs are widely used in
power devices, such as DC-DC and DC—-AC converters, due to their ability to switch rapidly
between ON and OFF states by applying voltage to the gate. MOSFETSs can operate in both
motoring and generating modes. Meanwhile, the battery pack is also an essential part of the
regenerative braking system, providing power during motoring mode and serving as an energy
storage device during regenerative mode [24].

The MOSFET circuit consists of diodes that store energy back into the battery pack by
conducting in the forward direction. This circuit is known as an inverter circuit, as it inverts
the DC voltage supplied by the battery using a controlled switching sequence of the switches
Q1 to Q4. In monitoring mode, a controller and gate driver integrated circuit (IC) drive the
motor during the initial state and acceleration. A BLDC motor offers power-saving advantages
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over other motor drives, high efficiency, and excellent controllability [25]. The circuit diagram
operation for the electric motorcycle can be divided into two stages: a) motoring mode and b)
regenerative mode, as shown in Figure 4.

[
>

A 4

armature current
Q1 OFl

® B O=

Q2 |OFF Q4| oN

(a) Driving mode

+— 4
armature current

Ql Q3 | OFF

@> ®)
@E) - O

Q2 | OFF Q4| ON

(b) Regenerative mode

Figure 4. The equivalent circuit of a BLDC circuit and an inverter

During motoring mode, the high-side switches Q1 and Q4 operate in pulse width
modulation (PWM), while the low-side switches Q2 and Q3 operate in standard high/low
switching mode. PWM allows for control of the motor's torque, with current flowing from the
positive to the negative terminal of the voltage source. Varying voltage can be achieved by
turning the power to the motor ON and OFF using MOSFETs arranged in a half-bridge
(unidirectional) or full bridge (bidirectional). Combined with the motor’s inductance, this
switching effectively makes the controller behave like an adjustable voltage source,
proportional to the switch’s ON/OFF duty cycle; however, in braking energy regeneration for
electric motorcycles, the electric machine functions as a generator, inducing a back EMF. This
back EMF is usually lower than the battery voltage. The induced back EMF must be boosted
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to charge the battery using a DC-DC converter. In regenerative mode, every switch from Q1 to
Q4 operates in PWM switching mode. Due to the continuous switching of the PWM signal, a
distinction must be made between the ON and OFF PWM conditions. Compared to motoring
mode, in regenerative braking mode, the current flows from the positive terminal of the back
EMEF to the negative terminal.

3. METHODOLOGY

Each electric motorcycle has a few main parts, including an electric motor, a chassis, a
transmission, and two wheels. The sizes and features of these components depend on the type
of motorcycle. There are five categories of motorcycles: standard bikes, cruisers, touring bikes,
sport bikes, and dirt bikes. Motorcycles are quite complex machines with many finely tuned
mechanical parts. Figure 5 shows the electric motorcycle structure for the regenerative braking
system.

P. T
Battery Electric "1 Transmission | 7w Wheel a
- » Motor [¢ 0
3 =
Triver Tregen Fu
Rider’s attitude Regenerative Drag system
Q Braking Module
R @

Figure 5. Structure of the motorcycle model.

The electric motorcycle model will capture the longitudinal dynamics, braking forces,
energy, and battery state of charge (SoC). The battery simulates the consumed electric power,
P, to produce the torque on the electric motor, 7. This motor torque is then used to simulate
the single gear in the transmission, considering the gear ratio to generate the wheel torque, 7.
The longitudinal vehicle dynamics help with the vehicle’s longitudinal deceleration. The model
takes rider input and the regenerative braking module as inputs for the motorcycle model.

3.1. Electric Motorcycle Modeling

The motorcycle is designed to move primarily in one direction, influenced by all the forces
acting along this direction. We only consider single-dimensional longitudinal dynamics. Figure
6 shows the force at work on a motorcycle moving up an inclined road at an angle of 0.
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Figure 6. Forces acting on a motorcycle in the longitudinal direction [26].

The traction force, Ft, is created by the friction between the drive wheel’s tire and the road
surface, propelling the motorcycle forward. This force comes from the engine’s torque and is
transferred through the transmission to the drive wheel. As the motorcycle moves, it faces
resistance from tire rolling, air drag, and gravity, especially when going up or down a hill.
According to Newton’s second law, acceleration and deceleration can be calculated by finding
the difference between the traction force and the sum of these resistance forces.

v _ R 2Fy )

dt m

where V' is the speed of the motorcycle along the longitudinal x-direction, F; is the total
tractive force, Y, Fy is the total resistance force, m is the motorcycle’s total weight.

In the longitudinal direction, the major external forces on a two-axle motorcycle are the
rolling resistance of the front and rear tires, the air resistance force, the uphill or downhill
resistance force, and the tractive force. Then, the mathematical modeling of motorcycle motion
in the longitudinal direction can be expressed by

d
MV =F, = (Foy + Fy + Fy + Fy) 3)

The first term on the right side is the total traction force, while the second term is the
resistance.

F. =mgf, cos 8

1
Fy = EPAde(V —Vy)? r 4)
F, = mgsin 6
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Equation (4) represents the resistance of the motorcycle, which hinders its motion,
encompassing the rolling resistance of the tires, Fr, aerodynamic drag, Fd, and grading
resistance, Fg. Moreover, Cd signifies the aerodynamic drag coefficient, which is contingent
on the motorcycle's shape, and Vw denotes the wind speed in the motorcycle's direction. The
frontal area, Aris usually 70-90% of the area calculated from the motorcycle's width and height
with riders. The aerodynamic drag coefficient, Cy, typically ranges from 0.5 to 0.7 and g
represents gravity, which is 9.8 m/s?.

3.2. Modeling the Regenerative Braking System

The regenerative braking system considers various factors to recuperate energy and store
it in the battery pack. The regenerative braking force produces torque for the system. While
ascending, the regenerative force, Fregen, diminishes because of the augmented force, Fload,
from the incline. Conversely, the regenerative force escalates while descending as the load
force interacts with the downward slope.

Fregen = Fpr — Fric
Fy, = Floaa — Fa (5)
ma = Fpr — Fipaq
where Fj, is the motorcycle braking force, Fj,,4 1s the road load force, which includes
aerodynamic and rolling resistance, and F, is the inertial force. However, Fp,, £ 0 is the

deceleration force from the deceleration device, and Frc £ 0 is the frictional force from the
hydraulic mechanical braking system.

Energy and power are key factors in energy management systems. Therefore, several
formula formulations can be used to analyze energy recovery as well as energy consumption
for the system.

E -
Ec =2
Eb = Et + Eload + Eloss — Eregen
Eb - ftraction l:)boutdt + fregen Pbin dt L (6)

v av 1
=0 (md—t + mgf, + EpCdAfVZ)

A% dv 1
Py, = T‘T—m (m— + mgf, +-pCaAcV?) _

Equation (6) is about energy consumption and energy. Ec is the energy consumed, Eb is
the total energy from the battery, and d is the distance travelled. Et is the total energy required
to move the motorcycle, Eload is the energy for accessories on the motorcycle, Eloss is the
energy lost due to inefficiencies, and Eregen is the energy generated during regenerative
braking. So, the net energy consumption is the sum of the power output at the battery terminal
and the regenerative braking power, with a negative sign. When the battery energy
consumption matches the total energy in the battery, the resistance power, and the effectiveness
of regenerative braking. Pbout is the battery power output, and Pbin is the regenerative braking
power output with the regenerative braking factor, a, which ranges from 0 to 1. Finally, the
total power required for the electric motorcycle can be calculated using equation (7).

Preq = F:V (7
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3.3. MATLAB Simulation Modeling

In this part, a vehicle dynamic modelling approach is designed using MATLAB/Simulink.
The proposed modelling is based on mathematical modelling in the longitudinal direction. The
detailed MATLAB/Simulink model of the electric motorcycle is shown in Figure 7. It consists
of three primary blocks: forces acting on the motorcycle, power, and energy. The input is the
speed from the drive cycle, and the outputs are distance travelled, energy, power, and torque.
This simulation allows each functional block to be easily upgraded and improved. Additionally,
the model is developed using equations (3-6), which can be solved directly within the model.
This simulation aims to understand the concept of electric motorcycles before implementing
any control strategies in the regenerative braking system. Meanwhile, Table 1 shows the
motorcycle parameters used in the MATLAB simulation based on the retrofitted Honda
CBR250RR [10].

Réfspd|—s |

Drive Cycle Source Em () Traction Force (N)
US06 (600 seconds)
olling Resistance Farce (N) +
»

+
Vel (m/s) Fad (N)
+
Aerodynamic Drag (N)
Far (N)
Grading Resisance ()
Continuous |
E Ace (mis"2) Fa (N)

Acceleration Resistance (N)

D

Comparison between speed and Torque

istance

A4
[=]

1
¥l 5 [ distance in meter

Energy

Figure 7. MATLAB/Simulink for electric motorcycle model.

Table 1. Motorcycle dynamic parameters

Parameter Symbol Value
Mass of vehicle M 180 kg
Acceleration due to gravity G 9.81 m/s?
Rolling resistance coefficient (on road) fr 0.013
Grading angle 0 0°
Density of air P 1.202 kg/m?
Radius of tire T 0.3149 m
Vehicle frontal area Ay 0.6 m?
Aerodynamic drag coefficient Cu 0.7
Gear ratio GR 0.192054

Figure 8 shows the model for the regenerative braking system using four MOSFETSs and a
DC machine. The load torque input is applied to the motor in this MATLAB simulation. The
model includes a 50 HP, 240 V, 1750 RPM machine with a series inductor and capacitor,
connected to a lithium-ion battery. For a battery, it will represent the voltage, current, and state
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of charge (SoC). The MOSFETs act as the switch. When S1 and S4 are ON, the electric
motorcycle can either move forward or brake, depending on acceleration and deceleration.
During deceleration, the torque becomes negative, indicating regenerative braking, increasing
the battery’s charge state. The battery’s state of charge will start to increase if it is at 80% or
below.

The input torque, TL, is the torque applied to the shaft. The flow of the armature
determines the motor’s mode. The electromechanical torque, T, is proportional to the armature
current, /.

T, = Krl, (8)

Kris the torque constant. The motor operates in motor mode if the input torque, TL, is
greater than O (TL > 0). The system operates in generator mode if TL is less than 0 (TL < 0).

Reference Speed

Load Torque, TL

Torque =I|3"5 mslokmh D

. Output

<80C (%)>

«
D <Current (A)>
<Vuﬁgs (V>

Discrete
5e-05 5.

powergui

:7 DC Machine {@ jf

DE Voltadb Source
E <« u >

<Speed wm (radls)> "

p <Amature current ia (A)>

Generator

<Field current if (A)>

<Electrical torque Te (n m)>

Figure 8. MATLAB/Simulink for regenerative braking of the electric motorcycle
model.

In the MATLAB simulation, the four MOSFET switches (S1-S4) operate in pulse width
modulation (PWM) mode. Pulse width modulation (PWM) is used as the switching mode to
control the torque developed by the motor. The PWM signal continuously switches the
MOSFETs ON and OFF, distinguishing between the ON and OFF PWM conditions. When the
switching mode is changed to the energy-regenerative mode, a braking signal from the rider is
sent to the controller. The PMW switching mode continuously switches the switches ON and
OFF. In the ON PWM condition, switches S1 and S4 are turned ON, supplying voltage from
the battery to energize winding L. To achieve this, switches S2 and S3 are turned OFF,
changing to the OFF PWM condition, thereby supplying energy back to the battery.
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4. SIMULATION RESULTS AND DISCUSSIONS

This paper aims to study and implement the regenerative braking system that recovers
energy wasted during braking and stores it back in the battery for further driving. The new
model of regenerative braking in the electric motorcycle is presented in a MATLAB
simulation. This study considers two drive cycles: US60 and NEDC. The drive cycles are
represented by graphs that plot vehicle speed against time. They are used to evaluate the
performance of the motor, transmission, and emissions control system. The US60 drive cycle
represents aggressive, high-speed, and/or high-acceleration driving behavior, rapid speed
fluctuations, and driving behavior following startup. Meanwhile, the NEDC drive cycle, known
as the New European Driving Cycle, represents the typical European car usage. It consists of
four repeated urban driving cycles lasting until 800 s and an extra-urban driving cycle.

Figure 9 shows the drive cycle of US60 and the torque graph obtained from the motorcycle
modelling. From the figure, the US60 drive cycle features high speed and quick acceleration,
covering it in 10 minutes. It averages 77 km/h and reaches a top speed of 130 km/h, with four
stops included. The cycle represents a 12.8 km route with an average speed of 78 km/h, with a
duration of 596 seconds. For the torque, negative torque occurs when the speed is decreasing
in the last 10 minutes. This negative torque helps determine the regenerative braking system.
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Figure 9. US60 drive cycle and produced torque.

Figure 10 shows the NEDC drive cycle in kilometers per hour for the first graph, while the
second graph illustrates the torque over 1180 seconds. These graphs are generated using the
vehicle modeling equation. The complete NEDC consists of four repeated urban cycles
followed by an extra-urban cycle to simulate highway driving, reaching a maximum 120 km/h
speed. This cycle is commonly used for testing electric motorcycle energy consumption and
regenerative braking performance testing. The speed pattern for the extra-urban cycle
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fluctuates and increases until it reaches 120 km/h, then decreases. The negative torque for the
extra-urban cycle occurs only once before the motorcycle stops, allowing maximum energy
recovery optimization in this phase.
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Figure 10. NEDC drive cycle and produced torque.

In the MATLAB simulation, the energy consumed can be estimated by integrating the total
power and dividing it by the total distance covered by the electric motorcycle in kilometers.
The total distance for the US60 drive cycle in 600 seconds is approximately 13 km, while for
the NEDC drive cycle in 1180 seconds, the distance travelled is 11 km, as shown in Figure 11.
Meanwhile, Figure 12 illustrates the power consumption for the US60 and NEDC drive cycles.
The total power consumed for both cycles is 120 Wh/km and 61 Wh/km, respectively. Once
energy consumption is determined, the energy recovery through regenerative braking can be
calculated.
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The concept of a regenerative braking system is studied in the second implementation
using MATLAB simulation. As mentioned earlier, negative torque indicates the occurrence of
regenerative braking. During regenerative braking, the state of charge (SoC) of the battery
increases, essentially recharging the battery. This recharging occurs when negative torque is
applied, causing the battery to charge as the speed decreases. In this study, the concept of
regenerative braking is applied specifically to the US60 cycle. Two SoC levels, 80% and 50%,
are chosen to evaluate the effectiveness of braking within the system. In this system, the input
torque, TL, is provided by a lithium-ion battery and four MOSFETs connected to a DC
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machine. Figure 13 displays the speed graphs based on the drive cycle, input torque, and state
of charge over 250 seconds.
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Figure 13. The graphs of drive cycle, torque, and SoC for US60.

In regenerative braking mode, the performance study is conducted separately for a specific
level of SOC and speed using a US60 duty cycle. Figure 14 illustrates the details of regenerative
braking for two levels of SoC: 80% and 50%. These graphs demonstrate that as the speed
decelerates, the torque decreases. While the battery charges, the SoC graph increases,
indicating the system is in a regenerative braking state. In both torque graphs, regenerative
braking occurs twice between t = 0 s and t = 250 s when the torque is negative.

The increase in SoC (%) during braking, as shown in the graph in Figure 14, can be

calculated using the following equation:

SoC (%) = T X 100% 9)

where Y, and Y] are the final and initial values on the y-axis, and t; and ¢; refer to the initial
time and final time.
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US60.

The results indicate that over a longer duration, the SoC increases slightly more than over
a shorter duration. At a 50% SoC level, the first regeneration resulted in a 12.22% increase,
while the second regeneration increased by only 5.96%. At an 80% SoC level, the first
regeneration achieved a 12.55% increase, while the second regeneration resulted in a 6.19%
increase. The summarized results that were obtained are recorded in Table 2. The objective
remains to optimize energy recovery and minimize wastage or loss.

Table 2. The percentage of SoC increases during regenerative braking

Level of State of Charge (%) 1%regen 2" regen
50 12.22 5.96
80 12.55 6.19

The results obtained for both SoC levels show that the percentage increase during each
regeneration is similar. Therefore, optimizing energy recovery in both regenerations is feasible.
To maximize energy recovery in electric motorcycles, regenerative braking control strategies
such as fuzzy logic control (FLC), neural network (NN), adaptive control, and model predictive
control (MPC) can be employed. Additionally, implementing these control strategies can
enhance the range traveled and reduce rider anxiety.

5. CONCLUSION

In conclusion, regenerative braking is an effective technique for optimizing energy
recovery in electric motorcycles. The results from the simulation indicate that using
regenerative braking increases the SoC, enabling the generated energy to be stored in the
battery for future use. The longer braking periods allow for maximum energy recovery.
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Therefore, regenerative braking in electric vehicles represents another technological approach
to effective energy management. Additionally, energy recovery through regenerative braking
can reduce the overall cost of electric motorcycles and decrease the need for regular
maintenance compared to traditional motorcycles.

Once the fundamentals of regenerative braking in electric motorcycles are understood,
where the electric motor functions as a generator, future studies should focus on maximising
energy recovery during deceleration or braking using braking strategy control, the system can
optimize energy usage by reducing consumption while increasing the required energy through
the use of various control strategy methods. These control strategies effectively enhance energy
recovery. With the implementation of a regenerative braking system controlled by methods
like Model Predictive Control (MPC), energy recovery could potentially increase by at least
20% compared to the current systems.
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ABSTRACT: E-bike sharing has emerged as a sustainable and convenient mode of
transportation, offering lightweight, energy-efficient mobility solutions. However, existing
systems face challenges such as limited input parameters for modeling, leading to
inefficiencies in energy optimization algorithms and power assist mechanisms. A significant
concern is the rapid depletion of batteries, which reduces the availability of e-bikes, increases
operational costs for fleet managers, and impacts user satisfaction. To address these
challenges, this project developed a Smart IoT Energy Optimization and Localization
Monitoring System that integrates multi-sensor data, [oT connectivity, and advanced data
analytics to monitor real-time usage patterns, battery levels, and the location of e-bikes. The
methodology involved integrating sensors to collect key data, implementing connectivity for
real-time monitoring, and developing an energy optimization algorithm to prolong battery
life, improving the efficiency of the e-bike sharing system. The results demonstrated a 15%
improvement in energy efficiency, which increased battery state-of-charge (SOC) and
extended operational range. Additionally, the system enabled better fleet management by
ensuring optimal energy usage and the availability of e-bikes for users. This approach aligns
seamlessly with the Sustainable Development Goals (SDGs) by promoting eco-friendly
transportation and enhancing user accessibility. The integration of IoT technology has proven
effective in overcoming the limitations of traditional systems, offering a scalable and efficient
solution for modern urban mobility.

ABSTRAK: Perkongsian e-basikal telah muncul sebagai kaedah pengangkutan yang lestari
dan mudah, menawarkan penyelesaian mobiliti yang ringan dan cekap tenaga. Walau
bagaimanapun, sistem sedia ada menghadapi cabaran seperti parameter input yang terhad
untuk pemodelan, yang menyebabkan ketidakcekapan dalam algoritma pengoptimuman
tenaga dan mekanisme bantuan kuasa. Masalah utama adalah penurunan bateri yang cepat,
yang mengurangkan ketersediaan e-basikal, meningkatkan kos operasi untuk pengurus
armada, dan memberi kesan kepada kepuasan pengguna. Untuk mengatasi cabaran ini, projek
ini membangunkan Sistem Pemantauan Pengoptimuman Tenaga dan Lokalisasi [oT Pintar
yang mengintegrasikan data multi-sensor, sambungan [oT, dan analitik data lanjutan untuk
memantau corak penggunaan masa nyata, tahap bateri, dan lokasi e-basikal. Metodologi ini
melibatkan pengintegrasian sensor untuk mengumpulkan data penting, pelaksanaan
sambungan untuk pemantauan masa nyata, dan pembangunan algoritma pengoptimuman
tenaga untuk memanjangkan hayat bateri, dengan itu meningkatkan kecekapan sistem
perkongsian e-basikal. Hasil kajian menunjukkan peningkatan kecekapan tenaga sebanyak
15%, yang meningkatkan status pengecasan bateri (SOC) dan memanjangkan jarak operasi.
Selain itu, sistem ini membolehkan pengurusan armada yang lebih baik dengan memastikan
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penggunaan tenaga dan ketersediaan e-basikal yang optimum untuk pengguna. Pendekatan
ini selaras sepenuhnya dengan matlamat pembangunan mampan (SDG) dengan
mempromosikan pengangkutan mesra alam dan meningkatkan aksesibiliti pengguna.
Integrasi teknologi IoT terbukti berkesan dalam mengatasi kelemahan sistem tradisional,
menawarkan penyelesaian berskala dan cekap untuk mobiliti bandar moden.

KEYWORDS: E-bike, E-bike sharing systems, Energy optimization, Localization
monitoring, Smart cities.

1. INTRODUCTION

Electric vehicles are a superior option for mobility for several reasons. They often feature
simpler engines, which make them easier to service, and are lighter, which makes them more
economical, resilient, and energy efficient. They also have better options for mobility. Their
only emissions come from the facility that produces electricity. However, the adoption of this
technology, which has been around since the creation of the first Ford, is incredibly slow. In
response to rising traffic, longer and more intense "smog" seasons, and a lack of parking spaces,
cities are striving to urge their citizens to use other modes of transportation, such as the bus,
rail, or bicycle. Bicycles are the most practical solution and have the finest health benefits for
both the commuter and the city. However, the scarcity and restrictions of e-biking systems, as
well as the difficulty of reaching the bicycle itself in a dangerous region, are what make using
e-bikes difficult today [1].

Most recent studies primarily focus on electric vehicles rather than e-bikes, and they
emphasize the hardware platform of those vehicles, including components such as powertrains
and charging systems. However, similar research dedicated to e-bike platforms remains
limited. In a related study [2], researchers explored the performance of a dynamic wireless
charging system for electric vehicles (EVs) with characterization of different ferrite core
geometries. These were to improve power efficiency and overcome issues like air gaps and
misalignment between the primary coils, which generally cause inefficiency of energy transfer.
The study revealed that air gaps and misalignment are the primary sources of lower power
transfer efficiency. At the same time, high battery cost is still a major challenge affecting EV
deployments, combined with limited driving range and deterrence to mass adoption caused by
the virtual lack of static charging stations for consumers. While this study examined dynamic
wireless charging for EVs, it highlights critical principles applicable to energy management
with electric vehicles that can also be exploited in solving efficiency-related challenges [3].

Numerous cities, nations, and regions have implemented various regulations over the past
ten years to encourage sustainable mobility. Bicycles are widely regarded as a cheap, healthy,
and ecologically beneficial means of transportation [4]. Implementing bike-sharing programs
(BSS) has been associated with substantial financial gains, improved public health, and time
savings. As a result, many cities and local governments support and finance BSSs to promote
cycling. However, writers call for more research on the topics because the effectiveness and
effects of these new services are not fully understood. Another study done by [5] many cities
worldwide introduced new, shared mobility modes, such as dockless electric scooters (e-
scooters) and electric bikes (e-bikes). Researchers investigated the potential causes of users'
distaste for e-bike battery systems, which deters people from using these systems more
frequently. They also discussed the challenge of integrating electric bike sharing systems (BSS)
with cargo-friendly solutions.
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Since they are powered, e-bikes provide unique possibilities for tracking usage and
comprehending how they interact with urban environments, which may be helpful for both e-
bikers and conventional cyclists. It is essential to have a thorough grasp of how e-bikes are
utilized in specific geographical and cultural contexts to comprehend and communicate their
potential benefits for sustainable transportation and beyond [6]. Electric bike sharing aims to
improve the efficiency and comfort of the current public transportation system. Electric
bicycles (e-bikes) have become increasingly popular in China since the 2000s, and over the
past ten years, they have also gained favor in Asia. Electric bicycles are typically thought to
have more range, speed, and overall improved performance than normal bikes. Bicycling is,
however, hindered by difficult geography, long travel distances, high temperatures, poor air
quality, and other circumstances requiring physical effort. Therefore, "e-bikeshare” offers the
ability to make bikeshare more appealing to people who may not have previously considered
it a possibility. By removing some of the obstacles to cycling, electrically assisted bikes are
faster, enabling longer trips, and are easier to ride over mountainous terrain [7]. It was
discovered that perceived simplicity and functionality substantially predicted the desire to use
regular BSSs. The e-bike delivers a competitive travel speed compared to rush-hour driving
and public transportation.

According to a study done by [8], a significant obstacle to the widespread use of e-bikes
has been recognized as the actual and perceived risks associated with cycling in cities and
sharing the road with other motorized vehicles. It was determined that the cyclist was in danger
from overtaking automobiles, passing pedestrians, road junctions, and parked vehicles in his
or her path. Additionally, they demonstrated that collisions with pedestrians, light vehicles, and
other bicycles were the most frequent. Moreover, it was noted that heavy traffic, fast traffic,
icy, snowy, and debris-filled roads, as well as the perception of risk from other motorized
vehicles, were the main obstacles to cycling adaptation. A type of motor vehicle, longitudinal
road lines dividing slow traffic or bike lanes, and the stability of a cyclist in controlling the
wheel angle and variation in their speed were proposed as solutions to these problems [9]. This
investigation used an e-bike called a "Vektron S10" with four power support levels. The bike
had three GoPro cameras for front, left, and rear views, five ultrasonic sensors, GPS, an IMU,
a potentiometer, and a datalogger. The impact of road-related factors, such as the kind of road,
slope, construction, pavement, type of intersections, etc., was examined.

People across the world are paying more and more attention to the Internet of Things. This
concept's core tenet is the dominant presence around users of various things or "smart objects,"
such as Radio-Frequency Identification (RFID) tags, sensors, actuators, mobile phones, etc.,
that can communicate with one another and work with their neighbors to accomplish shared
objectives thanks to special addressing schemes. Thus, the IoT (Internet of Things) and the
increased ability to use less expensive, portable pollution sensors have changed the paradigm
of particulate measurement [10]. These advancements have made it possible to collect real-
time data that can be used in various scenarios. This new sensor family opens new possibilities
for applications that directly involve citizens in monitoring air pollution, from which came the
idea of “Canarin II” [11]. An electric bike that is linked to the user's smartphone to assist data
gathering and sharing.

Its operational characteristics are analyzed based on the effects of essential parameters
such as rider mass, wind speed, and slope. Dynamic equations mimic this bicycle's operation
under specific operating circumstances. The fundamentals require a power flow controller for
e-bikes to control the energy transfer from the battery to the motor. The motor produces
electrical power functions in coordination with the user's mechanical power generated when
pedaling, putting both in action. The basic scheme of an e-bike proposed in this paper can be
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seen in Fig. 1. Suitable power is chosen for the motor of the electric bicycle based on the
required power determined by simulation. A previous study investigated the operating
parameters of the electric bike in two scenarios: human power alone and human power assisted
by an electric motor, to support the simulation study [12]. Data is gathered using LabVIEW
programming. To verify the accuracy of the simulations that are being presented, experimental
and simulation findings were compared.
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Figure 1. Basic scheme of an e-bike

In 2019, we witnessed the launch of two types of personal light-electronic vehicle sharing
systems in the Gdansk, Gdynia, and Sopot metropolitan area (also known as "Tricity"). The
first was a public bike sharing system (BSS) called MEVO, which was supported by the
metropolitan authorities and had a fleet of 1224 e-bikes [3], [13]. The second category included
e-scooter sharing programs offered by three private, rival businesses. No solutions at the time
supported freight transfer and were integrated with micro-mobility services. The single BSS
introduced in Tricity, the only major city in Europe without traditional bikes, was an electric
bike. This gave them a rare opportunity to contrast the actions of users of shared e-bikes and
e-scooters in the same setting. Bike ownership, a lack of adequate infrastructure for bike
sharing and cycling, adverse weather, rugged terrain, and safety concerns on the road are some
of the issues arising from these restrictions. The failure of MEVO can be attributed to several
factors. Despite having experience in BSS management, the system's operator did not foresee
issues with a somewhat large system that was half free-floating and electric. Implementation
and upkeep costs, such as battery charging and fleet rebalancing, surpassed the financial
capacity set mainly by the local authorities.

According to [14] it was determined the importance of 23 elements when designing an e-
scooter: vehicle size, trunk capacity, seat design, riding range between battery changes,
maximum speed, hill-climbing capability, horsepower, handle design, brake function, light
brightness, time indicator, tire pressure indicator, constant speed, trip odometer, single trip
odometer, battery capacity, revolutions per minute, digital speedometer, average speed, and
average electric consumption were design considerations. Electric vehicles powered by
batteries still have a lot of problems regarding those from which smart e-bike monitoring
system (SEMS) has been developed, as shown in Fig. 2. However, maximizing the driving
range of electric vehicles and extending the battery life; addressing the energy needs of electric
vehicles both in the short- and long-terms; and increasing regenerative braking energy are the
most crucial ones [15].
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Figure 2. SEMS was developed to collect real-time usage and sensor data, combining
open-source software and open hardware (Kiefer & Behrendt, 2016) [15]

Recent studies come in the form of an annotated dataset and an application study that made
use of Artificial Neural Networks (ANN) to implement a driving behavior control system [16],
[17], [18]. This work aimed to compare signal processing methods applied to automatically
trigger an ANN-based control system based on sensor data collected in real-time regarding
driving behavior parameters related to throttle and braking. And steering influencing a
gasoline-powered average vehicle. This system delivered driving comfort by modifying the
air-fuel ratio (AFR), enabling fuel economy on par with eco-driving mode and maximum
engine power in sporty driving mode. While the findings are limited to gasoline engines and
did not quantify factors such as the hill grade effect, they indicate increasing importance in
having data feedback suited well for fine-tuning vehicle dynamics.

Similarly, our work targets a Smart IoT Energy Optimization and Localization Monitoring
system for e-bike sharing. Though our system is not an ANN, it shares the idea of exploiting
real-time sensor data to improve energy efficiency with the prior one. This is part of our larger
effort to optimize energy management and promote the scalability and sustainability
performance of e-bike sharing systems by tracking different parameters relevant to e-bike
handover and battery utilization.

The remainder of this paper provides a detailed method for our E-bike sharing system, “I-
bike,” and a detailed description and assessment of the energy optimization for power
consumption and localization monitoring mapping.

2. METHODOLOGY

The methodology for the smart IoT energy optimization and localization system in e-bike
sharing is designed to ensure that the development process for this system is effectively done
and whole. This method shall integrate both hardware and software, providing coherence from
an early design phase to the final implementation of this system. It commences with a careful
evaluation of the project specifications, requirements, and bicycle data route information to
ensure that every element tallies to enhance energy efficiency and track the location of e-bikes.
The NodeMCU ESP8266 will be used as the core controller of the hardware system; it serves
as the central communication point to which multiple sensors and other components, including
a GPS module and energy monitoring device, are attached. Energy optimization in an e-bike-
sharing system can be defined as minimizing the energy consumption of electric bikes while
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maximizing their availability for use. That could be achieved by enabling hardware-software
solutions, which could use data from IoT devices and sensors. This section shows the software
and hardware design of the energy monitoring system. Moreover, localization monitoring
within an e-bike sharing system involves accurately tracking real-time locations with complete
accuracy and oversight. The development of both software and hardware for the localization
monitoring system is focused on robust communication module development, efficient data
collection strategies, and the utilization of IoT devices and sensors to enable accurate tracking
and monitoring. If followed correctly, this systematic approach ensures the system fulfills its
main goals while establishing a foundation for further developments toward better energy
efficiency and user satisfaction.

2.1. Developing the System

In terms of software, the algorithms developed will optimize energy usage by predicting
and adjusting consumption patterns based on the bike's operational parameters and usage
patterns. Location tracking is implemented via GPS data synchronized with the IoT cloud for
real-time monitoring and data analysis. This [oT platform will ensure that data transfer between
the bike and the cloud, including the user interface, happens well and smoothly to attain its
intended purpose of accurate tracking and energy optimization. The most critical stage of this
development process involves integration and testing, where hardware and software
components are integrated to check for compatibility and performance. Various scenarios were
simulated to investigate and evaluate how the system responds to various situations, like low
battery levels or inconsistent GPS signals. This phase also ensures the system is scalable and
integrates perfectly well with the bike-sharing networks and platforms. Throughout the entire
process, MATLAB is pivotal, particularly at the analysis and optimization stages. The software
is used to formulate the algorithms, simulate systems modeling, and design control systems.
The real-time feedback of the MATLAB toolset gives, within the development phase, a scope
for data-driven adjustments to be made in the hardware and software parts of the system. In the
final stages, the system deploys in a controlled environment to test its performance in real-
world cases. The thorough and detailed documentation of all steps taken enables future
developments, and the data gained from testing helps to increase scalability and compatibility.
Hence, this integration process shall offer a smart, energy-efficient, and user-friendly system
to offer a better experience in e-bike sharing systems.
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Figure 3. I-bike system monitoring block diagram
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Fig. 3 illustrates the methodology for developing and deploying a smart 10T energy
optimization and localization system for e-bike sharing, whereby it starts with collecting
bicycle route data from sensors and GPS to locate and track the movement and speed of the
bicycle on the travel route. The software for the system is designed to handle and manage real-
time communication of this data between the e-bike, the cloud, and user interfaces. Operational
data is analyzed to optimize energy consumption and utilization, while the GPS-based e-bike
detection and monitoring system enables the precise tracking of locations. The IoT
communication stage integrates all components, facilitating seamless data transfer and
ensuring uninterrupted data transmission. The hardware circuit setup consists of key elements
such as NodeMCU ESP8266 (central communication hub), DC motor, Li-lon battery, MPU-
6050 (gyroscope/accelerometer) for motion sensing, SIMS8OOL GSM module for mobile
communication, L293N motor driver for motors, and NEO 6M GPS for tracking location.
These components have been selected to meet the system requirements of durability, low power
usage, and real-time communication needs. Additionally, increasing rider safety is considered
by implementing safety measures, such as monitoring environmental conditions. The system
is then deployed in a real-world environment, monitored continuously to ensure seamless
functionality and readiness for future expansion.

2.2. E-Bike Sharing System Workflow

An e-bike sharing system usually consists of users locating bikes using a mobile app,
signing up to access the bike, and organizing their trip. The alarm system, a vital part of the
intelligent IoT energy optimization and localization system for e-bike sharing, includes various
important hardware and software components. The hardware components consist of motion
sensors that identify unauthorized movements or attempts to tamper. These sensors link to a
microcontroller NodeMCU, which handles the sensor data and activates the alarm (buzzer)
when needed. Furthermore, the system could incorporate LED indicators or blinking lights for
visual notifications. The software component needs programming of the NodeMCU to trigger
planned responses like sounding an alarm and sending alerts in response to unauthorized
access. Moreover, the system can connect with a central control panel or dashboard to control
the alarm system's condition. By integrating these parts, the alarm system increases security
and discourages theft in the e-bike sharing system. It includes projected battery level, energy
efficiency choices, and route tracking. Users can ride a bike to their destination or drop it off
at a different station. An E-Bike Sharing System Workflow is further illustrated in Fig. 4.
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Figure 4. I-Bike Sharing System Workflow
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2.3. IoT Integration for E-Bike Sharing System

An IoT-based energy optimization system can be seamlessly integrated with a localization
monitoring system to enhance the overall efficiency and user experience of an e-bike sharing
service. By leveraging data collected from sensors and [oT devices, the system can dynamically
adjust the e-bike's performance based on real-time factors such as location, battery level, and
rider behavior. To achieve this integration, a robust cloud platform like Arduino IoT Cloud is
essential for collecting, processing, and storing large volumes of data generated by the e-bikes.
Developing a user-friendly mobile application enables end-users to interact with the system
and access real-time information. An overall [oT communication diagram is shown in Fig. 5.
Frameworks like React Native, Flutter, or Ionic can be employed to create efficient and
intuitive mobile interfaces. To ensure the security and privacy of data transmitted between the
e-bikes, IoT gateway, and cloud platform, cryptographic libraries such as OpenSSL or Mbed
TLS can be implemented. These libraries provide robust security measures to protect sensitive
information and prevent unauthorized access.
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Figure 5. [oT communication diagram

2.4. IoT Connection Flowchart for E-Bike Sharing System

The flowchart shown in Fig. 6 depicts the basic process to be performed by an IoT-enabled
e-bike-sharing system for efficient tasks such as battery management, precise localization, and
seamless user experience. The working process of the loT-based e-bike sharing system starts
when the user enters the system's dashboard by logging in. In case of a successful login, it
triggers the alarm system to be turned off. Once the alarm system has been turned off, the e-
bike gets unlocked. The power monitoring panel is checked to assess the charge level in the
batteries. If the battery level falls below a predefined threshold level X=20%, it notifies the
user to start the bike charging process. Once the battery is sufficiently charged, the system
checks the localization monitoring dashboard to know the e-bike destination. Then it
continuously monitors battery consumption, adjusting the speed of the motor accordingly. If
the gyroscope detects lower acceleration due to climbing uphill, it increases the battery
consumption and raises the speed of the motor to maintain optimal speed.

312



ITUM Engineering Journal, Vol. 26, No. 2, 2025 Mohamed et al.

https://doi.org/10.31436/iiumej.v26i2.3448

Sanrt Sign in o aocess sysiem an
slar view dashboard

Turn ofl alarm system

\

Check energy monaloring
dashboard Interlface

v

I hattery
perecnlage
mninre Dl 20
<M

Syslem asks lo charge HE— M) e I o e Syslem lurns aon

Sl 1o charge hatiery Cheek localization moniloring
dashoard lnterfaee

-— )

IM acecleration
low due o
EVTSCOpe
gending up hill

hattery usaze meiinlain
s [E— 1}
regular motor spocil

-
=

2

hatlery usage inercase and
mvolor specd moes upy

l

> reneh destination

!

Kign olT

\
|: EXIY )

Figure 6. [oT Connection Flowchart for E-Bike Sharing System

2.5. Bicycle Dynamics
The motion of a bicycle follows Newton’s second law, which is described by:

d?y
Fp— (Fr— Fs+ Fy) = M — (1)

Where, Fj is the rolling resistance force, Fp is the propulsion force, Fs is slope resistance
force, Fyy is the wind resistance force, M is the total mass of the bicycle Mpand rider Mg, and
x 1s distance (m). This study uses a DC motor installed in the rear wheel to support riders during
pedaling. The dynamics of the DC motor are described by Eq. (2) and Eq. (3):

di . .
La- 2 + (0. Ry + Kp 0 = U, 2)
dwm .
J =2+ T+ By oy = Kpia(t) 3)
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where, i, is the armature current, R, is the armature resistance, U, is the terminal voltage of
the DC motor, L, is the armature inductance, K}, is the back emf constant, J is torque of inertia,
B; is the viscous friction coefficient, T; is the load torque, w,, is the speed motor.

2.6. Bicycle Performance

The power consumed to push a bicycle and rider is primarily due to overcoming air
resistance, slope, and friction, as described by Eq. (4) and Eq. (5):

Potal = Pdrag + Puin + Prriction 4)
Cq.D.A
Pirag = d‘T. (Vg + Vi )% Vg (5)

where C; is the drag coefficient,D is the density of air, A is the frontal area, v is ground speed,
vy 18 wind speed. The power to overcome the slope Py;;; 1s calculated using Eq. (6):

Phill =9.81.G. Vg .M (6)

where G is the coefficient of slope. M is the total mass of the bicycle and rider. The power to
overcome the friction Pgction 18 calculated using Eq. (7):

Priction = 9.81.R¢. vg.M (7
where R. is the coefficient of rolling resistance.

The motion of the e-bike is governed by Newton’s second law, considering forces such as
rolling resistance, slope resistance, and wind resistance. The power consumed by the e-bike is
calculated using Eq. (8):

Pootal = Pdrag + Phin + Prriction (8)

where Pyrag 18 the power to overcome air resistance, Py is the power to overcome slope, and

Prriction 18 the power to overcome rolling resistance. These calculations are integrated into the
energy optimization algorithm to adjust motor output dynamically. For instance, on steep
slopes, the system increases motor torque to compensate for increased resistance, while on flat
terrains, it reduces power output to conserve energy. This approach ensures efficient energy
usage and contributes to the overall improvement in electrical efficiency.

2.7. Gyroscope-Based Energy Optimization Strategies

The IoT-based smart energy optimization and localization system in e-bike sharing
involves many advanced hardware-software integrations to help improve the general riding
experience and increase energy efficiency. Gyroscopes, integrated with other sensors such as
accelerometers, play a crucial role. These updated movement and orientation data are available
in real time, thus offering accurate power management tuning. For instance, when the system
notices any shifts in speed or direction, it can optimize the motor output accordingly. Such
instantaneous adjustments would be critical in keeping energy efficiency uphill or around sharp
turns. In the e-bike system, NodeMCU provides the board that controls all functionalities of
several other components integrated into the system for proper functionality. The GPS module
communicates with NodeMCU through a serial port and will provide the current location in
real time. This will be important in tracking the position of an e-bike and mapping the routes
taken. The Wi-Fi module enables the NodeMCU to send location, speed, and battery status
data to any remote server or cloud services for continuous monitoring and analysis. Also,
integrating an OLED 0.96" 12C display gives the rider all the essential current data: speed and
battery SOC (State of Charge), so he is always kept informed about his journey.
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The circuit in Fig. 7 has two major parts: the Localization Monitoring System and the
Energy Optimization System. In the Localization Monitoring System, the SIMS8OOL GSM
module sends all its data to a remote cloud service to track the real-time position. More
precisely, it does geographical tracking using the NEO 6M GPS, and for object detection or
tampering, it uses an HC-SR04 ultrasonic sensor. Once tampering is detected, a buzzer triggers
an alert. Energy Optimization System targets power management and motion control. In the
NodeMCU ESP8266, the core coordination among sensors, communication modules, and
cloud services is done. Motor speed and torque are managed to optimize energy consumption
during operation using an L293N motor driver. This, along with the MPU-6050 sensor that
monitors the orientation and movement of the bicycle, allows the system to make real-time
adjustments to improve performance while being energy-efficient. The power supply is
guaranteed through a rechargeable Li-lon battery, the consumption of which is monitored very
carefully to extend its SOC while sustaining the performance of the system. All these
components combine into one robust, energy-efficient system to enhance riders' experience
with real-time data displays, optimize energy usage, and ensure safety and efficiency. This
system improves not only the aspect of localization and communication but also optimizes
energy consumption to enhance performance and sustainability for better e-bike sharing.
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Figure 7. Developed a circuit for energy optimization and localization monitoring
systems

2.8. Utilizing MATLAB And Arduino Cloud / IoT for Enhanced Data Processing And
Control In E-Bike System Development

Most aspects of the e-bike system were developed and implemented using the powerful
and versatile framework of MATLAB/Simulink, specifically Simscape Electrical. Because of
its rich toolkit and features regarding data processing, algorithm development, and system
modeling, we could analyze and process sensor data efficiently from different components, like
the gyroscope of the e-bike and other sensors. All the libraries for processing and analyzing
signals and data helped us extract meaningful information from raw sensor data, enabling
correct tracking and control of the motion of the e-bike. Its intuitive graphical user interface
and simulation capability allowed us to model and fine-tune parameters of the control system
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for optimal performance and stability of the e-bike. Furthermore, MATLAB is compatible with
external hardware and different communication protocols, facilitating seamless integration of
the e-bike electronic system for real-time data acquisition and control. Arduino Cloud and IoT
enhanced the ability to connect with outside devices, elevating the system's performance,
adaptability, and user satisfaction.

The system optimizes battery usage through real-time monitoring and adaptive energy
management. Sensors such as the MPU-6050 gyroscope and GPS module provide data on
terrain, rider behavior, and speed. This information is fed into an energy optimization algorithm
that adjusts motor output to minimize energy consumption. For instance, during uphill climbs,
the system increases motor assistance, while on flat terrains, it reduces power output to
conserve energy. Additionally, the system employs predictive maintenance by monitoring
battery voltage and charge levels, ensuring optimal performance.

In addition to MATLAB, a mobile application and a dashboard user interface were made
using Arduino Cloud and Arduino IoT. These platforms make it easy to create a responsive
interface that enables users to monitor key e-bike metrics such as location, speed, and battery
status. In this regard, Arduino IoT has ensured seamless connectivity of an e-bike with the
cloud over real-time data transmission and its control on mobile devices.

3. RESULTS AND DISCUSSION

We start by describing the performance metrics adopted for measuring the system's
performance concerning energy efficiency, localization accuracy, and user satisfaction. The
obtained results are then presented in detail, together with discussions. The analysis will be
conducted from multiple dimensions: effectiveness for energy optimization, localization
system accuracy, and influence of user behavior on energy consumption. Furthermore, the
segment delves into incorporating gyroscope data for energy optimization, highlighting the
improved energy efficiency. The results are carefully examined and critically analyzed for their
implications on scalability, sustainability, and overall accomplishment of the e-bike sharing
program.

3.1. Integration of Gyroscope and Feedback System for Enhanced Monitoring

First of all, the information from the gyroscope can be used to optimize the operation of
the motor. In this case, angular movement and orientation are controlled all the time, which
enables the system to make proper adjustments in the operation of the motor by adjusting the
motor's power output accordingly. For example, in uphill or heavy terrain conditions, the
system 1s informed of how much assistance the motor has to give. Optimized motor
performance decreases the rider's fatigue and enhances comfort during riding. The input from
the gyroscope would contribute to optimizing energy and prolonging battery SOC.

Tracing the motion and orientation of an e-bike precisely would intelligently adjust the
motor's power consumption according to the nature of the ground and riding conditions. For
example, when the gyroscope detects downbhill or flat surfaces—downhill being the maximum
condition where there is less need for a motor assistance system—it reduces the power output,
thus conserving battery energy. In particular, energy optimization enables an increase in e-bike
range by enhancing the overall efficiency of battery use. We implemented algorithms in
MATLAB that processed and analyzed data gathered from several sensors. In turn, the
gyroscope provides information about the angular motion and orientation of the e-bike, which
is essential for accurate tracking and control. We will also integrate a feedback control system
into the MATLAB model. This will continuously monitor and adjust several parameters, like
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motor power output, based on real-time sensor data. The e-bike uses a feedback control system
for efficient and optimal operation under various riding conditions. Incorporating these sensor
inputs into the operational model developed in Fig. 8 has greatly enhanced the stability, control,
and energy efficiency of the e-bike. The gyroscope was incorporated with a feedback control
system to improve these results with more precise and responsive control.
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Figure 8. E-bike MATLAB/Simulink new control system with feedback

3.2. Efficiency Calculation and Gyroscope Integration

Calculating electrical efficiency within an electrical drive system, such as a three-phase
AC multi-drive, requires detailed behavioral simulation of components like a motor, controller,
and inverter. In this respect, Simscape Electrical is one of the best tools for modeling and
designing the system to appropriately estimate electrical losses, which is required to calculate
efficiency. First, a detailed three-phase permanent synchronous motor drive (PMSM) system,
including elements such as the motor, controller, and inverter, is set up. Efficiency will be
calculated by setting some main operating conditions, including speed and torque. Significant
operating factors influence how the motor will consume and dissipate electrical power.
Electrical losses can be measured when running the system under the set operating conditions.

Once the simulations are done, the API (Application Programming Interface) called upon
is the Get Power Loss Summary API to extract the electrical losses from the system. The
electrical efficiency is calculated by comparing the input power at the system input to its output
power, where the difference is the electrical losses. It is a model for calculation efficiency under
different conditions. The general rule is that electrical efficiency in such systems can vary from
11% to 15%, as shown previously in Fig. 8, depending on factors such as operating load and
system parameters. The integration of extra sensors, such as the gyroscope, increases the
completeness of the model in all respects. The system dynamically changes its motor output
based on real-time data from the gyroscope on the orientation and movement of the bike. For
example, when the gyroscope detects angle changes in the bike while making climbs or sharp
turns, the system can adjust motor torque and speed to maintain optimal performance while
avoiding unnecessary energy consumption. This would, in return, work to enhance the energy
efficiency of the whole e-bike system.

Besides, the results can be used in higher-scale models, such as the simplified PMSM drive
block, where the estimated electrical losses would serve as parameters for more efficient
simulations. Employing models with detailed loss information, the system will give a more
accurate prediction of energy performance in various conditions and improve power efficiency
while enhancing the rider's experience. The Simscape Electrical-enabled workflow captures
the system's complexities, allowing efficient solutions for energy optimization.
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From the three graphs plotted in Fig. 9, very useful information can be acquired about
energy consumption by the vehicle, performance by the motor, and the efficiency in general
while it operates. The graph shows three time plots of an electric vehicle's performance: the
top graph shows the speed of the vehicle, which rapidly accelerates from zero to a maximum
of 40 MPH and then levels off; the middle graph shows battery voltage decreases gradually as
the vehicle is in use but with a slight dip around 150 seconds. The graph below depicts the
development of motor temperature, constantly growing during the operation of the motor, and
then leveling off at around 150 seconds.
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Figure 9. Performance Analysis of e-bike

The graph in Fig. 10 illustrates the mechanical and electrical power consumption of an e-
bike as a function of time. Mechanical power output is represented in red and wildly oscillates
due to changes in both load and speed. Electrical power input, in blue, has a similar shape but
with deviation due to a combination of factors, including the battery voltage and motor
efficiency. Energy efficiency can be achieved through the analysis of the relationship that exists
between mechanical and electrical power. For example, suppose the mechanical power output
is high. In that case, it will also be expected that the electrical power input is equally high
because of the increased load the motor has to drive. However, if the electrical power input is
way higher than the mechanical power output, energy is lost through some inefficiencies in the
system. The differential value of mechanical and electrical power should be minimized to
improve the vehicle's general efficiency. It can be done by adopting specific strategies, like
optimization in the motor control algorithm, reduction in the electrical losses within the system,
and enhancement in the efficiency of energy storing and converting components.
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Figure 10. Power Consumption Analysis of the e-bike

Electrical efficiency was improved by integrating real-time sensor data with advanced
motor control algorithms. The system dynamically adjusts motor output based on terrain, rider
behavior, and battery status. The electrical efficiency is calculated using Eq. (9):

X 100 ©)

BattPwr

EleCEff = VehSpd

where BattPwr is the battery power in kWh, and VehSpd is the vehicle speed in km/h. This
adaptive approach minimizes energy wastage and maximizes energy conversion efficiency.
Experimental results confirmed the efficiency gain by comparing energy consumption before
and after optimization under identical riding conditions. Fig. 11 shows the MATLAB
simulation subsystem used to calculate battery power (BattPwr), vehicle speed (VehSpd),
and electrical efficiency (Elecgsy). The subsystem integrates data from the battery and motor

to compute energy consumption and optimize efficiency in real-time.
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Figure 11. MATLAB simulation subsystem for electrical efficiency

The following graphs in Fig. 12 represent the battery charge and electrical efficiency of an
e-bike with respect to time. The graph of battery charge shows that the charge progressively
deteriorates as the usage of the electric vehicle increases, but it tends to increase around 1500
seconds. The electrical efficiency graph represents oscillations, although the trend is generally
rising with the increase in the time axis. This improvement might be due to various reasons
related to tuning the motor control algorithms or because the system has been adapted to a
driving condition. The highs and lows of fluctuations in the graph depict how much load was
applied to the motor and, consequently, the energy conversion efficiency. These graphs, in
conjunction with system simulation results, show the location of optimizations that could be
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made by enhancing motor control algorithms or employing better energy management
techniques. This could be a data-driven approach to improving electric vehicles' performance
and energy efficiency for extended range while reducing their environmental impact.

Battery Charge
[

39— —

38— -1

A-hr

37— —
36— —
* ‘—\'\.\
34—

| | |

Electrical Efficiency
[

KW-hr/(100-km)
3 o
\ |

@
|

)
|

500 1000 1500 2000

o

Figure 12. Battery Charge and Electrical Efficiency Analysis

3.3. Prototype Setup

The developed electrical efficiency of the e-bike system is achieved through an optimized
control algorithm that intelligently manages power delivery to the motor. The system adapts to
various factors, including speed, load, and terrain, for minimal energy dissipation while
ensuring the maximum possible conversion of electrical energy into mechanical propulsion.
Sensors like the MPU6050 accelerometer/gyro, GPS, current, voltage, and charge allow it to
gain real-time operating data and make better decisions. It will precisely enable power output
control, making terrain-based adjustments and performing predictive maintenance to ensure
the e-bike operates most efficiently. The energy sensor calculates the battery's remaining life
and regulates performance for sustained battery management. It also consists of a remote
control system that connects to the user's mobile application for conditions and battery
locations, among others.

The smart [oT energy optimization and localization system prototype integrated on e-bikes
supports the implementation of innovative technology. The hardware will include a carefully
chosen array of components comprising a microcontroller board, a GPS module, a gyroscope,
and other sensors. These components have been mounted in a case on the collected bicycles,
as shown in Fig. 13, offering stability and functionality during operation.
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Figure 13. 3D case prototype

It has been elaborately undertaken to realize the best connectivity with optimum placement
of hardware for the detailed design and integration of the prototype. As an integrated result, a
system that combines the latest technology and the practicality of bicycles is developed. Fig.
14 shows images of the prototype in action and the appearance of the integrated components
and bicycles. These views help better present the prototype and how it would look in real life
within the e-bike-sharing system.

Figure 14. Prototype Integration - Showcasing the smart [oT system seamlessly
integrated onto a bicycle

3.4. User Dashboard / Monitoring Interface

The images below, shown in Fig. 15, present a user interface developed on Arduino IoT
Cloud that allows the opportunity to show two types of dashboards designed for e-bike
localization and battery monitoring. The Localization Dashboard (a) presents real-time data
from various sensors: three-axis acceleration values (X, Y, Z) and a GPS map with the current
position of the e-bike. This gives users insights into the bike’s position and movement
dynamics. The Battery Monitoring Dashboard (b) presents key battery metrics such as voltage
and charge percentage. The visual gauges display the battery's current voltage (3.963V) and
charge level (83%).
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The two graphs plot the battery percentage versus time and voltage over time in detail to
track battery status and performance trends in the e-bike. It integrates sensor data with real-
time monitoring for effective energy management and enhances usability through mobile-
friendly interfacing. Accordingly, Fig. 16 reports the interface of the mobile application in
different riding conditions, directly mirroring the localization and battery monitoring
dashboards from the user's smartphone.
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4. CONCLUSION

In conclusion, the aims mentioned in the design of the communication module strategy for
location and speed data gathering, energy profile information evaluation with travel distance
optimization, and loT-based energy optimization system development for e-bike sharing
localization monitoring were met by this project.

We implemented and strategized a bright approach in embedding a communication
module that would share real-time data on the location and speed of the e-bikes through careful
planning and implementation. This was a good backbone for the subsequent energy profile
evaluation. We have analyzed energy profiles, optimized the travel distance to find areas of
improvement, and implemented intelligent algorithms for optimizing energy consumption for
an e-bike sharing system. The optimization ensured efficiency in using the resources and
extending battery life for overall sustainability and operational efficiency. Thus, IoT-based
energy optimization of e-bike sharing began to be developed for localization monitoring,
marking a significant milestone. The advanced technologies of GPS, gyroscope, and other
sensors were merged into the e-bikes to perform real-time monitoring and control. Hence, it
provided accurate localization, which permitted effective management and optimization of the
bike fleet. This would, in turn, help achieve the project's outcomes regarding SDG 11:
Sustainable Transportation and SDG 7: Affordable Clean Energy, while promoting innovation
(SDG 9) for a greener future.

The project effectively achieved its goals by creating a communication module plan,
enhancing energy profiles, and creating an energy optimization system based on the Internet of
Things. The results support the progress of energy-saving e-bike sharing systems, encouraging
eco-friendly transportation, and improving overall user satisfaction. The successful
implementation of the project showcases how IoT technologies have the potential to enhance
energy usage and efficiency in shared transportation systems.
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