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Preface 

We are delighted to present the proceedings of the fourth edition of the 6th Interna-
tional Manufacturing Engineering Conference and the 7th Asia-Pacific Conference 
on Manufacturing System (iMEC-APCOMS 2024), hosted by Universiti Malaysia 
Pahang Al-Sultan Abdullah through its Faculty of Manufacturing and Mechatronic 
Engineering Technology. Held on September 11th and 12th, 2024, the confer-
ence embraced the theme of “Sustainable Development Goals through Innovative 
Manufacturing Engineering.” 

iMEC-APCOMS 2024 has attracted a remarkable 99 submissions, all of which 
underwent a rigorous single-blind review process. Based on the recommendations 
of our dedicated reviewers, 41 papers were selected for publication in Volume 2 of 
the conference proceedings. We are immensely grateful to all contributing authors 
whose research has added great value to this collection. Each paper in this volume 
was thoughtfully evaluated by our esteemed technical review committee, comprised 
of leading experts in manufacturing engineering. 

The conference served as a vibrant forum for the exchange of pioneering ideas and 
insights, highlighted by keynote presentations from distinguished speakers, including 
Prof. Ir. Dr. Nik Mohd Zuki Nik Mohamed (Universiti Malaysia Pahang Al-Sultan 
Abdullah, Malaysia), Prof. Dr. Cucuk Nur Rosyidi (Universitas Sebelas Maret, 
Indonesia), and Prof. Dr. Ir. Anas Ma’ruf (Institut Teknologi Bandung, Indonesia). 

In closing, we hope that readers find this volume insightful and enriching. Our 
sincere appreciation goes to Springer Lecture Notes of Mechanical Engineering for 
their invaluable support in bringing this publication to life. Additionally, we extend 
our heartfelt thanks to the conference organizers and the dedicated members of 
the Conference Committee, whose tireless efforts made iMEC-APCOMS 2024 a 
resounding success. 

Pekan, Malaysia 
Pekan, Malaysia 
Surakarta, Indonesia 
London, UK 

Mohamad Rusydi Mohamad Yasin 
Zulhelmi Ismail 

Cucuk Nur Rosyidi 
Mohammad Osman Tokhi
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Effect of Coolant Conditions 
on Machining Performance and Surface 
Quality in Ball End Milling of AISI 1040 
Steel 

Ahmad Saifuddin Azraie and Faiz Mohd Turan 

Abstract The role of cutting fluids in machining operations is crucial, impacting 
productivity, tool lifespan, and work quality. An experimental investigation was 
conducted on ball end milling of AISI 1040 steel using uncoated HSS tools under 
various coolant conditions and milling modes. The study encompassed four coolant 
conditions: dry, mist, 4% coolant concentration, and 8% coolant concentration, with 
constant cutting parameters. Machining performance was assessed based on tool wear 
and surface roughness. Results indicate a significant influence of coolant conditions 
on machining performance and surface quality. Mist coolant in down milling mode 
exhibited superior performance in terms of tool wear and average surface rough-
ness (0.09 mm and 0.462 μm, respectively). Following closely was mist coolant in 
up milling mode, then 8% coolant concentration, and lastly 4% coolant concentra-
tion under up milling mode. This research sheds light on the importance of coolant 
selection and milling mode in optimizing machining outcomes. 

Keywords Machining performance · Cutting fluids · Surface quality 

1 Introduction 

Milling involves feeding a workpiece past a rotating tool with multiple cutting edges. 
The tool, known as a milling cutter, has teeth along its edges. Plain-carbon steel, an 
alloy of iron and carbon with additional elements like manganese and silicon, varies 
in properties based on its carbon content. Cutting fluids, which cool and lubricate 
tools during machining, come in various forms like oils and emulsions [1–3]. High
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2 A. S. Azraie and F. Mohd Turan

Speed Steel (HSS) cutting tools, containing carbon, chromium, and other elements, 
maintain hardness up to 600 °C, making them suitable for machining mild steel. This 
study explores different cooling conditions’ impact on tool wear and surface finish 
during ball milling of AISI 1040 steel using HSS ball mills, considering various 
milling modes and coolant options [4, 5]. 

Recent studies related to the scope of this research may include research exploring 
novel cutting fluid formulations aimed at enhancing machining performance and 
environmental sustainability [6–8]. Studies focusing on advanced machining tech-
niques, such as high-speed machining or cryogenic machining, and their interactions 
with cutting fluids could also be relevant [9, 10]. Additionally, investigations into 
the influence of cutting parameters, such as cutting speed, feed rate, and depth of 
cut, on the effectiveness of different coolant conditions may provide insights into 
optimizing machining processes further [11, 12]. Furthermore, studies examining 
the use of alternative coolant delivery methods, such as minimum quantity lubrica-
tion (MQL) or near-dry machining, and their effects on tool wear and surface quality 
could contribute valuable findings to this area of research [13, 14]. 

Another significant aspect lies in its potential to contribute to the develop-
ment of more sustainable machining practices [14]. By assessing the impact of 
various coolant conditions on machining performance and surface quality, insights 
are offered into optimising coolant selection and usage to minimise environmental 
impact while maintaining productivity [15–17]. This can inform the machining 
industry about the importance of considering environmental factors in coolant selec-
tion and encourage the adoption of more eco-friendly machining practices [18, 19]. 
Furthermore, by identifying coolant conditions that offer superior performance in 
terms of tool wear and surface roughness, material waste and energy consumption 
associated with machining processes can be reduced, thereby promoting sustain-
ability in manufacturing operations [20]. Additionally, investigating the interactions 
between advanced machining techniques and cutting fluids can uncover opportunities 
for further reducing environmental footprint while improving machining efficiency 
[21, 22]. 

The study aims to assess how different cooling conditions affect the machining 
performance of an uncoated HSS tool during ball milling of AISI 1040 steel. 
The project focuses on specific areas: utilising AISI 1040 steel as the workpiece, 
employing an 8 mm diameter 2-flute HSS uncoated ball end mill as the cutting tool, 
and utilising a HASS VF 1D CNC machine for experimentation. Various coolant 
conditions will be examined, including dry cutting, mist coolant, and coolant concen-
trations of 4 and 8%. Cutting speed, feed, and depth of cut will remain constant 
throughout the experiments. The investigation stems from concerns about exces-
sive coolant usage impacting operator health and the environment. Furthermore, the 
study aims to explore the effects of different cooling conditions and milling modes 
on tool wear, with surface roughness serving as an additional criterion for coolant 
performance evaluation.
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Table 1 Composition of 
HSS ball end mill Carbon, C 1.1% 

Chromium, Cr 4% 

W 1.5% 

Molybdenum, Mo 9.5% 

Vanadium, V 1% 

Cobalt, Co 8% 

Table 2 Mechanical 
properties of HSS ball end 
mill 

Diameter, d 8 mm  

Diameter, d1 10 mm 

No of flute 2 

Milling mode Up and down milling 

Overall length, l1 88 mm 

Cutting length, l2 19 mm 

Hardness 66–68.5 HRC 

Product code 3,350,800 

2 Methodology 

2.1 Cutting Tools 

For this study, a Somta Ball End Mill, identified by code 335, made of uncoated High-
Speed Steel (HSS) with M42 grade, was utilised. Details regarding the composition 
and mechanical properties of this tool are provided in Tables 1 and 2, respectively. 

2.2 Workpiece Materials 

The workpiece comprises medium carbon steel (AISI 1040), measuring 160 mm 
× 50 mm × 10 mm. Details regarding the chemical composition and mechanical 
properties of the workpiece are provided in Tables 3 and 4, respectively. 

Table 3 Nominal chemical 
composition (%) of AISI 
1040 steel 

Carbon (C) Mangan (Mn) Sulfur (S) Phosphorus (P) 

0.37–0.44 0.60–0.90 0.05 (max) 0.04 (max)
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Table 4 Physical and mechanical properties of work material AISI 1040 

Properties Conditions 

T (°C) Treatment 

Density (×1000 kg/m3) 7.845 25 

Poisson’s ratio 0.27–0.30 

Elastic modulus (GPa) 190–210 25 

Tensile strength (Mpa) 518.8 25 Annealed at 790°C 

Yield strength (Mpa) 353.4 

Elongation (%) 30.2 

Reduction in area (%) 57.2 

Hardness (HB) 149 25 Annealed at 790°C 

Impact strength (J) (Izod) 44.3 25 Annealed at 790°C 

2.3 Measurement and Observation 

Coolant concentration and surface roughness were assessed using specific equipment. 
Surface roughness was measured using the Mahr Perthometer M2, with calibra-
tion performed before each measurement. The Mahr Perthometer M2 specifications 
include a cut-off length of 2.5 mm and a sample length of 25 mm. Coolant concen-
tration was determined using a hand refractometer model ATAGO Master—T. Tool 
wear was observed under the Zeiss Video Microscope at 50× magnification, with 
specifications including a magnification range from 6.5× to 50× and a voltage of 
240 V. These measurements and observations were essential for evaluating machining 
performance and surface quality. 

2.4 Machining Conditions 

In this study, an uncoated HSS Somta End Mill Ball Nose 2 Flute was employed across 
four distinct coolant conditions, maintaining consistent cutting speed, feed rate, and 
axial depth of cut. Up milling mode was selected for profile cutting with dimensions 
of 32 mm × 32 mm using the Haas CNC Machine. Each coolant condition underwent 
machining for a total of five cutting profiles, resulting in a cumulative cutting length 
of 5424 mm. Detailed cutting parameters for the experiment can be found in Table 5.
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Table 5 The cutting 
conditions Cutting parameters HSS uncoated carbide tool 

1 Cutting speed, Vc (mm/min) 52 

2 Spindle speed, N (rpm) 856 

3 Axial depth of cut, ap (mm) 0.8 

4 Step over (mm) 1 

5 Coolant condition Mist, Dry, CC 4%, CC 8% 

3 Experimental Results 

3.1 Surface Roughness 

Surface roughness (Ra) values were measured for each coolant condition after cutting 
at specified intervals. These Ra values are then graphically represented in Fig. 1 to 
observe the trend for each coolant condition. From the graph, comparisons between 
coolant conditions can be made. The surface roughness profile for various coolant 
conditions during up milling operation is displayed in Fig. 1, showing a similar trend 
among all conditions. A slight increase in surface roughness was observed towards 
the end of cutting compared to the initial cutting phase. 

The overall results presented in Table 6 indicate that mist coolant resulted in 
the lowest surface roughness values, with a minimum of 0.265 μm, an average of 
0.462 μm, and a maximum of 0.689 μm. Following closely was the 8% coolant 
concentration, which exhibited a minimum surface roughness of 0.502 μm. The 4% 
coolant concentration came next with a minimum value of 0.928 μm, while dry 
cutting performed the worst, yielding a minimum surface roughness of 1.279 μm.
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Mist coolant showed superior performance, as noted by previous studies. Dry cutting 
resulted in the highest surface roughness due to increased heat generation and tool 
wear, with observed sparks during experimentation indicating high friction. The 
temperature rise during dry cutting affects part accuracy and can cause expansion. 
Additionally, high coolant concentration led to lower surface roughness by reducing 
friction and tool wear, enhancing machining quality. 

In the majority of cases, there was a slight increase in the surface roughness value 
observed after 30 min of cutting (Fig. 2), likely attributable to the expansion of the 
wear land on the cutting edge. 

Table 6 and Figure 3 present the average surface roughness values for various 
coolant conditions under up milling mode. The results demonstrate a linear increase 
in average surface roughness values across different coolant conditions, starting with 
mist coolant, followed by 8% coolant concentration, 4% coolant concentration, and 
dry cutting. The smoother surface obtained from mist coolant is visibly apparent, 
contrasting with the rougher surface resulting from dry cutting. Mist coolant pene-
trates the cutting zone, providing cooling, lubrication, and chip removal. Overall, the 
surface roughness values range from 0.42 to 1.76 μm, significantly better than the 
typical range of 0.8–6.3 μm observed in average milling applications.

Table 6 Surface roughness value at cutting length 5424 mm under various coolant condition with 
up milling mode 

Surface roughness, Ra (μm) Dry cutting 4% cc 8% cc Mist 

Average value 1.607 1.213 0.804 0.462 

Max value 1.947 1.490 1.289 0.689 

Minimum value 1.279 0.928 0.502 0.265 
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Fig. 3 Average surface roughness at various coolant conditions at cutting length of 5424 mm—up 
milling 

3.2 Comparison of Up Milling and Down Milling Modes 

A comparison study was conducted to analyse the performance of mist coolant condi-
tion in both up milling and down milling modes during ball end milling of AISI steel 
using uncoated HSS tools. Figure 4 illustrates the surface roughness profile between 
the two milling modes under mist coolant condition. Results indicate that down 
milling demonstrates superior surface roughness compared to up milling mode. This 
finding aligns with previous research on surface finish visualization in high-speed 
ball nose milling applications. Down milling, known to extend cutter life by up to 
50%, proves effective across various milling applications. The cutter teeth in down 
milling prevent chips from being carried into the workpiece, reducing the risk of 
surface damage. Furthermore, chips are directed behind the cutter, facilitating easier 
chip removal and resulting in improved surface finish.

3.3 Tool Wear 

Apart from assessing surface roughness, an evaluation of the effectiveness of different 
coolant conditions was conducted by examining the tool wear progression. Flank 
wear (Vb) of the cutting edge was measured using an optical microscope, at the 
conclusion of the experiment for each condition. The flank wear data for all coolant 
conditions are presented in Table 7.
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Fig. 4 Surface roughness between up milling (um) and down milling (dm) under mist coolant 
condition

Table 7 Flank wear at cutting length 5424 mm or 106 min of cutting time-up milling 

Condition Flank wear (mm) 

Cutting edge 1 Cutting edge 2 Average wear 

Vb ave 1 Vb max 1 Vb ave 2 Vb max 2 Vb ave Vb max 

Mist 0.08 0.08 0.09 0.09 0.085 0.085 

8% cc 0.1 0.14 0.11 0.17 0.105 0.155 

4% cc 0.11 0.19 0.15 0.2 0.13 0.195 

Dry 0.31 0.56 0.21 0.37 0.26 0.465 

Results indicated that, except for dry cutting, the flank wear values were well 
below the standard tool life criteria of Vb ave < 0.3 mm and Vb max < 0.5 mm, 
which is typical for tool wear and does not significantly impair tool functionality 
until it reaches levels causing cutting edge failure. The tool used in dry cutting failed 
after machining 5424 mm for 106 min, while mist coolant showed the lowest tool 
wear compared to other conditions. This aligns with findings by López de Lacalle 
et al. [23] and Kishawy et al. [24], highlighting mist coolant’s effective penetration 
into the cutting zone and its lubrication properties, which reduce cutting temperatures 
and enhance chip-tool interaction, thus maintaining cutting edge sharpness. There-
fore, mist coolant is recommended for ball milling AISI 1040 steel using uncoated 
HSS tools, particularly when surface roughness and tool wear are primary concerns. 
Furthermore, beyond enhancing machining performance in terms of tool life and 
surface finish, mist coolant also offers environmental, health, and economic benefits 
to the machining industry.
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4 Conclusion 

In conclusion, this research successfully achieved its objective of evaluating the 
impact of coolant conditions on machining performance, focusing on surface rough-
ness and tool wear in ball milling AISI 1040 steel with uncoated HSS tools. The 
study revealed several key findings: 

i. Coolant condition significantly affects both surface roughness and tool wear, 
with mist coolant showing the best performance in up milling, followed by 8% 
coolant concentration, 4% coolant concentration, and dry conditions. 

ii. Mist coolant consistently outperformed other conditions in terms of surface 
finish and tool wear. 

iii. Down milling with mist coolant produced the lowest surface roughness value at 
0.246 μm. 

As a recommendation, further investigations could explore down milling opera-
tions with different cutting tools and evaluate the performance of various lubricants 
such as palm oil or seed oil. 

Acknowledgements This research was funded by a grant from Universiti Malaysia Pahang Al-
Sultan Abdullah (RDU233016). 
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Enhancing Sustainability 
in Manufacturing Processes: 
A Comprehensive Study on Sustainability 
Index and Assessment Methods 
in a Malaysia Electronic Industry 

Khairil Izhan Anuar and Amiril Sahab Abdul Sani 

Abstract This paper addresses the challenges in balancing environmental, 
economic, and societal concerns in Malaysia’s electronic industry by proposing 
an integrated sustainability assessment method. The method combines quantitative 
and qualitative indicators, weighted for relevance to the industry, to create a unit-
less sustainability index. Using real data from Malaysian electronic manufacturing 
companies, the index highlights strengths and weaknesses in sustainability perfor-
mance across environmental, economic, and societal dimensions. The findings reveal 
opportunities for improvement, such as reducing emissions, mitigating wastew-
ater pollution, and enhancing working conditions, providing actionable insights for 
decision-makers to drive sustainable practices. 

Keywords Sustainability index · Manufacturing process · Energy efficiency 

1 Introduction 

Sustainable manufacturing is vital for addressing Malaysia’s electronic industry’s 
environmental and socio-economic challenges, which struggles with high energy 
use, resource depletion, and waste. Historically, sustainability assessments in this 
sector have focused mainly on environmental and economic factors, often neglecting 
social dimensions. Previous sustainability indices for industries like automotive and 
textile have primarily addressed environmental and economic aspects without fully 
integrating social factors [1]. Our proposed method addresses this gap by using a 
Triple Bottom Line (TBL) approach to incorporate environmental, financial, and
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social aspects. Employing Monte Carlo simulation and fuzzy logic, and tools such 
as Crystal Ball and the Fuzzy Logic Toolbox, this method offers a comprehensive 
assessment [2]. A case study in Malaysia demonstrates its practical application and 
potential to enhance sustainability in developing nations. 

2 Methodology 

The proposed sustainability assessment method for Malaysia’s electronic industry 
combines quantitative and qualitative indicators to address uncertainties. Quantita-
tive metrics, including environmental, economic, and social aspects, are treated as 
stochastic variables and analyzed through Monte Carlo simulation. Social indicators, 
examined as fuzzy variables, are utilized [3]. Fuzzy Inference Systems (FISs) with 
the Mamdani method for fuzzy modeling. The final Total Sustainability Index is 
derived from the weighted contributions of both subsystems. 

The methodology involves defining the study’s objective and scope, identifying 
relevant sustainability indicators through expert consultation, and selecting small 
electronic manufacturing firms in Malaysia for case studies [4]. The approach focuses 
on developing a practical and applicable sustainability assessment tailored to the 
needs of smaller entities in the industry (cf. Fig. 1).

Focused on the collection and normalization of data from the selected case study 
companies. The data were normalized to ensure comparability across different indi-
cators, despite the variations in measurement units [5]. The normalization process 
was crucial, and it involved using specific formulas for indicators with positive and 
negative signs. This normalization allowed for a consistent analysis of the indicators. 

∼ 
xmn = ( 

f1 mn 

C+ 
n 

, 
f2 mn 

C+ 
n 

, 
f3 mn 

C+ 
n 

) (1) 

∼ 
xmn = ( 
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C− 
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, 
f2 mn 

C− 
n 

, 
f3 mn 

C− 
n 

) (2) 

c̃mn = wn · x̃mn (3) 

To quantify qualitative indicators into a singular real value P( m̃), derived from 
three fuzzy estimates, the graded mean integration [6] representation method was 
employed. Equation (4) outlines the formula utilized for this purpose. 

P( m̃) = 
1 

6 
(a + 4b + c) (4) 

The study evaluated qualitative indicators by focusing on nine social indicators 
categorized under labor rights, working conditions, and customer well-being [7]. A
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Fig. 1 Flow chart of the proposed in sustainability assessment research

fuzzy logic approach was employed to handle the qualitative nature of these indi-
cators. For each category, Fuzzy Inference Systems (FISs) were developed, which 
utilized triangular membership functions for input variables and output results [8]. 
The study crafted rules within these FISs to assess the social indicators, ultimately 
producing scores for each category. 

R = nv (5) 

The study used Monte Carlo simulation to analyze quantitative indicators, 
addressing stochastic uncertainties, while fuzzy logic was applied to handle varying 
sustainability impacts. Environmental and economic dimensions, with negative-
oriented indicators, were assessed differently from the social dimension, leading 
to the creation of an additional Fuzzy Inference System (FIS) for comprehensive 
scoring [8]. The final step involved calculating a Triple Bottom Line (TBL)-based 
sustainability index, combining weighted scores from both qualitative and quanti-
tative indicators [9]. This index provided a holistic measure of sustainability [3], 
categorizing companies into five levels, particularly benefiting small manufacturing 
firms in Malaysia’s electronic industry [10]. This final sustainability index allows for
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Table 1 Fuzzy membership grades for environmental and economic dimensions 

Number Membership grades Description 

1 0.0 0.0 0.5 Low 

2 0.0 0.5 1.0 Medium 

3 0.5 1.0 1.0 High 

Table 2 Overall triple-bottom-line (TBL) based sustainability performance levels 

Number Membership grades Description 

1 0.0 0.0 0.25 Very poor 

2 0.0 0.25 0.50 Poor 

3 0.25 0.50 0.75 Average 

4 0.50 0.75 1.0 Good 

5 0.75 1.0 1.0 Very good 

the categorization of the electronic company’s sustainability performance into one 
of the five levels provided in Tables 1 and 2. 

3 Result and Discussion 

To demonstrate the methodology’s effectiveness, it was tested at “E-Tech Innova-
tions,” a small electronic manufacturing company in Penang, Malaysia. Established 
in 1997, the facility specializes in high-quality electronic components. The sustain-
ability evaluation covered the entire production process, focusing on environmental 
impact and resource use. Data was collected through on-site inspections and inter-
views, with manufacturing and packaging processes standardized into ’per unit’ 
metrics. Quantitative and qualitative metrics were measured using standard units 
and a Likert scale, as outlined in Table 3 [11]. 

Table 3 Linguistic variables 
and their values for 
quantitative indicators 

Number Linguistic variable Measuring scale 

1 Very low (VL) 1 

2 Low (L) 2 

3 Medium (M) 3 

4 High (H) 4 

5 Very high (VH) 5
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3.1 Normalization and Weighting of the Data 

Normalization was carried out using Eqs. (1) and (2). The weight of each indicator 
was multiplied by its normalized value to derive its normalized weighted value, as 
shown in Eq. (3). Tables 4 and 5 display example the quantitative and qualitative indi-
cator data [5], For the qualitative indicators, a single real value P( m̃) was computed 
using Eq. (4).

3.2 Evaluation of Sub-system Using Qualitative Indicators 

In Sect. 2, qualitative indicators were evaluated using a fuzzy logic approach with 
membership grades and linguistic terms from Tables 1 and 2. Fuzzy rule bases were 
developed for each aspect category labor rights, working conditions, and customer 
well-being resulting in three Fuzzy Inference Systems (FISs) [7]. Matlab’s fuzzy logic 
toolbox was used for simulation, with Fig. 2 showcasing an example configuration 
of the Mamdani-type FISs.

After executing the FISs, defuzzified scores for each category were obtained. The 
overall score for the qualitative indicators was 0.518, calculated by summing the 
equally weighted scores of the three aspect categories as given in Table 6.

3.3 Evaluation of Sub-system Using Quantitative Indicators 

Quantitative indicators were analyzed using Monte Carlo simulation followed by 
fuzzy logic. Triangular distributions and three-point normalized data were used, with 
simulations run 1000 times for each indicator [12]. Average scores from these simu-
lations were aggregated to assess performance at the dimension level, and applied 
similarly to environmental, economic, and social dimensions [13]. Figure 3 illustrates 
the stochastic simulation results [11].

The sustainability assessment evaluated the performance across three dimensions: 
environmental, economic, and social [13]. Each dimension’s performance was deter-
mined by averaging the simulated scores of relevant quantitative indicators [14]. You 
can find the scores for all three dimensions in Table 7.

Another FIS was constructed utilizing the performance scores at the dimension 
level for quantitative indicators, aiming to derive a score for the sub-system based 
on quantitative indicators [15]. As previously stated, FIS was employed to address 
the issue of varying impacts among sustainability dimensions [16]. The resulting 
overall performance score for the sub-system based on quantitative indicators stood 
at 0.947.
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Fig. 2 Fuzzy modeling and assessment

Table 6 Aspect category 
performance based on FISs 
[7] 

Number Aspect category Score 

1 Labor rights 0.175 

2 Working conditions 0.171 

3 Customer wellbeing 0.172

Statistic Fit: Beta Forecast Values 
Mean 5217.3 0.15162 
95% Confidence In-
terval for Mean 

Lower Bound 3.3893 

Upper Bound 4.0357 

5% Trimmed Mean 3.7139 
0006.3naideM 
863.0ecnairaV 

Std. Deviation 0.60649 
04.2muminiM 
00.5mumixaM 
06.2egnaR 

Interquartile Range 0.75 
465.0201.0ssenwekS 
190.1999.0sisotruK 

(b) (a) 

Fig. 3 Simulation outputs (based on indicator level). a Simulated environmental impact; b Distri-
bution fitting of performance outputs

Table 7 Dimension-level 
performance based on Monte 
Carlo simulation 

Number Sustainability dimension Score 

1 Environmental 0.79 

2 Economic 0.85 

3 Social 0.80
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Table 8 Total TBL-based sustainability index 

Sub-system 
name 

Modeling 
approach 

Model name Model 
score 

Sub-system 
level score 

Weight Total TBL 
sustainability 
index 

Qualitative 
indicators 
based 
sub-system 

Fuzzy logic 
(three 
models) 

Labor rights 0.175 0.518 0.163 0.65 

Working 
conditions 

0.171 

Customer 
wellbeing 

0.172 

Quantitative 
indicators 
based 
sub-system 

Monte 
Carlo 
simulation 
(three 
models) 

Environmental 0.79 0.947 0.592 

Economic 0.85 

Social 0.80 

3.4 Total TBL Based Sustainability Index 

The comprehensive sustainability index, rooted in the Triple Bottom Line (TBL) 
framework [13] was derived by summing the weighted evaluations of two key subsys-
tems: one grounded in qualitative indicators and the other in quantitative measures. 
This holistic index illustrates the proportional significance of each subsystem [17]. 
The weighting factors for the quantitative (0.592) and qualitative (0.163) subsystems 
were determined based on the relative importance of their respective indicators [5]. 
Table 8 provides a breakdown of the total sustainability index for the referenced 
company [18]. 

As previously noted, sustainability performance was measured on a scale from 0 
to 1. We categorized the performance into five ranges [5] as outlined in Table 4 as 
well Table 5. For instance, if the index falls between 0.0 and 0.19, the performance 
is deemed very poor. The overall sustainability index for the case company stood at 
0.65, placing it within the “Good” sustainability performance category. 

3.5 Discussion 

This segment reviews the fuzzy and stochastic model findings, focusing on the total 
sustainability index and uncertainties. Labor rights scored highest at 0.175, followed 
by customer well-being (0.172) and working conditions (0.171), with room for 
improvement in working hours and workload. The social dimension had the highest 
combined score (0.678), while the economic and environmental dimensions scored 
0.85 and 0.79, respectively, due to challenges like air emissions and wastewater. 
The overall TBL sustainability index was 0.65, indicating average performance 
with potential for improvement. Further analysis explored how each dimension 
contributed to result variability.
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4 Conclusion 

Contemporary sustainability assessments struggle with finding comprehensive indi-
cators, handling uncertainties, incorporating the Triple Bottom Line (TBL), and 
assessing sustainability in data-scarce developing nations. This article developed 
and validated a novel methodology using Monte Carlo simulation and fuzzy logic to 
address these challenges. A case study of a Malaysian food manufacturing company 
showed an average sustainability performance with a TBL index of 0.65, identifying 
areas for improvement, such as reducing air emissions, managing wastewater, and 
enhancing working conditions. 
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Enhancing Agricultural Efficiency 
with GIS 
and TSP-Optimized Drone Pathways 

Antonio Passaka Adi Wijaya, Rayinda Pramuditya Soesanto, 
and Fandi Achmad 

Abstract This study addresses soil and leaf quality scanning challenges using detec-
tion drones in crop fields, focusing on limited drone battery life and inefficient route 
planning. It aims to devise an integrated solution by leveraging Geographic Infor-
mation System (GIS) technology with the Traveling Salesman Problem (TSP) algo-
rithm. GIS provides spatial data access and enables complex analyses, while the TSP 
algorithm optimizes drone route planning. This combined approach optimizes battery 
usage, reduces operational costs, and enhances mapping capabilities for accurate land 
management decisions. Moreover, GIS facilitates visual route planning, enhancing 
decision-making processes based on real-time data and environmental conditions. 
The integration of GIS and the TSP algorithm streamlines workflows, improves effi-
ciency, and enhances data accuracy in agricultural monitoring, contributing to better 
resource utilization, cost reduction, and productivity in agricultural practices. 

Keywords Drone route optimization · Geographic information system · Traveling 
salesman problem · Agricultural monitoring 

1 Introduction 

This paper addresses the challenges in agricultural monitoring due to limited drone 
battery power, which hampers the efficiency of scanning crop fields and tea planta-
tions. By collaborating with third-party drone operators and integrating Geographic 
Information System (GIS) with the Traveling Salesman Problem (TSP) algorithm, 
the study aims to optimize routes, reduce costs, and enhance mapping precision.
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GIS allows for precise mapping, efficient route planning, and real-time monitoring, 
minimizing the risk of drones depleting their power mid-operation [1]. The TSP algo-
rithm is adapted to account for battery limitations, optimizing operational efficiency 
[2]. Applied to the Pusat Penelitian Teh dan Kina (PPTK) Gambung, this approach 
reduces operational costs, extends equipment lifespan, and improves agricultural 
productivity through data-driven decision-making [3–6]. 

Leveraging advanced technology, this study integrates TSP and GIS for optimized 
drone route design, enhancing agricultural productivity and sustainability. Focusing 
on PPTK Gambung as a case study, it aligns with Sustainable Development Goal 
2 (SDG 2)—Zero Hunger, particularly target 2.4, by promoting sustainable food 
production systems and resilient agricultural practices to increase productivity, main-
tain ecosystems, and strengthen climate change adaptation [7–9]. Additionally, the 
study supports target 2.a, emphasizing the importance of investment in rural infras-
tructure, agricultural research, and technology development to boost productivity, 
especially in developing countries [8, 10, 11]. By optimizing drone routes and incor-
porating GIS for precise planning and real-time data analysis, the research enhances 
monitoring efficiency, reduces operational costs, and supports the sustainability and 
resilience of agricultural systems, contributing significantly to achieving SDG 2 
targets [12–14]. 

2 Methodology 

The research methodology in this study employs quantitative methods, primarily 
utilizing the Travelling Salesman Problem (TSP) algorithm to optimize drone flight 
routes for soil and leaf quality detection. The integration of Geographic Informa-
tion System (GIS) with TSP aims to streamline route optimization, minimize costs, 
and enhance mapping accuracy. Data collection involved field surveys, researcher 
interviews, collaboration with drone operators, and literature studies [1, 12]. Insights 
from these sources guided the evaluation of variables, facilitating the integration of 
the TSP algorithm into GIS. The GIS system features a layer menu allowing users to 
toggle various spatial data layers, including plantation blocks, soil quality zones, and 
drone flight paths [11]. Route visualization utilizes arrows indicating direction and 
sequence of drone travel. Essential spatial attributes such as latitude and longitude 
coordinates are used for accurate mapping and analysis. For enhanced user interac-
tion and visualization, the GIS system leverages Leaflet, an open-source JavaScript 
library for mobile-friendly interactive maps, which allows for efficient handling of 
map tiles and markers, thus providing a seamless experience in visualizing drone 
routes and spatial data [6, 11]. The Haversine formula calculates the great-circle 
distance between two points on Earth’s surface using their latitude and longitude 
coordinates [15]. This mathematical expression is formulated as follows: 

distance(p1, p2) = R · c (1)
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Fig. 1 Research flow evaluation 

c = 2 · atan2( √a,
√
1 − a) (2) 

a = ((sin
(

�lat 

2

)
) 
2 

+ cos(lat1) · cos(lat2) · ((sin
(

�lat 

2

)
) 
2 

(3) 

The TSP algorithm is adapted to account for drone battery limitations and 
recharging needs, optimizing operational efficiency [2, 16–21]. Implemented in 
Pseudocode, the algorithm initializes coordinates, defines the Haversine formula, 
constructs initial routes, optimizes routes, and visualizes the optimized route on 
GIS. This study optimizes drone flight routes for efficient soil and leaf quality detec-
tion. The research begins with data collection through field surveys, interviews, and 
literature studies, followed by the design of a TSP model tailored for agricultural 
monitoring. Key variables such as geographical coordinates, battery life, and terrain 
characteristics are used. The TSP model is implemented in Python and integrated 
with GIS for route visualization, utilizing Leaflet for interactive mapping. The eval-
uation assesses the optimized routes based on cost savings, mapping precision, and 
operational efficiency, concluding with insights and recommendations for future 
agricultural monitoring (Fig. 1). 

3 Result and Discussion 

3.1 Data Collection 

The calculations for the TSP and GIS visualization for the drone are grounded in the 
following data presented in Table 1. This includes key constraints and operational 
capabilities for drone flights, ensuring comprehensive and realistic modeling for 
route optimization.

In addition to the field data, detailed GIS attributes are essential for accurate 
mapping and visualization. Table 2 lists the GIS data attributes that include spatial 
information about the plantation blocks, pathways, and access points.

Furthermore, GIS will incorporate data reports for review by researchers, 
providing detailed insights into drone flight paths, scanned areas, and operational 
metrics. These reports will facilitate thorough examination and validation of the



28 A. P. A. Wijaya et al.

Table 1 Field data and assumptions 

Constraints Information 

Drone flight capability 15 minutes 

Scanning capability per existing day 4 blocks  

Drone batteries carried by the operator 4 batteries 

Drone scanning time per block 10 minutes 

Travel time Not taken into account 

Scanning activity flow Can be resumed after recharging

Table 2 GIS data attributes 

Attribute Description 

Plantation block coordinates Latitude and longitude coordinates of each block 

Block boundaries Geospatial boundaries of each plantation block 

Pathway and access points Coordinates of pathways and access points for drone operations

collected data, ensuring accurate and reliable information is available for analysis. 
This comprehensive data collection effort ensures that all relevant factors are consid-
ered in the TSP model and GIS visualization, facilitating effective optimization of 
drone flight routes for soil and leaf quality detection in agricultural monitoring. 

3.2 TSP and GIS Model Design 

This section outlines two algorithms that optimize drone flight routes for soil and leaf 
quality detection using the Traveling Salesman Problem (TSP) model and Geographic 
Information Systems (GIS). The process begins by initializing location coordinates 
and calculating distances using the Haversine formula. An initial route is constructed 
with the nearest neighbor method and then optimized using the TSP algorithm. 
The optimized route is visualized with GIS, displaying directional arrows for better 
operational planning, and the final output includes the route and cost savings. The 
pseudocode details each step of this process, from route generation to optimization. 
The following is the pseudocode for Algorithm 1.
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Algorithm 1 Pseudocode for generating the flight route and optimizing it: 

1: Initialize drone at starting point, i, and pickup point, k 

2: For each block i in block_coordinates do 
3: For each block j in block_coordinates \ {i} do 
4: For each block k in block_coordinates \ {i, j} do 

5:
Set c_drone to the distance between block_coordinates[i] and block_coordi-

nates[j]       

6: While c(drone) ≤ battery_limit do 
7:                Insert the nearest unvisited node to the last inserted drone node (h) 

8:            Update c_drone to the duration of new drone route including h 

9:        End while 
10:        End for 
11:        Keep the last generated operation 

12:        Insert the nearest unvisited node to the last inserted drone node 

13:        Compute the travel time of the new drone route 

14:        Keep the new operation 

15: End for 
16: End for 

Algorithm 1 is designed to optimize drone flight routes for agricultural monitoring 
by leveraging the TSP model and considering practical constraints like battery limits. 
The algorithm begins by initializing the drone’s starting position and iterates through 
all possible block combinations to generate a route. Using the Haversine formula, 
it calculates distances between blocks, ensuring that the drone’s path stays within 
its battery capacity. The TSP algorithm is applied to find the most efficient route, 
allowing the drone to visit each block once before returning to the starting point. 
The algorithm continuously updates and refines the route to minimize travel time 
and energy consumption, ensuring an optimized flight path. The final output is an 
optimized route, which is then visualized using Geographic Information Systems 
(GIS) to provide a clear operational plan. Integrating GIS allows for real-time visu-
alization and potential adjustments to the drone’s route based on live data, enhancing 
the system’s robustness in various scenarios. This integration is crucial for effec-
tive operational planning, enabling operators to anticipate obstacles and manage the 
mission efficiently. The algorithm significantly improves operational efficiency by 
optimizing battery usage, ultimately lowering maintenance costs. By optimizing the 
route, the drone allocates more resources to accurate data collection, which is crucial 
for agricultural settings where time, resources, and precision are key.
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3.3 Simulation Methods and Results 

The simulation methods employed in this study are based on variations of the Flying 
Sidekick Traveling Salesman Problem with Pick-Up and Delivery (FSTSP-PDP) and 
Drone Energy Optimization [22]. Two distinct approaches are compared to optimize 
drone routes and energy consumption in agricultural monitoring scenarios. Figure 2 
illustrates the first simulation method, where the drone’s starting point is determined 
by the operator. In this method, the drone sequentially visits each block, completes 
its task, returns to the starting point, and swap its battery before moving on to the next 
block. Consequently, the drone always initiates its route with a fully charged battery 
for each new block. This battery swapping method is more efficient compared to 
traditional charging, as it minimizes downtime and maximizes operational efficiency 
[18, 19, 22]. The simulation results indicate that all six blocks are scanned, with a 
total battery usage of six units. 

Figure 3 depicts the second simulation method, which utilizes the centroid of 
predetermined block coordinates as the starting point. In this approach, the drone 
visits blocks until its battery duration nears depletion then returns to the centroid 
to swap the battery and resumes scanning from the last visited block. This method 
optimizes battery usage by minimizing unnecessary return trips to the starting point. 
Simulation results reveal that all six blocks are scanned with only four units of battery 
utilized.

In Method 2, the TSP calculation is employed, utilizing the centroid of prede-
termined block coordinates as the starting point. This approach allows the drone to 
visit blocks until its battery duration expires. If sufficient time has been spent in one 
block, the drone can move to another without needing to recharge first. However, if the 
battery is depleted, the drone returns to the centroid and continues its progress from 
the previously visited block. This systematic approach ensures efficient coverage of 
the surveyed area while optimizing battery usage. The drone follows a predetermined 
route, visiting blocks in sequence before returning to the starting point. This route 
is generated based on the TSP algorithm. The algorithm then identifies the nearest 
unvisited block from the drone’s position and generates a flight route prioritizing

Fig. 2 Method 1 drone flight route and battery consumption simulation 
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Fig. 3 Method 2 drone flight route and battery consumption simulation

proximity. Battery usage is managed during flight, with the drone returning for swap 
its battery if levels drop below a threshold. Constraints like battery capacity and route 
optimization are integrated to ensure effective coverage and operational reliability. 

The algorithm aims to optimize route efficiency and scanning coverage in tea 
and cinchona plantations, enhancing agricultural monitoring. This method builds 
upon previous research by Cokyasar et al. [18], which investigated designing a drone 
delivery network with automated battery swapping machines [19, 22]. The flexible 
swapping strategy employed in Method 2 aligns with their findings, contributing to 
enhanced operational efficiency and coverage. These methods optimize drone routes 
and scanning coverage, summarized in Table 3 for route optimization, scanning 
coverage, and operational efficiency comparison. 

Table 3 compares simulation results of two methods: Method 1, with operator-
determined starting points, and Method 2, which uses the centroid of block coordi-
nates. Method 1 swaps the drone’s battery after scanning each block, using a total of 6 
battery units for 6 blocks. In contrast, Method 2 adopts a flexible battery swap strategy, 
using only 4 battery units, representing a 33.3% reduction in consumption compared 
to Method 1. This highlights Method 2’s greater efficiency, allowing for more exten-
sive scanning within the same battery limits. These results align with studies by 
Cokyasar et al. [18], Zhang and Cao [4], Budiharto et al. [7], and Yilmazer et al. [5], 
which also focus on GIS and TSP optimization in agriculture, supporting the poten-
tial for improved operational efficiency and coverage in drone-based agricultural 
monitoring.

Table 3 Simulation summary 

Method Starting point determination Charging strategy Blocks scanned Battery used 

Method 1 Operator-determined After each block 6 6 

Method 2 Centroid of block coordinates As needed 6 4 
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3.4 TSP Implementation to GIS 

In Fig. 4, the processed information from the TSP is translated into a compre-
hensive visualization, encompassing the selected routes, identifying the starting 
point, depicting the battery consumption, and incorporating feedback from operators 
regarding the smooth execution or any encountered challenges during the sampling 
operations. This visualization serves as a valuable tool for researchers and drone 
operators, facilitating efficient data interpretation and operational assessment. Addi-
tionally, the GIS visualization includes spatial data layers representing the terrain 
conditions to be traversed by the drone. These layers enable operators to plan drone 
routes effectively by identifying scanned areas and planning which blocks to scan 
next. This feature enhances the operational efficiency of agricultural monitoring by 
providing real-time insights into scanned areas and facilitating strategic planning 
for future scans. By integrating spatial data layers with TSP implementation, the 
GIS visualization optimizes route planning and resource allocation for drone-based 
monitoring operations. Moreover, the system allows drone operators to provide oper-
ational reports to researchers, detailing the scanning history and any relevant obser-
vations during the flight missions. The use of GIS for agricultural monitoring is 
supported by research such as that by Zhang and Cao [6], which discusses the appli-
cation and research progress of Geographic Information Systems (GIS) in agriculture. 
Their findings underscore the significance of efficient drone operations in agricul-
tural monitoring, aligning with the objective of integrating TSP into GIS to optimize 
drone routes in agriculture.

4 Conclusion 

In conclusion, this study underscores the efficacy of drone technology in agri-
cultural surveying tasks, particularly within tea and cinchona plantations. Lever-
aging advanced algorithms like the Traveling Salesman Problem (TSP) alongside 
Geographic Information System (GIS), drones can efficiently navigate through desig-
nated blocks, maximizing coverage while conserving battery power. The integration 
of GIS provides crucial spatial intelligence, enabling precise route planning and real-
time monitoring of drone operations. Results from the comparative analysis between 
Method 1 and Method 2 reveal the superior battery efficiency of the latter, attributed 
to centroid-based starting point determination and an adaptive charging strategy. 
This emphasizes the significance of strategic algorithm design in optimizing drone-
based agricultural surveying. Moving forward, continued advancements in drone 
technology and GIS integration promise to further enhance agricultural monitoring 
and management, boosting productivity. Future research could explore additional 
constraints like travel distance and refined centroid selection based on terrain to 
further optimize drone operations.
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Fig. 4 TSP implementation to GIS
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Abstract This paper analyzes the effect and optimization of fused deposition 
modeling process parameters on the build time and compressive strength of printed 
bone screws. The improved polylactic acid (PLA+) bone screws were designed and 
printed following the ASTM F543 standard. The Taguchi method was employed to 
examine the effects of six process parameters, namely layer height, wall thickness, 
infill density, nozzle temperature, bed temperature, and printing speed, on both build 
time and compressive strength. The effect of each parameter on outputs and optimal 
values for the minimum build time and maximum compressive strength were deter-
mined. The findings indicated that layer height, infill density, and printing speed 
significantly influence the build time. Additionally, infill density and wall thick-
ness significantly affected the compressive strength. The optimum process parameter 
settings were determined to minimize the build time and maximize the compressive 
strength. To reduce build time, the optimal process parameter settings were a layer 
height of 0.14 mm, a wall thickness of 0.6 mm, an infill density of 20%, a nozzle 
temperature of 195 °C, a bed temperature of 55 °C, and a printing speed of 60 m/s. On 
the other hand, the optimal process parameter settings for maximizing compressive 
strength were a layer height of 0.1 mm, a wall thickness of 0.6 mm, an infill density 
of 100%, a nozzle temperature of 200 °C, a bed temperature of 50 °C, and a printing 
speed of 30 m/s.
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1 Introduction 

Additive Manufacturing (AM), or 3D printing, is a manufacturing process that 
involves producing components layer by layer utilizing 3D model data. This differs 
from subtractive manufacturing methods, which include removing material to create 
the desired shape [1]. The main advantages of AM include cost reduction in produc-
tion, minimizing material waste, the capability to produce complex geometry with 
lower weight, and decreased production time. 

Fused Deposition Modeling (FDM) is a popular AM technique widely used in 3D 
printing in biomedical applications, particularly in producing customized orthopedic 
implants. The flexibility of 3D printing enables the creation of complex geometries 
that can closely correspond to the individual anatomical features of each patient, 
potentially improving the fit and functionality of the implants. In orthopedics, FDM 
has been explored for the fabrication of various components, such as bone screws, 
which are essential for the fixation and stabilization of fractures [2]. 3D printing 
offers more options for material selection compared to traditional manufacturing 
methods. This allows for the use of biocompatible and biodegradable polymers, such 
as polylactic acid (PLA). PLA is widely used in orthopedics for the production of 3D-
printed medical products due to its excellent biocompatibility, mechanical properties, 
and biodegradability [3]. However, the mechanical performance of FDM-printed 
parts is strongly influenced by the process parameters, which must be optimized to 
meet the required specifications. The impact of various FDM process parameters on 
the mechanical properties of printed parts has been studied in the literature [4, 5]. 

Design of experiments (DoE) is a systematic method for determining the influence 
of process parameters. DoE, like the Taguchi Method (TM) and Response Surface 
Methodology (RSM), was used to reduce the number of experimental trials and 
identify the optimal combination of process parameters that improved the mechan-
ical properties [6]. Researchers widely employed the Taguchi method (TM) to reduce 
the number of experiments required for optimizing 3D printing process parameters 
[7]. Kechagias et al. [8] used the TM to investigate the impact of different process 
parameters in FDM on the mechanical characteristics of 3D-printed PLA parts. These 
characteristics were considerably influenced by infill density, raster deposition angle, 
nozzle temperature, printing speed, layer thickness, and bed temperature. Similarly, 
Camposeco-Negrete et al. [9] investigated the effects of infill pattern, build orien-
tation, and infill percentage on the mechanical properties of PLA parts printed by 
FDM using the TM and analysis of variance (ANOVA). Pachauri et al. [10] employed 
TM and ANOVA to determine the optimal combination of process parameters for 
producing FDM 3D-printed PLA parts with the highest tensile strength. The study 
indicated that the proposed method may help optimize printing parameters to produce 
high-strength PLA parts. TM and ANOVA have also been employed in other studies
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to determine the optimal process parameters for making the PLA parts using FDM 
with improved performance characteristics [11, 12]. However, previous research indi-
cates that no study has been conducted on investigating or optimizing FDM process 
parameters for printing bone screws using the Taguchi method. 

This study aims to empirically investigate the effect and optimization of FDM 
process parameters, including layer height, wall thickness, infill density, nozzle 
temperature, bed temperature, and printing speed, on the build time and compressive 
strength of 3D-printed bone screws using the Taguchi method. 

2 Material and Methods 

The filament used for printing the 3D bone screws was the improved polylactic acid 
(PLA+), with a diameter of 1.75 mm, and was commercially available from eSUN 
Manufacturer (Shenzhen, China). PLA+ is a modified version of PLA with excellent 
impact resistance and adherence between printed layers, making it suitable for 3D 
printing functional products. The material properties of PLA+ are given in Table 1. 

The 3D model of bone screws was initially designed in Solidworks software, 
with geometric dimensions based on the ASTM F543 Type HA screw specification 
outlined in Table 2. Figure 1 presents the 3D model of the bone screw. This 3D model 
was subsequently converted to an STL file format and imported into Ultimaker Cura 
5.5.0 software. In this program, G-codes were generated, process parameters were 
set, and the 3D model was sliced for 3D printing. The designed bone screws were 
ultimately fabricated using the Creality Ender 6 FDM 3D printer, with a nozzle 
diameter of 0.2 mm.

The FDM process involves numerous parameters that are specific to 3D printing. 
Six process parameters that affect the performance of FDM-printed bone screws 
were used as input/control factors in this investigation. These include layer height 
(Lh), wall thickness (Wt), infill density (Id), nozzle temperature (Nt), bed temperature 
(Bt), and printing speed (Ps). These parameters were selected based on the relevant 
literature [5, 8, 15]. During the experiment, all other parameters were kept constant. 

This study used the TM to design experiments and optimize FDM process param-
eters. The TM is a robust design approach that uses orthogonal arrays (OA) to study 
the entire parameter space with fewer experiments. With minimum experimentation, 
it can efficiently find the optimal process parameter settings for the desired product 
quality characteristics [16].

Table 1 Improved polylactic acid (PLA+) filament properties [13] 

Density 
(g/cm3) 

Melt flow 
index (°C/ 
kg) 

Tensile 
strength 
(MPa) 

Elongation at 
break (%) 

Flexural 
strength 
(MPa) 

Izod 
impact 
strength 
(kJ/m2) 

Recyclability 

1.23 190/2.16 60 20 74 6 Yes 
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Table 2 Dimensions for HA screw design based on ASTM F543 (in mm) [14] 

Bone 
screw 
type and 
size 

HA 5.0 
× 30 mm 

d2 k r1 r2 r3 Screwdriver size SW t 

8.0 4.6 4.250 2.5 1.0 3.5 3.510 2.8 

d1 d5 e P r4 r5 α β 
5.0 3.50 0.1 1.75 1.0 0.3 35 3 

Note: d1 is thread diameter, d2 is head diameter, d5 is core diameter, r1 is bottom head radius, r2 is 
top head radius, r3 is tip radius, r4 is leading-edge radius, r5 is trailing-edge radius, k is head height, 
e is crest width, P is thread pitch, α is leading-edge angle, β is trailing-edge angle, t is screwdriver 
thickness, and SW is  key or wrench width  

Fig. 1 Design of bone screw

This study used six process parameters and a five-level parameter set adapted to the 
L25 (56) OA. The process parameters and their levels are shown in Table 3. Employing 
the TM reduced the number of experiments from 15,625 to 25 and from 46,875 to 75 
due to the experiments being performed in three repetitions. Table 4 presents the DoE 
for the L25 OA. The compressive strength of the printed bone screws was evaluated 
using a universal testing machine following ASTM D695 standards. Compression
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tests were performed on a Zwick/Roell Z020 Universal Testing Machine with a 1.5 
mm/min test speed. Additionally, each specimen’s build time during manufacturing 
was recorded and calculated by 3D printing slicing software. Figure 2 illustrates 
the equipment used in the various processes, from producing the test specimens 
to breaking specimens during the compression test. The experimental results for 
the average build time (BT) and compressive strength (CS) values are presented in 
Table 4. 

The experimental data was analyzed using the TM to examine how the process 
parameters affected build time and compressive strength and the optimal param-
eter settings for minimizing build time and maximizing compressive strength. The 
influence of process parameters on responses was investigated using the Taguchi 
experimental design method. The signal-to-noise (S/N) ratio was calculated for each 
response characteristic, and the mean S/N ratio response table and main effects plots 
were generated to identify the optimal parameter levels. The process parameter with 
the highest S/N ratio indicates the optimal level. 

The TM uses different formulas to calculate the S/N ratio, depending on whether 
the experiment target minimizes or maximizes the response. For minimization prob-
lems, the minimum response is computed using the S/N ratio with the smaller-the-
better (STB) response characteristic. Conversely, for maximization problems, the S/ 
N ratio with the larger-the-better (LTB) response characteristic is used. In this study, 
the objective is to minimize the build time and maximize the compressive strength 
of the 3D-printed bone screws. The formula for the STB (Eq. 1) and the LTB (Eq. 2) 
is as follows: 

S/NSTB = −10log10

[
1 

n 

n∑
i=1 

y2 ij

]
(1) 

S/NLTB = −10log10

[
1 

n 

n∑
i=1 

1 

y2 ij

]
(2) 

where yij is the collected response data of the 3D printing process parameters for a 
given test condition, and n is the number of replications.

Table 3 Process parameters and their levels 

Process parameters Symbol Levels 

1 2 3 4 5 

Layer height (mm) A 0.06 0.08 0.10 0.12 0.14 

Wall thickness (mm) B 0.2 0.4 0.6 0.8 1.0 

Infill density (%) C 20 40 60 80 100 

Nozzle temperature (°C) D 195 200 205 210 215 

Bed temperature (°C) E 40 45 50 55 60 

Printing speed (mm/s) F 20 30 40 50 60
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Table 4 The experimental layout used L25 (56) OA, experimental results, and S/N ratio 

Exp. no Input parameters Response variables S/N ratio of responses 

A B C D E F BT (min) CS (MPa) BT (min) CS (MPa) 

1 1 1 1 1 1 1 53.42 11.518 −34.554 21.227 

2 1 2 2 2 2 2 59.60 23.581 −35.505 27.451 

3 1 3 3 3 3 3 64.58 36.969 −36.202 31.357 

4 1 4 4 4 4 4 64.75 37.978 −36.225 31.591 

5 1 5 5 5 5 5 66.00 35.919 −36.391 31.107 

6 2 1 2 3 4 5 42.93 17.027 −32.656 24.623 

7 2 2 3 4 5 1 53.95 30.801 −34.640 29.771 

8 2 3 4 5 1 2 53.78 37.613 −34.613 31.507 

9 2 4 5 1 2 3 50.75 45.669 −34.109 33.192 

10 2 5 1 2 3 4 42.92 24.127 −32.653 27.650 

11 3 1 3 5 2 4 38.97 25.510 −31.814 28.134 

12 3 2 4 1 3 5 42.60 40.614 −32.588 32.174 

13 3 3 5 2 4 1 48.48 51.575 −33.712 34.249 

14 3 4 1 3 5 2 33.60 20.270 −30.527 26.137 

15 3 5 2 4 1 3 36.67 27.219 −31.285 28.697 

16 4 1 4 2 5 3 36.30 38.596 −31.198 31.731 

17 4 2 5 3 1 4 37.53 41.720 −31.488 32.407 

18 4 3 1 4 2 5 28.45 19.725 −29.082 25.900 

19 4 4 2 5 3 1 33.67 22.914 −30.544 27.202 

20 4 5 3 1 4 2 33.60 35.637 −30.527 31.038 

21 5 1 5 4 3 2 33.90 43.545 −30.604 32.779 

22 5 2 1 5 4 3 23.53 12.220 −27.434 21.742 

23 5 3 2 1 5 4 27.03 25.102 −28.638 27.994 

24 5 4 3 2 1 5 27.20 28.958 −28.691 29.235 

25 5 5 4 3 2 1 33.32 32.390 −30.453 30.208

Additionally, analysis of variance (ANOVA) was used to determine how statis-
tically significant the optimized process parameters were and how they contributed 
to the response characteristics [4]. Following the Taguchi methodology, the exper-
imental design, calculations, and graphical analysis were conducted using Minitab 
21 software.
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Fig. 2 Experimental steps and devices used

3 Results and Discussion 

TM converts the experimental results into S/N ratios. The S/N ratio is utilized to 
optimize the quality characteristics of responses in Taguchi-based optimization. This 
study analyzed the S/N ratio to identify the optimal process parameters that minimize 
BT and maximize CS. The smaller-the-better characteristic was selected as the target 
to minimize BT, and Eq. (1) was applied to calculate the S/N ratio. The larger-
the-better characteristic was chosen to maximize CS, and Eq. (2) was applied. The 
experimental results were transformed into S/N ratios, as presented in Table 4. The  
mean S/N ratio response table is used to analyze each parameter level. It shows which 
parameter has the most significant effect on the final response, as well as the highest 
and lowest values of the response characteristics that are associated with it [16]. The 
highest S/N ratio value indicates the best parameter settings. The optimum values 
for each parameter in this table are used to determine the optimal combination of 
process parameters that minimize BT and maximize CS. 

3.1 Build Time Analysis 

The TM was first employed to analyze the effect of printing process parameters on 
each response individually. Table 5 presents the mean S/N ratio response table for BT. 
The bold values indicate the highest mean S/N at each level of the process parameters.
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Table 5 Mean S/N ratio response table for build time 

Process 
parameters 

Levels Delta Rank 

1 2 3 4 5 

Layer height −35.775 −33.734 −31.985 −30.568 −29.164 6.611 1 

Wall 
thickness 

−32.165 −32.331 −32.449 −32.019 −32.262 0.430 4 

Infill density −30.850 −31.726 −32.375 −33.015 −33.261 2.411 2 

Nozzle 
temperature 

−32.083 −32.352 −32.265 −32.367 −32.159 0.284 6 

Bed 
temperature 

−32.126 −32.192 −32.518 −32.111 −32.279 0.408 5 

Printing 
speed 

−32.780 −32.355 −32.046 −32.164 −31.882 0.899 3

A high S/N ratio value indicates that the responses provide the desired result, and for 
BT, the smaller-the-better characteristic is preferable. Figure 3a displays the main 
effects plots, illustrating the mean S/N ratios for build time. It shows that the highest 
S/N values for BT are obtained with Lh (A) at the 1st level, Wt (B) at the 3rd level, 
Id (C) at the 5th level, Nt (D) at the 4th level, Bt (E) at the 3rd level, and Ps (F) at the 
1st level. These correspond to process parameters with a layer height of 0.14 mm, a 
wall thickness of 0.6 mm, an infill density of 20%, a nozzle temperature of 195 °C, 
a bed temperature of 55 °C, and a printing speed of 60 m/s. Additionally, the delta 
value, which represents the difference between the highest and lowest average S/N 
ratios, indicates the effect of each process parameter on the response. The optimum 
printing conditions were determined as A1B3C5D4E3F1. This combination of process 
parameters has been identified as the optimal combination of process parameters for 
reducing the build time of the 3D-printed bone screws. 

3.2 Compressive Strength Analysis 

The mean S/N ratio response table analysis for CS, which considers the factors 
Lh, Wt, Id, Nt, Bt, and Ps, is presented in Table 6. The bold values represent the 
highest mean S/N at each level of the process parameters. This analysis employed an 
approach where larger values are favored to calculate the S/N ratios for maximizing 
CS. Figure 3b also displays the main effects plots, illustrating the mean S/N ratios for 
CS. According to Table 6, Id is the most influential process parameter among the other 
five parameters for CS, while Ps is the least influential parameter. Similarly, Lh has a 
minimal impact on CS. The maximum S/N ratios correspond to the optimum levels 
for the process parameters. Based on this analysis, the optimal process parameter 
values to achieve maximum compressive strength for 3D-printed bone screws are 
a layer height of 0.1 mm, a wall thickness of 0.6 mm, an infill density of 100%, a
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Fig. 3 Mean effect for S/N ratio of a build time and b compressive strength
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Table 6 Mean S/N ratio response table for compressive strength 

Process parameters Levels Delta Rank 

1 2 3 4 5 

Layer height 28.546 29.349 29.878 29.656 28.392 1.487 5 

Wall thickness 27.699 28.709 30.201 29.472 29.740 2.503 2 

Infill density 24.531 27.194 29.907 31.442 32.747 8.215 1 

Nozzle temperature 29.125 30.063 28.946 29.748 27.938 2.125 3 

Bed temperature 28.615 28.977 30.232 28.648 29.348 1.618 4 

Printing speed 28.532 29.782 29.344 29.555 28.608 1.251 6 

nozzle temperature of 200 °C, a bed temperature of 50 °C, and a printing speed of 
30 m/s. 

3.3 Analysis of Variance 

An analysis of variance (ANOVA) was conducted to evaluate the statistical signif-
icance of the process parameters and their contribution to the variation in build 
time and compressive strength. The ANOVA results for build time and compressive 
strength are presented in Table 7.

The ANOVA results indicate that layer height, infill density, and printing speed 
have a statistically significant effect on the build time of the 3D-printed bone screws, 
as evidenced by their p-values below 0.05. Conversely, wall thickness, nozzle, and bed 
temperature do not significantly affect build time. Layer height exhibits the highest 
contribution at 84.82%, followed by infill density at 11.8% and printing speed at 
1.25%. These findings are consistent with the Taguchi analysis, which identified 
layer height as the most influential parameter in minimizing build time, while infill 
density and printing speed ranked second and third, respectively, in Taguchi’s factor 
rank order. 

According to the ANOVA results, infill density and wall thickness are the most crit-
ical process parameters for compressive strength, while layer height, nozzle tempera-
ture, bed temperature, and printing speed have no significant effect. Infill density is the 
dominant parameter, contributing 77.33% to the variation in compressive strength, 
followed by wall thickness at 4.25%. These findings are consistent with the Taguchi 
analysis, which identified infill density and wall thickness as the most influential 
parameters in maximizing compressive strength. The results from both the ANOVA 
and Taguchi methods are aligned.
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Table 7 ANOVA of build time and compressive strength 

Source DoF Adj SS Adj MS F-value p-value % contribution 

ANOVA for build time 

Layer height 4 134.295 134.295 724.330 0.000 84.82 

Wall thickness 4 0.007 0.007 0.040 0.848 0.00 

Infill density 4 18.679 18.679 100.740 0.000 11.80 

Nozzle temperature 4 0.014 0.014 0.080 0.786 0.01 

Bed temperature 4 0.025 0.025 0.130 0.719 0.02 

Printing speed 4 1.979 1.979 10.670 0.004 1.25 

Total 24 154.998 97.89 

ANOVA for compressive strength 

Layer height 4 0.000 0.000 0.000 0.999 0.00 

Wall thickness 4 11.738 11.738 4.530 0.047 4.25 

Infill density 4 213.817 213.817 82.470 0.000 77.33 

Nozzle temperature 4 3.616 3.616 1.390 0.253 1.31 

Bed temperature 4 0.647 0.647 0.250 0.623 0.23 

Printing speed 4 0.003 0.003 0.000 0.974 0.00 

Total 24 229.820 83.12

4 Conclusions 

Using the Taguchi method, this study investigated the effect and optimization of FDM 
3D printing parameters on bone screws’ build time and compressive strength. These 
settings included layer height, wall thickness, infill density, nozzle temperature, bed 
temperature, and printing speed. The results showed that layer height, infill density, 
and printing speed were the significant parameters affecting the build time, while infill 
density and wall thickness significantly affected compressive strength. The optimum 
process parameter settings were determined to minimize build time and maximize 
compressive strength. The optimal parameter settings for minimizing build time were 
identified as a layer height of 0.14 mm, a wall thickness of 0.6 mm, an infill density 
of 20%, a nozzle temperature of 195 °C, a bed temperature of 55 °C, and a printing 
speed of 60 m/s. On the other hand, the optimal parameter settings for maximizing 
compressive strength were a layer height of 0.1 mm, a wall thickness of 0.6 mm, an 
infill density of 100%, a nozzle temperature of 200 °C, a bed temperature of 50 °C, 
and a printing speed of 30 m/s. 

This optimization approach can contribute to the development of high-
performance and cost-effective bone screws fabricated using FDM 3D printing. By 
minimizing build time and maximizing compressive strength, the findings of this 
study provide valuable insights to guide the design and manufacturing of 3D-printed 
bone screws for orthopedic applications. Further research could explore the impact
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of other factors, such as print orientation and post-processing treatments, on the 
performance characteristics of 3D-printed bone screws. 
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for Biocompatibility Improvement 
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Abstract In this work, sol–gel dip coating technique was used to coat magnesium/ 
hydroxyapatite (Mg/HA) slurry with incorporating 10 and 30% of epoxy as binder 
on high carbon Co–Cr–Mo medium-entropy alloy (MEA). High carbon Co–Cr–Mo 
MEA which priory have been treated via thermal oxidation at 850 and 1050 °C 
for 2 h under controlled furnace atmosphere which to create an oxide layer for 
surface modification purposes. The coating of Mg/HA on oxidized substrate were 
then investigated by using Field Emission Scanning Electron Microscopy (FESEM) 
with Energy Dispersive X-ray spectroscopy (EDX) and X-ray Diffraction (XRD) to 
evaluate the optimum substrate surface condition for further investigation. Findings 
from this study revealed that oxidation at 1050 °C on high carbon Co–Cr–Mo MEA 
demonstrates good anchorage for Mg/HA coating layer to adhere on the substrate 
surface and the presence of magnesium cobalt oxide indicate that substrate surface 
advantageous to act as antifungal agent to human body. Furthermore, by incorpo-
rating 30% of epoxy to Mg/HA slurry has improved the coating morphology. The 
results showed absent of microcracks and high microporous of Mg/HA with domi-
nating sizes range from 27.9 to 188.5 µm which is believed can promote greater 
biocompatibility on high carbon Co–Cr–Mo MEA.
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1 Introduction 

In order to satisfy the expectations of the medical industry going forward, there is a 
growing need for a new generation of metallic biomaterials with excellent mechan-
ical and biocompatibility features [1]. The use of Co–Cr–Mo medium-entropy alloy 
(MEA) in the fabrication of orthopedic and dental implants has grown in popularity 
recently [2]. The Co–Cr–Mo MEA surfaces are reported in scientific literature to 
form passive oxide layers that are more stable than the metallic components them-
selves. This successfully stops the toxicity of the metallic elements from dissolving 
in the human body by forming a barrier between the implant surface and the abrasive 
aqueous environment [3]. Although several other research have been published on 
this subject, their conclusions are still unclear. Specifically, the thermal oxidation 
effect of high carbon Co–Cr–Mo medium-entropy alloy (HC Co–Cr–Mo MEA) for 
surface modification prior to biocompatible coatings, such as hydroxyapatite (HA) 
coating needs serious investigations. 

HA is the primary component present in human bone tissue, with a Ca/P ratio of 
1.67 and a hexagonal crystal shape. It can be created and applied to orthopedic 
implants to improve their bioactivity, resistance to corrosion, and osteoconduc-
tivity—the capacity to stimulate the formation of new bone [4]. Beside of having 
excellent biocompatibility and many other potential effectiveness, it is well estab-
lished that HA coating alone is limited for loading implant applications due to its 
inherent brittleness [5]. Therefore, many researchers have reported that by incorpo-
rating HA with Mg powders can potentially reduce the brittleness as well as enhance 
healing, thus leading to a more functionally desirable of metallic implant [6, 7]. 

Despite the literature showing publications associating Mg/HA coating for bioma-
terial implants such as regeneration of bone tissue and speed up bone ingrowth, so 
far, no study has been found associating Mg/HA slurry with incorporating epoxy 
as binder on HC Co–Cr–Mo MEA to enhance biocompatibility as proposed in this 
study. Furthermore, the effect of surface modification via thermal oxidation on HC 
Co–Cr–Mo MEA prior to Mg/HA coating was not yet evidenced. Therefore, the 
objective of this study was to obtain optimum slurry of Mg/HA with epoxy before 
deposited on thermally treated HC Co–Cr–Mo MEA via sol–gel dip coating tech-
nique, to enhance biocompatibility properties of this metallic implant. The following 
clarifies the study’s specifics.
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2 Materials and Methods 

The material utilized in this study was a 14 mm diameter round bar of high carbon 
Cobalt-Chromium-Molybdenum medium-entropy alloy (HC Co–Cr–Mo MEA) 
biomedical grade (ASTM F1537). Carpenter Technology Asia Pacific provided the 
following material compositions (in weight percentage): Cr: 29.6, Mo: 6.5, Si: 0.7, 
Ni: 0.1, Fe: 0.12, Mn: 0.7, C: 0.24. N: 0.16 and Co: equilibrium. A Buehler, Isomet 
4000 precision cutter was used to cut the bar into a 2 mm thick disk. The disk cylinder 
faces were cleaned ultrasonically with acetone after being wet ground through a 1000 
mesh screen. Ra= 0.1± 0.02 µm is the initial average of substrate surface roughness. 
Thermal oxidation was used to modify the surface in a muffle furnace for two hours 
at 850 and 1050 °C, which is below the HC Co–Cr–Mo MEA substrate’s annealing 
temperature of 1121 °C [8, 9]. 

Magnesium (Mg) and hydroxyapatite (HA) micron-sized powders with respective 
purity levels of 99 and 90% were purchased from Sigma Aldrich. Diglycidyl ether 
of bisphenol A (DGEBA) resin (Araldite LY556) was utilized as epoxy resin and 
was purchased from Huntsman. Triethylenetet-ramine (HY951), a hardener, was 
acquired from Permula Chemical. The slurry mixture of Mg:HA followed the 1:1 
ratio (10 g:10 g) to ensure a homogeneous and well-dispersed of 28 mL ethanol 
with epoxy binder mediums were prepared. The mixing ratio of epoxy resin solution 
is 2:1 epoxy to hardener comprising the weight of epoxy-saturated resin of 10 and 
30%. The Mg/HA slurry consists of an epoxy binder magnetically stirred for 3 h 30 
min at a speed of 2000 rpm to avoid particle aggregation. The oxidized substrate of 
HC Co–Cr–Mo MEA were then dipped in the Mg/HA slurry coating at fixed dipping 
and withdrawal speeds of 200 mm.min−1 using HTWL-01 Desktop Dip Coater (MT1 
Cooperation, USA) at room temperature. Once dried at room temperature, the next 
layer of coating takes place to produce the desired coating thickness. The coating 
deposition process was repeated for 5 times. 

HC Co–Cr–Mo MEA and Mg/HA coatings on oxidized substrate were subjected 
to surface morphology analysis using a Field Emission Scanning Electron Micro-
scope (FESEM, JEOL JSM-7800F, JEOL, Japan) that was operated at a 5 kV accel-
erating voltage. Energy Dispersive X-ray Spectroscopy (EDX, LSM880-FESEM, 
Carl Zeiss AG, Germany) was used to analyze elements. Using Cu Kα radiation (λ = 
1.54060 Å) operated at 45 kV and 40 mA in the angle range of 20°–70° of 2θ, X-ray 
diffraction (XRD, Bruker D8 Model 2016, Berlin, Germany) was used to examine 
the crystal structure of the coated substrate. A 2° incident angle was used to gather 
all of the patterns in order to reduce substrate interference.
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3 Results and Discussion 

Structural and morphological characteristics. Figure 1 shows the corresponding 
EDX spectra and the FESEM images of thermally oxidized HC Co–Cr–Mo MEA. It is 
thought that the metallic element that reacts at a specific temperature and the thermal 
oxidation process control the variety in the formed shapes, sizes, and surface textures. 
The topographies micrographs revealed that microporous of HC Co–Cr–Mo MEA 
at 1050 °C surface differed significantly from the HC Co–Cr–Mo MEA at 850 °C. 
The thermally treated substrate at 850 °C (Fig. 1a—left) exhibited like prismatic 
crystallites that can be seen with oriented characteristic of chromium oxide (Cr2O3), 
indicating the formation of chromia scale (dark green) takes place predominantly by 
outward growth. The ImageJ software is used to calculate the average grain sizes 
which is 1.753 µm and the dominating sizes range from 0.967 to 2.394 µm (data not 
presented). The EDX mapping of the oxidized surface at 850 °C is also presented in 
Fig. 1a—right as a qualitative estimate, due to it does not represent the entire substrate 
surface. The presence of dominating element of chromium (Cr), manganese (Mn), 
oxygen (O) and cobalt (Co) with weight percentages of 37.96, 28.50, 26.08 and 5.82, 
respectively, confirmed the high amount of chromium oxide (Cr2O3) compared to 
manganese cobalt oxide (MnCo2O4) (XRD data not presented) [10].

This phenomenon occurred due to chromium and manganese has high reactivity 
and easily react with oxygen during thermal oxidation process above 500 °C [11, 12]. 
Conversely, the preferential development across grain boundaries cannot continue 
indefinitely because the oxygen diffusion distance in the Cr2O3 protrusions eventu-
ally grows to a size that promotes growth at the ridge bases. Since the height of these 
ridges is constrained, this may be the cause of the absence of pores in the majority 
of the oxide layer [13, 14]. 

Meanwhile, at 1050 °C (Fig. 1b—left), the oxide layer appeared to have smaller 
particle sizes and more interconnected micropores with adjacent spherical structures. 
Naturally, porous structure is preferable because of better anchorage for coating adhe-
sion on the substrate surface. Further inspection observed that the average particle 
sizes vary between 0.323 and 0.621 µm, but smaller particles are also observed, with 
sizes from 0.149 to 0.281 µm (data not presented). It is worth to note that at high 
temperature of oxidation, these oxide scales have an enormous ability to deform from 
prismatic crystallites into smaller spherical grains with micropores. It is believed that 
at this stage, inward diffusion of oxygen takes place and perforate the ridges, leading 
to the formation of small gaps and micropores [14]. However, given the previously 
stated substrate color and oxide temperature, neither spallation nor cracking of the 
oxide scale was seen. 

The corresponding EDX in the selected sites for oxidized substrates at 1050 °C is 
also shown in Fig. 1b—right. The mapping images revealed a significant difference 
of weight percentage compared to oxidize substrate at 850 °C. The spectra display the 
corresponding peaks dominant by cobalt (36.00 wt.%) followed by oxygen (28.08 
wt.%), chromium (26.03 wt.%) and lastly, manganese (4.69%). This scenario clearly 
reflects that oxidation at higher temperature has donate sufficient energy to excite
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Fig. 1 FESEM micrographs of thermally oxidized of HC Co–Cr–Mo MEA indicating morphology 
at a 850 °C and b 1050 °C for 2 h with their corresponding EDX spectrum of element present. The 
images were recorded at the magnification of 10,000x (left)
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cobalt element to form into cobalt chromate (CoCr2O4). Beside that, Cr2O3 and 
Mn1.5Cr1.5O4 oxide were also detected in XRD results (data not presented) [10]. 
These findings in line with elements discovered in EDX results. 

The FESEM micrographs demonstrate how the oxidation temperature has an 
impact on the oxide layer’s size and form, as was previously mentioned. It is believed 
that the formation of the hexagonal phase at lower oxidation temperature is the initial 
stage of chromium crystallization which also enhanced by adsorption of atomic 
oxygen. It is well established that free energy of the hexagonal chromium is lower 
than the cubic chromium [12]. As a result, the hexagonal structure becomes stable and 
tightly-packed structure as shown in Fig. 1a—right. While the temperature increase, 
chromia scale (Cr2O3) become unstable and evolves into small-sized crystallites 
resulting in the transformation of hcp chromium into bcc chromium [15, 16]. Change 
of the chromium phase structure by the specified temperature is also accompanied 
by a change of the substrate surface such as increment of surface roughness and 
emergence of micropores (Fig. 1b—left). 

Figure 2 presents the image of Mg/HA coatings on oxidized HC Co–Cr–Mo MEA 
revealing the formation of microporous structures and by incorporating 30% of epoxy 
no microcracks are visible. The EDX results also confirm the deposition of Mg/HA 
coatings on all oxidized substrates. As shown in Fig. 2a and c—left, microcracks were 
evident on the coating surface. It can be noted, despite incorporating 10% of epoxy, 
the coating still shows breakdown outspread on the surface. The present of severe 
cracks on coating surface can interfere with the sustainability of the coating for further 
biocompatibility testing. Even though microporous are desirable for bone ingrowth 
and cell adhesion, yet these defects is not tolerable under rigorous environment in 
human body due to delamination of coatings will occurs [7].

Meanwhile, the addition of 30% of epoxy into Mg/HA slurry significantly improve 
the coating quality which can be attributed to the absence of microcracks as shown 
in Fig. 2b and d—left. In Fig. 2b, it can be noted that Mg/HA coating has average of 
micropores that vary between 54.7 and 108.3 µm. While in Fig. 2d, the micropores 
having an average size between 27.9 and 186.5 µm which are greater number of 
porosities in the range scattered on the oxidized of HC Co–Cr–Mo MEA at 1050 °C 
compared to 850 °C. 

XRD analysis in Fig. 3 showed the phases of cobalt oxide (CoO), magnesium oxide 
(MgO), magnesium (V) oxide (MgO2), chromium (VI) oxide (Cr1O3), cobalt molyb-
denum (Co3Mo1), magnesium cobalt oxide (MgCoO) and cobalt chromium (CoCr) 
on HC Co–Cr–Mo MEA after 5 layers of Mg/HA coating deposition. All samples 
showed similar XRD spectra after Mg/HA coating on HC Co–Cr–Mo MEA, which 
suggested a consistent formation of highly crystallized magnesium and cobalt on the 
substrate surface. Although both coated substrates have the favorable characteris-
tics which believed can accelerate osteoconduction and osteointegration processes 
in bone tissues [1, 10] but further investigation revealed that only coated substrate 
that oxidized at 1050 °C have formation of magnesium cobalt oxide (MgCoO), as 
observed in the XRD pattern (Fig. 3). It is believed that MgCoO have advantageous 
to prevent cell cancer and act as antifungal agent to human body [17]. Previous 
researchers also reported that when magnesium and cobalt were present in the same
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Fig. 2 The FESEM micrographs and EDX spectrum of Mg/HA coating on oxidized HC Co–Cr– 
Mo MEA alloy a 850 °C with 10% epoxy, b 850 °C with 30% epoxy, c 1050 °C with 10% epoxy 
and d 1050 °C with 30% epoxy

reaction mixture, they behaved competitively toward each other, and the competition 
profile altered depending on the relative concentrations of the metals [5]. Therefore, 
both elements were concluded to combine and react at high temperature oxidation 
and formed into magnesium and cobalt phases which believed can promote greater
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Fig. 3 The XRD pattern of Mg/HA coating on oxidized HC Co–Cr–Mo MEA alloy a 850 °C with 
10% epoxy, b 850 °C with 30% epoxy, c 1050 °C with 10% epoxy and d 1050 °C with 30% epoxy 

biocompatibility and improve the properties of the HC Co–Cr–Mo MEA in this study 
[18]. 

4 Conclusions 

In this study, magnesium/hydroxyapatite (Mg/HA) slurry with incorporating 10 and 
30% of epoxy as binder was coated on oxidized high carbon Co–Cr–Mo medium-
entropy alloy (MEA) at 850 and 1050 °C. The presence of Cr2O3 layer was observed 
in all oxidized substrates with no evidence of oxide scale spallation or cracking 
occurred. However, it is worth noting that best Mg/HA coating was on oxidized 
substrate at 1050 °C with incorporating of 30% epoxy. The reasons are due to varia-
tion sizes of microporous and formation of magnesium cobalt oxide (MgCoO) on the 
substrate. It has been suggested that MgCoO advantageous to act as antifungal agent 
to human body. These findings allow for further thorough research to confirm the 
relationship between these oxide layers and the in-vitro testing’s release of hazardous 
ions. All things considered, the published results can offer pertinent information on 
the HC Co–Cr–Mo MEA, which can be used as a secure implant material in biological 
applications. 
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Influence of Different Materials 
on Inductance Values of Vitroperm 500 
at High Temperature Annealing 

Murshidi Mdzuki, H. Mas Ayu, S. Mohd Mawardi, and Rosdi Daud 

Abstract The purpose of this study is to evaluate the effect of mild steel as dummy 
with various heights on the inductance value of core. The experiment is performed 
according to standard operation procedure used in VACUUMSCHMELZE (M) SDN. 
BHD. (VAC) production line and all parameters such as core weight, tension of 
core and temperature process are controlled based on the actual practice for specific 
core production. The VITROPERM 500 (Fe–Cu–Si–X) strip was used as the main 
material and the magnetic field annealing process was carried out using magnetic 
field annealing furnace. As for the inductance value measurement, a UNITESTER 
test machine which developed by VAC was used to measure the inductance value for 
each core after the heat treatment process for 12 h duration. Prior to the annealing 
process, a test on the magnetic field strength inside the furnace was done to check 
the strength of magnetic field where the data indicate a non-linear strength along the 
furnace, which is the strength will be greater at the middle (1.85 kA/cm) and lowest 
at the bottom of the furnace (1.70 kA/cm) where the cores is placed. Quantitative 
analyses showed the inductance value of bottom core decreased greater than 10% 
as compared to the neighboring core with the absence of the mild steel. One should 
keep in mind that the value for the tested cores is not specified, only the deviation of 
the inductance value of bottom core will be considered. This phenomenon occurred 
due to the attraction strength of bottom dummy towards the magnetic field. Further
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experiment was done to evaluate the effect of different height of mild steel and it is 
worth to note that various height of mild steel does not gives any significant effect 
on the inductance value of core. 

Keywords Magnetic heat treatment · Transverse field · Inductance value ·Mild 
steel · Vitroperm 500 

1 Introduction 

Fe-based nanocrystalline have been reported to have excellent properties of soft 
magnetic, including low core loss value (Pcore), which include hysteresis loss and 
eddy current loss, and high effective permeability (µe) at high frequencies which 
can satisfy the development of electronic devices [1]. From the previous studies, 
increased of Fe content effectively will increases the magnetization flux density 
(Bs) of pure Fe-based amorphous alloys [2–4]. Nanocrystalline VITROPERM 500 
(VP500) has been used recently to produce inductive components and cores which 
including common mode of chokes, gate drive transformers, current transformers, 
amorphous and nanocrystalline cores. 

The standard procedures are VP500 strip will undergo several processes such as 
winding process and tools setup before convey to next process such as heat treatment 
(HT). The HT process is crucial as it can affect the magnetic value of the core 
(nanocrystalline alloy) after thermally treated for several hours [5, 6]. The presence 
of a transverse field during HT process can modify the magnetic properties of VP500 
by inducing anisotropies and softening the Fe-rich nanocrystalline into soft magnetic 
alloys which give the inductance value to the individual core. Nevertheless, the 
transverse field strength inside the furnace may be varies during HT process due to 
the design of the furnace and the characteristic of the induced magnetic field [7–9]. 
However, the effect of the magnetic field strength on the microstructure of VP500 
before and after HT process was not yet evidenced. 

In the light of the background provided herein, an investigation on the influence 
of different height of mild steel and alloy steel used as dummy on VP500 core after 
undergone a magnetic field annealing process will be conducted. Details of the study 
are elucidated as follow. 

2 Materials and Methods 

In this study, a comparison of inductance values of bottom core using different types 
of material as dummy such as mild steel (ST37), ceramic and stainless steel (SS304) 
to stack the nanocrystalline VITROPERM 500 (VP500) core will be carried out. The 
current design and practice at VAC production line required the use of ST37 dummy. 
Initial experiment was done to see any influence of the material that touching the
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bottom core without concerning the shape or height of the material. The experiment 
using combination of three small ceramics to hold the core in position is to make sure 
the bottom surface of bottom core does not touch any metal and to make a comparison 
with the standard practice. This small type of ceramics is used as it is common at 
VAC production line. No single cylinder ceramics is used due to non-availability 
and the high manufacturing cost for new size ceramic. This experiment also shows 
the importance of suitable material which can influence the deviation of inductance 
value of the bottom core. Annealing tools which also made up from stainless steel 
needle and pipe (SS304) are needed for each dummy material to hold the VP500 
core vertically in rack. The diameter of the pipe is 1 mm smaller than the internal 
diameter of the cores to hold and to make sure a good alignment of the stacking cores. 
The needle was designed with a 12 mm step diameter near the bottom end to place a 
washer on top of it to act as a base for the bottom dummy. The dummy was placed at 
the bottom of the annealing needle with at least 90 pieces of VP500 core on top of it. 
The setup for the annealing tool and cores is illustrate in Fig. 1. The annealing needle 
was then placed on the annealing rack before undergone a magnetic field annealing 
process for 12 h with 1 h holding time at 570 °C and then 3 h holding time at 395 °C. 
A transverse field is turned on for 3 h 43 min before the process end. This procedure 
is based on the instructional card and the guideline provided by the production line 
(instructional card not provided). 

Fig. 1 The setup for annealing tools and the position of bottom core and dummy
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In order to identify the inductance value of individual cores at 10 kHz, each 
core was tested using unitester machine and the data was plotted in point graph. 
UNITESTER is a tester that was developed and used only by VAC in their produc-
tion line. It uses the 4-wire principle for the measurement where the core will be 
fitted with a primary winding for feeding in the measuring current (drive) and a 
separate secondary plug-in winding for sensing the measuring voltage (sense). Both 
measuring connections are located and connected in the immediate vicinity of the 
winding ends. Before the evaluation of the inductance value, predetermined values 
of 10 kHz frequency, and 26.2 mA current must be specified (VAC Technical Data 
Sheet). The inductance value will be generated based on the formulae programmed 
inside the UNITESTER. The core setup during measurement using UNITESTER is 
shown in the Fig. 2. The value of inductance was measured from the top core to the 
bottom core along the annealing tool. The dummy material that shows the lowest 
value of variation for the bottom core is chosen for further analysis. 

In this case, the material dummies of mild steel (ST37) are chosen to further 
investigate the effect of dummy material with different heights on the inductance 
value of core. The dummy with hollow round bar, having same dimension of outer 
and inner diameter, which is 40 mm and 25 mm respectively, but different in heights 
such as 15 and 45 mm were used. Another experiment with alloy steel (AISI4140) 
dummies is made as a comparison. The selection of alloy steel is due its low cost and 
are known as a common material in heavy engineering industries [10]. It is widely 
used for its high compressive strength and favorable mechanical characteristics [11].

Fig. 2 The UNITESTER unit and the core setup. The inductance value will be displayed on the 
monitor when the plug-in-coil is closed 
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3 Results and Discussion 

Result from the experimental works indicated a significant effect of different mate-
rials on the inductance value of core. However, it is worth to note that regardless of 
any material, that height of dummy does not affect on the inductance value. There-
fore, for further investigation, only 15 mm of dummy height was applied on both 
materials. The average deviation of inductance value of individual core as compared 
to the top position core is around 1%. Despite that, the ST37 showed the lowest 
variation of inductance value which is about 10%, followed by SS304 up to 25%, 
and lastly, ceramic which approximately 50% as shown in Fig. 3. This phenomenon 
happened due to the dummy material which have its own attraction strength towards 
magnetic force, yet the strength of the magnetic attraction which can give the least 
deviation of inductance value of bottom core is not defined. 

The magnetic field strength inside the furnace may affect the inductance value of 
individual cores along the annealing needle. A magnetic strength test using 2000 A 
current was done with the reading taken from the bottom to the top of the furnace, 
at different radius point. The graph showed in Fig. 4 reveled a curvature shape of 
magnetic field strength inside the furnace during annealing process. It is believed 
that due to the design of the furnace, the magnetic strength is higher in the middle 
and significantly reducing at the bottom and top of the furnace. The graph also 
indicates the greater magnetic strength observed at the outside of the rack (to hold 
the needle and core) and decreasing towards the center. According to on the magnetic 
field strength formula, this was true as the value decrease inversely with the radial 
distance [12]. Based on the results obtained, the magnetic field strength at the bottom,

Fig. 3 Inductance value of test core after heat treatment process using different types of dummy 
material 
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Fig. 4 The magnetic field strength test reveals a variation in field intensity along the vertical axis 
of the furnace. Here, X represents the measurement position, and the field is applied at both the top 
and bottom cores 

middle and top position was recorded around 1.70 kA/cm, 1.85 kA/cm and 1.76 kA/ 
cm respectively. 

It is also confirmed that by applying different height of mild steel dummy, it shows 
no evident of deviation of inductance value of the bottom core and neighboring core 
as shown in Fig. 5. The inductance value of both cores at the bottom showed a 
deviation value more than 10% as compared to other cores which is less than 2%. 
The value for both cores is around 68 µH which is out of specification limit. These 
results strengthen the initial theory that material plays the important role that affect 
the value of bottom core as it can result in substantial distortion in the uniformity of 
the magnetic field [13].

Further experiment using alloy steel and mild with 15 cm height was done and 
the inductance value is recorded as shown in Fig. 6. The value for bottom cores both 
is around 77 µH and 75 µH for alloy steel and indicates the deviation of bottom core 
values of 10.1% and 7.5% respectively. The value for bottom cores for mild steel 
is 71.2 and 78.6 µH and indicates the deviation of 15.7 and 16.8%. The deviation 
with alloy steel is reduced as compared to mild steel dummy but still high when 
compared to the average deviation of other cores measurement which is less than 
2%. The better attraction of alloy steel towards magnetic field may improves the 
inductance value and the deviation of inductance value based on result shown in 
Fig. 5. From the findings, it is noted that the similar pattern of inductance value after 
magnetic field annealing process where the values are decreasing towards the bottom 
of the needle. This reveals the influence of the mechanical stress on the individual 
core might impact the inductance values.



Influence of Different Materials on Inductance Values of Vitroperm 500 … 63

Fig. 5 Inductance value of test core after HT process using different height of mild steel dummy

Fig. 6 Inductance value of test core deviations after annealing process on AISI 4140 and ST37 as 
dummy material under conditions of 570 °C for 1 hour and soaking at 375 °C for 3 hours. Indicated 
with red arrows, are the inductance value measured at the bottom core dummy.
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4 Conclusion 

In this study, the inductance value of the bottom core after magnetic field annealing 
process reveals the importance of suitable material for the dummy in order to reduce 
rejected core after HT process. The different of dummy height gives no advantage 
to reduce the variation of the inductance value. The weight exert on the core may 
affect the inductance value of individual cores but did not show any direct relation 
with the high deviation at the bottom core. These results enable additional extensive 
investigations to validate the elements of mild steel material with the inductance 
value of bottom core. 
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Investigating the Impact of Lean 
Practices and Industry 4.0 Technologies 
Towards Operational Performance 

Sharah Qistina Shari Fuzzaman, Noraini Mohd Razali, and Kartina Johan 

Abstract The integration of Industry 4.0 technologies and Lean practices in 
Malaysia’s manufacturing industry is the subject of this study. The primary objec-
tive is to investigate how incorporating these practices might enhance operational 
effectiveness, lower expenses, and enhance product quality. A survey was devel-
oped and distributed to various manufacturing firms, collecting both qualitative and 
quantitative data on the application and perceived benefits of Lean Practices such as 
5S, Kanban, and Just-in-Time (JIT), as well as Industry 4.0 technologies including 
the Internet of Things (IoT), Big Data Analytics and Cloud Computing. Data anal-
ysis was performed using Excel to identify patterns and correlations. The findings 
show that the combined use of Lean Practices and Industry 4.0 Technology leads 
to a significant increase in operational efficiency, cost reduction and product quality 
improvement with a percentage of response to the perceived impact of 75%, 89% 
and 96%, respectively. It was also found that 5S and system integration are the 
most frequently implemented practices in the industry compared to other practices. 
However, challenges such as integration strategies and infrastructure limitations were 
also identified. The study concludes that although the integration between Lean and 
Industry 4.0 offers great benefits, addressing the challenges highlighted is essential 
to maximize their potential in the manufacturing sector. 

Keywords Lean practices · Industry 4.0 ·Manufacturing · Operational 
performance
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1 Introduction 

This study investigates the impact of Lean Practices and Industry 4.0 Technolo-
gies on the operational performance within the manufacturing sector in Malaysia. 
Through a comprehensive survey questionnaire, we collected data to analyze the 
impact and implementation of these methodologies. The survey was distributed 
primarily via LinkedIn, utilizing direct messages and public posts, with additional 
dissemination through direct email. Out of approximately 350 targeted respondents, 
we successfully obtained 53 responses from a diverse range of manufacturing compa-
nies, including both multinational corporations (MNC) and small and medium enter-
prises (SME). The collected data was meticulously analyzed using Excel, providing 
insights into how Lean Practices and Industry 4.0 Technologies are employed to 
optimize operational performance. 

1.1 Lean Practices and Industry 4.0 Technologies 

Originating from the Toyota Production System, Lean practices, which incorporate 
ideas and methods for waste reduction, continuous improvement, and overall effi-
ciency, have developed into a comprehensive operational philosophy. This method-
ology, often referred to as Lean, extends beyond the manufacturing sector, gaining 
widespread acceptance across various industries in recent years [1, 2]. 

At its core, Lean is a set of management concepts created to reduce waste in the 
production process and maximize the flow of activities deemed important to the final 
product. This approach has witnessed significant acknowledgement in the manu-
facturing sector and has progressively expanded its influence into diverse industries 
[1, 2]. 

The implementation of Lean Practices is intricately linked to process enhance-
ment, playing a pivotal role in achieving sustainable supply chain and organizational 
performance. Das [3] and Sajan et al. [4] collectively highlight the transformative 
impact of Lean Practices on operational efficiency and overall performance. By 
emphasizing waste elimination, continuous improvement, and workflow optimiza-
tion, Lean Practices contributes to streamlined processes that are not only cost-
effective but also inherently resilient. This lean approach fosters a culture of effi-
ciency, responsiveness, and adaptability, enabling organizations to navigate dynamic 
business landscapes effectively. 

The sustainable supply chain and organizational performance outcomes asso-
ciated with Lean Practices emanate from their ability to instill operational disci-
pline, reduce lead times, enhance product quality, and cultivate a mindset of contin-
uous improvement throughout the organizational ecosystem. In essence, the imple-
mentation of Lean Practices serves as a cornerstone for organizations seeking 
enduring excellence in both their supply chain and overall operational endeavors. 
The multifaceted benefits of Lean Practices position them as a strategic imperative
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for organizations striving for efficiency, quality, and sustained competitiveness in the 
contemporary business environment. 

Industry 4.0 represents a transformative shift from centralized to highly adaptable 
and self-controlled production processes. This pattern involves the comprehensive 
digitization and interconnection of products, systems, and engineering processes, 
enabling the whole sharing and transmission of information throughout both hori-
zontal and vertical value chains and wide-ranging networks [5]. Central to Industry 
4.0 is the capacity to rapidly gather, process, examine, and exchange vast datasets 
among machines, forming the backbone of its operational framework. The main 
objective is to fully automate and integrate industrial systems, thereby altering tradi-
tional relationships between suppliers, manufacturers, and customers and improving 
operations throughout the whole value chain [6]. 

Modern technologies like Cyber Physical Systems (CPS) and the Internet of 
Things (IoT) play instrumental roles in Industry 4.0, enabling swift and flexible 
responses to challenges and streamlining value-creation processes to reduce costs [7, 
8], three pivotal Industry 4.0 tools include the Cloud Computing, Big Data, and IoT, 
particularly sensors and radio frequency identification (RFID). These tools enhance 
the capacity to capture and leverage data, facilitating more informed decision-making 
throughout the production lifecycle. 

The implementation of integrated systems featuring autonomous and collabora-
tive robots represents a significant facet of Industry 4.0. Beyond mere automation, 
this integration has the potential to elevate production quality, redefine the impact 
of labor on product costs, and influence decisions related to outsourcing for supply 
chain optimization and lead time minimization [9]. In essence, Industry 4.0 signi-
fies a paradigm shift that goes beyond technological integration, reshaping the very 
dynamics of manufacturing and supply chain management. 

Recent research highlights the complementary nature of Lean Manufacturing and 
Industry 4.0 technologies. Lean’s focus on waste reduction aligns with Industry 
4.0’s capabilities in real-time data collection and process optimization. For instance, 
Goh et al. (2021) argue that Industry 4.0 technologies can enhance Lean practices 
by providing advanced analytics and real-time insights that support more informed 
decision-making and process improvements [10]. Similarly, Saldaña et al. (2020) find 
that the integration of Industry 4.0 tools, such as IoT and AI, with Lean practices can 
lead to significant improvements in production efficiency and quality by enabling 
predictive maintenance and reducing downtime [11]. 

2 Research Methodology 

The first stage of the study involved designing a comprehensive survey questionnaire 
to investigate the impact of Lean Practices and Industry 4.0 Technologies on oper-
ational performance in the Malaysian manufacturing sector. The questionnaire was 
crafted to capture both qualitative and quantitative data, focusing on key areas such 
as process improvement, efficiency gains, cost reduction, and quality enhancement.
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Demographic questions were included to categorize respondents by company size, 
industry type, and role, ensuring a diverse and comprehensive analysis. 

Pilot testing was conducted with a small group from the target population to 
ensure the questionnaire’s clarity and effectiveness. Feedback from this phase led to 
necessary adjustments, improving the survey’s overall quality and reliability. Once 
the questionnaire met the desired standards, it was distributed to a broader audi-
ence of manufacturing companies across Malaysia using digital channels. Follow up 
reminders were sent to maximize response rates, resulting in a total of 53 completed 
responses from approximately 350 targeted respondents. 

Data collection was systematically monitored to ensure a sufficient number of 
high-quality responses. Each survey was reviewed for completeness and consis-
tency, with follow-up communication initiated when necessary. The collected data 
was meticulously analyzed using Microsoft Excel, which facilitated organizing, 
interpreting, and visualizing the survey results. Excel’s functionalities allowed for 
a comprehensive examination of the data, revealing key trends, correlations, and 
significant findings. Weighted averages were computed to evaluate the contribu-
tions of Industry 4.0 technology and Lean tools to different operational performance 
metrics. Each aspect, rated on a scale from 1 to 5, was analyzed to provide a nuanced 
view of the perceived effectiveness of each tool and technology in areas such as 
cost effectiveness, resource efficiency, energy consumption, waste reduction, worker 
well-being, and community impact. 

In conclusion, the methodology adhered to a structured approach, from survey 
design to results interpretation, ensuring a thorough investigation into the impact of 
Lean Practices and Industry 4.0 Technologies. The systematic process provided valu-
able insights into how these methodologies are being implemented in the Malaysian 
manufacturing sector and their effectiveness in enhancing operational performance. 
This methodical approach offers guidance for manufacturing organizations aiming 
to implement these strategies for maximum impact, ultimately improving efficiency, 
productivity, and overall operational outcomes. 

3 Results and Discussion 

The assessment of both the most and least utilized Lean practices shows in Fig. 1 
reveals a consistent pattern of high effectiveness across various operational perfor-
mance measures. Across practices such as 5S, Kaizen, Poka Yoke, Kanban, and TPM, 
which are extensively employed, there is strong performance in critical areas like 
cost effectiveness, resource efficiency, energy consumption, waste reduction, work-
force well-being, and community impact. These practices consistently achieve high 
weighted averages, indicating their robust contributions to enhancing organizational 
efficiency and sustainability. Similarly, the less commonly utilized Lean practices, 
including Six Sigma, Hoshin Kanri, Heijunka, Jidoka, and SMED, also demonstrate 
significant effectiveness in these same operational metrics, albeit with slightly lower
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Fig. 1 Lean practices used by manufacturing companies in Malaysia 

adoption rates. This indicates that while these tools may not be as widely imple-
mented, they still offer substantial benefits in improving operational processes and 
outcomes across diverse dimensions. Together, both sets of Lean practices under-
score the comprehensive impact of Lean methodologies in driving operational excel-
lence and fostering positive organizational performance across various industries and 
sectors. 

The evaluation of both the most and least utilized Industry 4.0 technologies shows 
in Fig. 2 reveals their consistent and significant impact across various operational 
performance measures. Widely adopted technologies include cloud computing, big 
data analytics, cyber security, system integration, and the Internet of Things (IoT), 
demonstrate exemplary performance in critical areas including cost effectiveness, 
resource efficiency, energy consumption, waste reduction, workforce well-being, 
and community impact. These technologies consistently achieve high weighted 
averages, highlighting their transformative role in optimizing operational processes 
and enhancing organizational sustainability. Similarly, the less frequently utilized 
Industry 4.0 technologies such as Augmented Reality, Additive Manufacturing, 
Advanced Materials, Autonomous Robots, and Artificial Intelligence also exhibit 
strong effectiveness across these operational metrics, albeit with lower adoption rates. 
This underscores their potential to significantly contribute to operational efficiency 
and effectiveness, suggesting that despite varying levels of deployment, these tech-
nologies offer substantial benefits in advancing organizational performance across 
diverse operational dimensions.
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Fig. 2 Industry 4.0 technologies adopted by manufacturing companies in Malaysia 

The results of the survey indicate a significant positive impact of combining Lean 
Practices and Industry 4.0 Technologies on the operational performance of manu-
facturing companies in Malaysia. Companies that adopted both practices reported 
improvements in efficiency, cost reduction, and product quality. Figures 3, 4, and 5 
show the responses percentage on the perceived impact of Lean Practices and Industry 
4.0 Technologies on Operational Efficiency, Cost Reduction and Quality Enhance-
ment, respectively. The use of IoT and Big Data Analytics facilitated real time data 
collection and analysis, permitting more informed decision making and process 
optimization. Lean tools such as 5S and Kanban complemented these technologies 
by streamlining workflows and reducing waste. However, the study also identified 
several challenges, including integration difficulties and the need for substantial 
infrastructure investment. These findings underscore the importance of a strategic 
approach to implementing these methodologies to maximize their benefits.

4 Conclusion and Recommendation 

This study highlighted the significant role that both Lean Practices and Industry 4.0 
Technologies play in enhancing manufacturing operation. Survey responses indicated 
that system integration, cybersecurity, big data analytics, Internet of Things (IoT), 
and cloud computing are the most commonly used Industry 4.0 technologies. These 
technologies complement Lean Practices by providing real-time data, improving 
process integration, and enabling more informed decision-making.
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Fig. 3 Responses percentage on the perceived impact of lean practices and industry 4.0 technolo-
gies on operational efficiency 

Fig. 4 Responses percentage on the perceived impact of lean practices and industry 4.0 technolo-
gies on cost reduction
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Fig. 5 Responses percentage on the perceived impact of lean practices and industry 4.0 technolo-
gies on quality enhancement

Lean Practices and Industry 4.0 Technologies are both widely adopted across 
various manufacturing sectors in Malaysia. The integration of these methodologies 
has led to notable improvements in operational efficiency, cost reduction, and quality 
enhancement. System integration and big data analytics were particularly noted 
for their roles in optimizing processes and facilitating real-time decision-making. 
Cybersecurity is essential for protecting data integrity and ensuring compliance with 
regulatory standards. 

The combined application of Lean Practices and Industry 4.0 Technologies has 
led to significant improvements in visibility, coordination, and overall operational 
performance. Respondents reported substantial cost savings, reduced downtime, and 
enhanced product quality. According to a study by Kuo et al. (2022), the adoption 
of Industry 4.0 technologies in Lean environments results in notable improvements 
in production efficiency and reduction in cycle times [12]. Their research demon-
strates that real-time data and automated systems enhance Lean practices by reducing 
process variability and improving throughput. Another study by Ahmed et al. (2021) 
highlights that the combination of Lean and Industry 4.0 leads to significant reduc-
tions in defect rates and material waste, contributing to higher overall product quality 
[13]. 

Despite the valuable insights obtained, the study faced several limitations. The 
sample size, while adequate, could be expanded to provide a more comprehensive
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view of the manufacturing sector in Malaysia. Additionally, the reliance on self-
reported data may introduce biases, as respondents might overestimate the effective-
ness of their practices and technologies. The survey distribution methods, predomi-
nantly digital, may have excluded potential respondents who are less active on social 
media platforms. 

In order to overcome these limitations and reach a broader audience, future 
research should entail larger sample sizes and a wider variety of distribution strate-
gies. Deeper understanding of the long-term effects of combining Industry 4.0 
technologies and lean practices may be obtained through longitudinal research. 
Furthermore, case studies of specific companies could offer detailed examples of 
best practices and lessons learned. Exploring the specific challenges and success 
factors associated with implementing these methodologies in different manufacturing 
environments would also be beneficial. 

In conclusion, this study emphasizes the critical importance of merging Lean 
Practices with Industry 4.0 Technologies to attain optimal operational performance in 
the manufacturing sector. The findings suggest that these methodologies are not only 
complementary but also mutually reinforcing, leading to significant improvements 
in efficiency, quality, and cost-effectiveness. By addressing the identified limitations 
and building on the insights gained, future research can further elucidate the full 
potential of these transformative approaches in the manufacturing industry. 
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Recycling Methods for Effective Circular 
Economy: Bibliometric Analysis 
and Research Trends 

Iwan Roswandi, Eko Pujiyanto, Cucuk Nur Rosyidi, 
and Wakhid Ahmad Jauhari 

Abstract This research paper examines the evolution of recycling in support of a 
circular economy. The research utilized a literature review of 1058 articles published 
on Scopus between 2001 and 2023. The analysis focused on the main topics of scien-
tific journals, authors, research findings and keywords. The results are presented in 
the form of graphs outlining the relationships between the various links. This research 
shows a marked increase in publications on this topic from 2018 to 2023. From the 
selection made based on the keywords recycling, circular economy, tires, 24 rele-
vant articles were obtained. The research was conducted in four stages, starting with 
data collection from journals and ending with data visualization. The main sub-sub 
topics covered in the literature review were circular economy, recycling, sustain-
able development, waste management, and sustainability. The trending research 
data is the processing of used waste into environmentally friendly products using 
several approaches ranging from raw material manufacturing processes, production 
processes, distribution, customers, consumables processing, reuse, recycling, for all 
products that can be reprocessed, including the LCA approach, laboratory simula-
tions, mathematical models, TMM, and combining the two methods as appropriate 
to the case. 

Keywords Circular economy · Recycling ·Waste · Bibliometric analysis 

1 Introduction 

Waste is a problem that every country can deal with by disposing of it, storing it, or 
reusing it. However, waste is not only waste from cities but also raw materials used 
in production that come from nature and will be depleted over time, so resources will
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be reduced. The ideal way to treat such waste is to recycle and reuse it in another 
form. Waste prevention is best achieved by recycling, but its life cycle needs to be 
addressed if it still generates waste in the production process. The current economic 
model of society is essentially linear. We extract natural resources and bring them 
to different parts of the world and make products and goods derived from those 
natural resources, then the finished products are distributed to different parts of the 
world, where consumers buy, use and dispose of the products for various reasons. 
This is how the waste process occurs from raw materials to finished products and 
after the end of life, the products end up in landfills, incinerators, or are littered in the 
surrounding environment. However, according to some of the research that has been 
done, a circular model is necessary, in addition to a stable and sustainable economy, 
it will also have an impact on a healthy environment [1]. The circular economy is 
one of the latest concepts promoted as a pathway for greener and more sustain-
able development [2]. Where waste materials or garbage are converted into valuable 
resources, it is gaining more and more attention from society [3]. Due to the growing 
population, the demand for resources is increasing exponentially and therefore it is 
necessary to measure the consumption of resources to meet the demand. Due to the 
limited availability of resources, it is important to adopt reuse strategies to address 
resource depletion [4]. Overall, companies and industries can be forced to reorga-
nize their industrial value chains so that resource reuse and waste treatment can be 
effectively implemented in the production process [5]. Circular economy the policy 
package covers various aspects, such as waste treatment waste, plastic recycling, food 
waste reduction, and remanufacturing, basically an employment promotion policy 
and policy [6]. In the design process stage of product manufacturing, the integra-
tion of product functionality should be considered, so as to avoid adding additional 
materials at the manufacturing stage, which may cause problems in the process of 
recycling or reusing materials from the product. Choosing the type of rubber to 
which certain additives are applied can have a positive effect on the environment if 
the rubber can be recycled more easily. Example, to improve and reduce waste tire, it 
is important for certain parts of the structure, which remain functional and valuable, 
to be recovered for reuse or reconfigured into useful products [7]. 

2 Methods 

Previous research is an important way of conducting research to find out the gaps 
between previously conducted research and future research.. The steps in this study, 
namely planning the topic to be researched by collecting literature review from the 
Scopus database for the period 2001–2023. Figure 1. shows the literature search and 
screened.
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Inclusion  Exclusion 

Searching  scopus (n=1058 Papers) 

Record Screened (n=577 Papers ) 

Duplicate Remove :(n= 481 Papers) 

Record Exclude : (n= 299 Papers) 

Record Screened (n=278 Papers ) 
Record Exclude :  (n= 258 Papers) 

Record Screened (n=24 Papers ) 

Define Rule 

Screening 

 Eligibility 

Review 

Fig. 1 Literature search and screened 

3 Results and Discussion 

For discussion and conclusion, it consists of define rule, screening, eligibility and 
review, all stages are done sequentially and structured. 

3.1 Define Rule 

The first step defines rule is four topics data collection, namely circular, economy, 
redesign, recycle, for each topic several keywords we used as presented in Table 1. 

Initial Search In the process of searching for keywords on the search menu in 
Scopus, by entering a combination of keywords (Rule 1 OR Rule 2 AND Rule 
3 OR Rule 4) in the search query field and searching for “Article title, Abstract, 
keywords” in the scopus database. Documents searched for publication year “All 
years”, All subject areas, document type using the category “All” (article, survey, 
book, short survey, note, conference review, retratcted), keyword “all”, Language 
“all”, and access type “All” (including open access). Initial search efforts yielded 
1058 articles from 2001 to 2023 for topics related to redesigning, recycle, circular 
economy. 

Figure 2 explains the increase in the number of articles on redesigning, recycle, 
circular economy until 2023, for a decade this research is still in a minimal amount, 
but the most significant is starting in the last 5 years with the achievement of 
continuing to increase with the highest articles in 2022.

Table 1 Define rule searching 

No Topic Keywords 

1 Circular 
economy 

( TITLE-ABS-KEY ( redesigning ) OR TITLE-ABS-KEY ( recycle ) AND 
TITLE-ABS-KEY ( circular ) AND TITLE-ABS-KEY ( economy ) 
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Fig. 2 Trend related circular economy, redesigning and recycled 

3.2 Research Classification 

Analysis of keyword visualization of 1058 articles based on keywords can be seen 
there are 20 dominant topics based on color, namely circular economy 650 times, 
recycling 379 times, sustainable development 199 times, sustainability 154 times, 
waste management 146 times, reuse 101 times, life cycle 90 times and recycle 90 
times, article 84 times, environment impact 76 times, economics 72 times, electronic 
waste 60 times (Fig. 3) [8]. 

Fig. 3 Author keyword

Circular 

Economy 

29% 

Recycling 

17% 

Sustainable Development 9% 

Sustainability 7% 

Waste Management 6% 

Reuse 4% 

Life Cycle 4% 

Recycle 4% 

Article 4% 

Environtment 3% 

Economics 3% 

Electronic 3% 

Plastic Recycling 3% Supply Chains 2% 

Waste Disposal 2% 
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3.2.1 Screening 

From the 1058 articles at the initial screening stage, most scientific articles appeared 
in various categories, so we filtered by document type “article” (excluding conference 
papers, books, book chapters, reviews, letters, notes, etc.), publication year “2001– 
2023” and source type “journal” and language “English”. This filtered the articles 
and left a total of 577 articles. 

3.2.2 Eligibility 

From the 577 screened articles, more papers still appeared in categories, so we 
screened by document type “article” (excluding conference papers, books, book 
chapters, reviews, letters, notes, etc.), publication year “2001–2023” and source type 
“journal” and language “English”. This filtered out the articles and left a total of 278 
articles. 

3.2.3 Review 

From the total number of articles 1058 after going through the screening process, 
eligibility and finally screening with the keywords redesigning, recycle, circular 
economy, tyres or tire, until it was narrowed down to 24 Articles as shown in Table 2.

3.3 Conceptual Framework 

Bibliomatric analysis and visualization using vost viewer by number of papers from 
2001 to 2023, selected based on the number of papers published. Keywords represent 
specific characteristics or fields of the study documents associated in the information. 

In a system, it is divided into two parts of keywords: author and index. Author 
keywords are created by authors in the journal system and index keywords are created 
by the scopus database system. The author keywords that frequently appear in the 
selected articles and are presented in the form of circles are visualized in Fig. 4. The  
network as a keyword in this study has a minimum threshold of 5 occurrences. The 
retrieved data shows that 1058 articles have 4940 different keywords. The size of 
the circles represents the keyword network based on the total occurrences. The size 
of the circles in each cluster depicts the number of articles captured by the primary 
keywords and the clusters are depicted with yellow, blue, green, red, and orange 
colors. Figure 4 presents a visual report of the keywords that appear 5 times or more. 
The top five author keywords were “circular economy,” which appeared 540 times, 
“recycling” 63 times, “sustainable development” 54 times, “sustainability” 41 times, 
and “waste management” 41 times. This group of keywords is commonly found in 
articles on green logistics, sustainable supply chains, and technology in inventory
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Table 2 Review article 

Step Query Selection Total 
article 

1 Rule 1 OR 
Rule 2 AND 
Rule 3 AND 
Rule 4 

( TITLE-ABS-KEY ( redesigning ) OR TITLE-ABS-KEY ( 
recycle ) AND TITLE-ABS-KEY ( circular ) AND 
TITLE-ABS-KEY ( economy ) 

1058 

2 Rule 1 OR 
Rule 2 AND 
Rule 3 AND 
Rule 4 OR 
Rule 5 AND 

( redesigning ) OR TITLE-ABS-KEY ( recycle ) AND 
TITLE-ABS-KEY ( circular ) AND TITLE-ABS-KEY ( economy 
) OR TITLE-ABS-KEY ( tyres ) ) AND PUBYEAR > 2017 AND 
PUBYEAR < 2023 

577 

3 Rule 1 OR 
Rule 2 AND 
Rule 3 AND 
Rule 4 OR 
Rule 5 AND 
Rule 6 AND 

Your query: ( ( TITLE-ABS-KEY ( redesigning ) OR 
TITLE-ABS-KEY ( recycle ) AND TITLE-ABS-KEY ( circular ) 
AND TITLE-ABS-KEY ( economy ) OR TITLE-ABS-KEY ( tyres 
) ) AND PUBYEAR > 2017 AND PUBYEAR < 2023 AND ( 
LIMIT-TO ( PUBSTAGE,"final" ) ) AND ( LIMIT-TO ( 
SUBJAREA ) )  

278 

4 Rule 1 OR 
Rule 2 AND 
Rule 3 AND 
Rule 4 AND 
Rule 5 OR 

( TITLE-ABS-KEY ( redesigning ) OR TITLE-ABS-KEY ( 
recycle ) AND TITLE-ABS-KEY ( circular ) AND 
TITLE-ABS-KEY ( economy ) AND TITLE-ABS-KEY ( tyres ) 
OR TITLE-ABS-KEY ( tire ) ) 

24

management. Previously conducted circular economy research methods can be seen 
in the Table 3.

From several stages of screening the research conducted on recycling has a wide 
variety of products that are used to support the circular economy, the last screening 
we focused on tyre recycling. The 24 articles that have been screened can be seen 
that the tyre recycling system is carried out in several ways including 7 articles 
with recycling, 2 articles recycling and reuse, 2 articles reduce, recycle, reuse, for 
recycling used tyres there are 2 methods used namely devulcanisation and pyrolysis 
besides that there are several methods used as in Table 3 namely Lab test, LCA, PLS, 
SEM and several methods combined with other methods, besides that there are also 
circular economy methods.
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Fig. 4 Vos viewer base on keyword
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Table 3 Research analysis methode 

No Authors Year System developed Type of method 

1 Dobrota et al. [9] 2019 Recycling CBA. NPV, IRR Models 

2 Roy et al. [10] 2023 Recycling Interview stakeholders 

3 Schyns et al. [11] 2023 Recycling LAB Test simulation 

4 Mohammadhosseini 
et al. [12] 

2021 Recycling Statisctical analysis dan 
investigasi 

5 Tavares et al. [13] 2022 Recycling Pyrolysis 

6 Handrikse et al. [14] 2023 Recycling LAB test 

7 Thongphang et al. [15] 2023 Recycling LAB Test 

8 Landi et al. [16] 2019 Recycling dan reuse LCA 

9 Vitale et al. [17] 2021 Recycling dan reuse LCA 

10 Boesen et al. [18] 2019 Qualitative interviews LCA 

11 Ceceres-mendoza 
et al. [7] 

2023 Recycling dan additive 
manufacturing 

LCA and DRAM 

12 Wang et al. [19] 2021 Reduce reuse recycle LCA dan EMA 

13 Nguyen et al. [20] 2022 Recycle dan waste 
manajemen 

Mathematic models 

14 Guo et al. [21] 2023 Recycling Policies PLS-SEM modeling 

15 Wolfel et al. [22] 2020 Recycling and 
reprosesing 

Lab test dan mathematic 
model 

16 Vilniskis et al. [23] 2023 Devulcanisation Transfer matrix method 
(TMM Models) 

17 Undas et al. [24] 2023 Reduce reuse recycle NIAS dan IAS 

18 Symeonides et al. [25] 2019 Pyrolysis SWOT and PESTEL 

19 Bockstal et al. [26] 2019 Devulcanisation Waste tire manajemen 

20 Saputra et al. [27] 2021 Devulcanisation Thermo mechanical 
process 

21 Martinez [28] 2021 Pyrolysis Atomation machine 
system 

22 Araujo-Morera et al. 
[29] 

2021 Devulcanisation 7 Rs circular economy 

23 Formela et al. [8] 2021 Devulcanisation Grinding and treatment 
method 

24 Feraandez et al. [30] 2023 Rubber recovery Measuring equipment tool 

4 Conclusion 

In this literature study, it can be seen that the circular economy is carried out to 
utilize used products into useful products so that they can be useful for a sustain-
able economy, using several approaches starting from the process of making raw 
materials, production processes, distribution, customers, processing consumables,
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reuse, recycling. The circular economy is not limited to specific products but all 
products. The recycling of scrap tires and other products has the effect of reducing 
environmental pollution (both through reducing the amount of waste and the level 
of gases discharged into the atmosphere as a result of combustion or used as fuel 
used in various industries, especially in the cement industry that supports the circular 
economy process, and ensures the sustainability of the entire scrap tire waste recovery 
process, the methods often used in research include recycling, reuse, reduction, repro-
cessing, devulcanization, recovery with LCA approach, laboratory simulation, math-
ematical models, TMM, and the combination of two methods according to the theme 
to be studied. 
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Review of the Design and Concept 
of the Double Pipe Heat Exchanger 
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and Ibnu Kasir Ahmad Nadzri 

Abstract The heat exchanger, a crucial device in numerous industrial processes, is 
responsible for transferring heat from a high-temperature fluid to a low-temperature 
fluid. There is a growing demand to further enhance the efficiency of heat exchangers, 
explore various methods to increase heat transfer rates, and minimize the size and cost 
of industrial equipment. This comprehensive review delves into literature related to 
the different types of double pipe heat exchangers and the myriad factors that impact 
heat transfer rates and pressure drops. The versatile double pipe heat exchanger 
finds widespread use across various industries due to its efficiency and reliability. 
Research studies have proposed several models of double pipe heat exchangers and 
have explored their applications in industrial processes, cooling technology, refrig-
eration, sustainable energy, and more. Further classification of double pipe heat 
exchangers includes parallel, counter, and cross flow configurations. To optimize the 
effectiveness of double pipe heat exchangers, extensive research has been conducted, 
exploring methods such as turbulators, inserts, modifications to channel geometry, 
and innovative fluid injection approaches. This in-depth study presents a thorough 
overview of the extensive research available on double pipe heat exchangers, with a 
specific focus on determining the most suitable effectiveness parameters. 
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1 Introduction 

Heat exchangers allow thermal energy to be transferred between two fluids without 
causing any mixing into the mixture. Although they are often kept apart by a solid 
wall with a high heat conductivity to prevent mixing, the fluids can be in close 
contact with one another. While the secondary flow of gas containing the free water 
is directed into the annular chamber using a dehydration method like a supersonic 
separator, the primary inflow material continues to the main pipeline [1]. The first 
type of heat exchanger is called a parallel-flow arrangement. In a parallel flow setup, 
hot and cold fluids enter at the same end, flow in the same direction, and exit at the 
same end. The other type of heat exchanger is called a counter-flow arrangement. The 
fluids enter at opposite ends, flow in opposite directions, and exit at opposite ends 
when they are arranged in a counterflow configuration. A number of designs would 
be used to categorize heat exchangers. The first kind is determined by the direction 
of flow (cross, counter, and parallel fluids) [2]. The second kind is determined by 
how the heat exchangers are built (such as plate or tubular heat exchangers) [3]. 
Additionally, the third types are dependent on whether there is direct or indirect fluid 
contact [4]. Heat exchangers are used in many different kinds of activities [5] in the  
commercial [6], residential, and industrial domains to regulate the transformation [7] 
and retrieval of thermal energy. Some examples of universal applications are waste 
heat recapture, sensible heating, production of steam generation in power plants, 
products of various agricultural, chemical, and pharmaceutical scopes, condensation 
enforcement, cooling of sustainable energy implementation, and fluid heating mode 
in manufacturing [8]. Enhance heat exchanger performance to create more cost-
effective heat exchanger designs that help to enhance thermal energy exchange, 
choose the best component to raise thermal exchange rate, and lower costs associated 
with the thermal exchange process [9]. 

2 Design and Construction of Double Pipe Heat Exchangers 

The enhancement of heat exchange processes has been the focus of extensive 
research, with the primary objectives being the improvement of heat exchanger 
efficiency, reduction of size, and cost minimization [10]. Research in this field 
has predominantly centered on three main types of enhancement techniques [11]. 
The first category encompasses active enhancement methods, which necessitate 
external power input to optimize heat transfer processes. Examples of these tech-
niques include mechanical aids, surface vibration, fluid vibration, electrostatic fields, 
injection suction, and jet impingement [12]. Passive enhancement methods constitute 
the second category, requiring no additional external power input. These techniques 
aim to enhance thermal exchange by increasing the surface area effectiveness and 
residence time of thermal fluids. Various types of inserts, such as baffles, twisted 
tape, ribs, wire coils, plates, helical inserts, and convergent–divergent conical rings,
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are employed to enhance the heat transfer rate [13]. Lastly, compound enhance-
ment techniques involve the simultaneous use of two or more techniques from the 
active and passive categories. This approach aims to surpass the results achieved by 
using any individual technique alone, ultimately enhancing the rate of heat energy 
transformation for any device [14]. 

The enhancement of thermal energy transformation in heat exchangers is a topic of 
considerable significance, involving the utilization of various modes of heat transfer 
performance. This technique aims to improve the convective mode by reducing 
thermal resistance in a double pipe heat exchanger [15]. Employing augmentation 
techniques for thermal energy transformation increases the convective coefficient 
mode, albeit with an associated increase in pressure drop. Over the past decade, 
different techniques have been developed to achieve a high rate of heat exchange 
while considering the rise in power consumption [16]. In recent years, industries have 
increasingly utilized swirl flow modes to enhance heat energy exchange [17]. This 
paper aims to present the different methods used to enhance thermal energy trans-
formation between different fluids. Specifically, the paper will provide an overview 
of several turbulators, including coil pipes, extended objects on surfaces (fins, strips, 
winglets), rugged surfaces (outer or inner corrugated pipes, Ribs), and devices that 
induce swirl flow, such as twisted tape, conical rings, entry snail turbulators, vortex 
rings, and coiled wires (Table 1).

3 Section of the Test with a Changed Geometry 

See Table 2.

4 New Technology (Industrial Application) 

4.1 Solar Energy Systems 

Numerous industries employ double-pipe heat exchangers for diverse purposes. Radi-
ators for automobiles, heat pipes, cooling systems, solar collectors, nuclear reactors, 
and many other sectors use them extensively. Additionally, they help reduce air pollu-
tion and have significant economic benefits when they are utilized in the recovery 
of low temperature waste heat. The low hydraulic and thermal resistance, steady 
heat transfer fluid flow, and almost isothermal absorption surfaces of solar collectors 
utilizing HP technology have led to a great deal of research into this technology 
[25]. A unique flat-plate heat pipe solar collector was created and tested in the UK 
by Jouhara et al. [26] in order to evaluate its performance. The solar/thermal energy 
conversion efficiency for a collector without PV was roughly 64%, whereas the 
system with a PV layer obtained about 50%. The performance of the solar/thermal,
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Table 1 Investigation of variable flow in double-pipe heat exchanger 

Authors Procedures Findings 

Gao et al. [18] The established thermal dynamic model 
uses numerical methods to predict the 
transient response of an unmixed-unmixed 
cross flow heat exchanger. An analysis is 
conducted on the transient response at 
varying mass flow rates and intake 
temperatures, subject to different transient 
conditions 

Basic understandings gained 
from this study have the 
potential to enhance the heat 
exchanger’s cooling operation 

Milani Shirvam 
et al. [19] 

To achieve exchanger influences and heat 
transfer mode, the turbulent models K—ε 
and Darcy—Brinkman—Forch-heimer are 
used. Analysis is done on the porous 
substrate thickness, Reynolds number, 
Darcy number, and boundary parameters 

At a Reynolds number of 5000, 
Darcy number of 10–5, and 
porous substrate thickness of 
one-third, higher average 
Nusselt numbers are needed for 
maximum efficiency 

Liu et al. [20] Designing a non-contacted 
double-walled-straight-tube heat exchanger 
for Lead–Bismuth Eutectic (LBE) loop 
KYLIN-II 

It has been determined that the 
heat exchanger’s performance 
is influenced by the temperature 
distribution and flow rate. The 
findings of the numerical 
simulation show that the heat 
exchanger packed with powder 
in the space between the tubes 
is not affected thermally by 
non-uniform LBE flow 

Roy and 
Majumder [21] 

Using simulation modelling to assess the 
shell and tube heat exchanger’s (STHX) 
performance characteristics. The energetic 
plant effectiveness, energetic cycle 
efficiency, and electric power are among the 
performance parameters. The feed forward 
back propagation network (FFBN) 
algorithm is used to analyse the fouling 
factor and cost 

Several training algorithms are 
utilized to train the network 
structure during the validation 
phase. According to the 
outcome, the suggested system 
maximizes electrical power, 
energetic cycle efficiency, and 
energetic plant efficiency by 
98.11%, 97.4%, and 96.35%, 
respectively

uncooled PV, and PV/T was compared. Examining the effect of cooling on solar/ 
electrical energy conversion efficiency, it was found that the uniform cooling offered 
by the cooling system increased efficiency by 15% for the cooled PV system. 

4.2 Nuclear Energy Systems 

Alkali-metal HP radiators were suggested by Zhang et al. [27] for the TOPAZ-II 
space nuclear reactor’s power system in Russia in order to improve heat transfer 
efficiency and safety while avoiding the single-point failure issue with the original
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Table 2 A different experimental test area within a double pipe heat exchanger 

No 

(1) Authors Formation Structure 

Naphon 
[22] 

(T.T.) Twisted 
tape, straight 
type 

Hot side Cold side Outcome 

Water Water The heat exchange rate at greater twist ratios will be lower than 
at lower twist ratios at different Reynolds number values. The 
temperature of the hot water at the inflow has a significant 
impact on the rate of heat exchange 

(2) Authors Formation Structure 

Singh 
Yadav 
[23] 

Half-length 
twisted tapes, 
U- type 

Hot side Cold side Outcome 

Oil Water It is observed that the half-length twisted tape insert increases 
the pressure coefficient when compared to the plain version. 
Half-length twisted tape performs better than smooth pipe at 
the same mass flow rate for heat exchange rate, and vice versa 
at the same pressure drop 

(3) Authors Formation Structure 

Naphon 
[22] 

Inner pipe in 
straight type 
with added 
coil-wire

(continued)
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Table 2 (continued)

No

Hot side Cold side Outcome 

Water Water The effect of adding coil wire to a laminar flow to increase heat 
exchange rate tends to increase with Reynolds number 

(4) Authors Formation Structure 

Akpinar 
and 
Bicer 
[24] 

Inner pipe of 
straight type 
has elements 
make swirl as 
utilized in 
entry section 

Hot side Cold side Outcome 

Water Water When the number of holes increases and the diameters 
decreases, the rates of heat transfer will likewise increase. 
When the swirl element was applied, the greatest rate of heat 
transfer rose in comparison to the smooth pipe. Five holes with 
a diameter of 3 mm each comprise the zigzag arrangement of 
the swirl element

pumped loop radiators. They conducted a steady-state examination of the planned HP 
radiators using numerical simulations, forecasted their heat dissipation properties, 
and contrasted the pump loop radiators’ and HP radiators’ heat transfer efficiency. The 
findings showed that, under typical operating conditions, the intended HP radiators 
satisfied the TOPAZ-II power system’s waste heat rejection standards. 

4.3 HVAC Systems 

A thermosyphon heat exchanger was suggested by Zhang et al. [27] as a replacement 
for conventional air conditioning systems in communication base station cooling 
during the winter and transitional seasons. Moreover, there is virtually no cross-
leakage between the supply and exhaust air in HPHXs due to the complete separation
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of hot and cold fluids, which makes them appropriate for systems in which two 
airflows shouldn’t mix. For example, Sukarno et al. [28] coupled the HVAC system 
with HPHXs to meet the regulations for Airborne Infection Isolation (AII) rooms 
since the intake and return air in hospitals should not be mingled. 

5 Conclusion 

To enhance thermal energy exchange through the forced convective mode that occurs 
in double pipe heat exchangers, this review study presents experimental and theoret-
ical survey. It is demonstrated that this type of heat exchanger was widely utilized in 
the industrial process, engineering sector, and application of sustainable energy. Heat 
exchangers that can transport heat more effectively while occupying less space are 
still in demand. Researchers continue to hunt for the ideal heat ex-changer design that 
satisfies known input requirements while producing an efficient output. Numerous 
researchers have sought to boost the rate of heat transfer by various techniques, 
such as creating inserts, utilizing heat exchangers with varied core configurations, 
and employing nanofluids. Numerous studies support the idea that thermal energy 
exchange can occur, and that friction can be reduced. This is nearly directly related 
to the passive enhancement technique. When compared to smooth tubes, the thermal 
energy exchange is found to nearly treble in several of the studied scenarios, while 
the pressure loss is kept to a minimum. The active technique that is intended to 
improve thermal energy exchange in double pipe heat exchangers is not widely 
implemented or propagated, so researchers should be sure to identify it specifi-
cally. Numerous studies have demonstrated the application of nanofluids and related 
techniques in various types of heat exchangers, a development that has attracted 
significant attention in the current period. 
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Abstract Optimization algorithms play as a crucial role in solving complex real-
world problems, where achieving global optimal in high-dimensional spaces remains 
challenging. This article presents a novel hybrid algorithm, which combining the 
Modified Adaptive Bats Sonar Algorithm (MABSA) with the Squirrel Search Algo-
rithm (SSA). This synergistic approach is designed to improve conjunction speed 
and solution accuracy, particularly in high-dimensional in solving optimization prob-
lems using evolutionary algorithms. To evaluate the performance of this enhanced 
MABSA, experimental evaluations are conducted using a comprehensive suite 
of seven single objective benchmark test functions to assess the performance of 
MABSA-SSA against the original MABSA. Notably, the SSA component enhances 
the capability and improves their exploration diversity. The results demonstrate that 
MABSA-SSA consistently better solution quality compared to the original MABSA 
alone. The comparative analysis demonstrates that the enhancement of MABSA 
exhibits superior performance in avoiding local optima and maintaining solution 
diversity. As conclusion, the enhancement of MABSA-SSA approach represent a 
significant advancement in benchmark optimization fields, providing a foundation 
for future developments in metaheuristic optimization and potential addressing the 
complex optimization challenges.
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1 Introduction 

Quick development in science and technology lead the new studies to figure out the 
novelty in optimization. To solve the optimization problems, the implementation of 
metaheuristic evolutionary algorithms gained attention in recent decades [1]. Basi-
cally, these algorithms are inspired by biological behaviours or physical phenomena 
that grouped into three categories, whereby: swarm intelligence (SI), evolutionary 
algorithms (EA), and physical-based (PB) algorithms. SI is inspired based on the 
simulation of collective behaviour of a social group of a living species of animals 
such as birds, fish, insects, and more [2]. The algorithms are inspired based on collec-
tive behaviour of swarm which in complex interaction between individuals and its 
neighbourhoods with nature-based. The recent implementation of SI in solving opti-
mization problems are particle swarm optimization (PSO) [3, 4], artificial bee colony 
[5], cuckoo search (CS) [6], and whale optimization (WO) [7]. Evolutionary algo-
rithms (EAs) imitate the evolutionary behaviours of creatures based on nature that 
have stochastic behaviour. The searching algorithm begins with randomly generated 
solutions, called population. The most familiar EA that been used widely is genetic 
algorithm (GA),particularly in solving optimization problems [8]. Next is physical-
based algorithms, which are based on the basic physical law in universe such gravita-
tional force, and inertia force. Most of the well-known algorithms related is simulated 
annealing [9] and gravitational search algorithm [10]. Even thought, in reality recent 
studies are more focused implemented on swarm intelligence [5–7, 10–18] which 
mores studies found used the SI algorithms to solves single objective optimization 
problems. 

Single objective optimization more basic than complex optimization such as multi 
objectives, niching and so on but single objective still appropriate to solve real-
parameter optimization problems. Besides that, the single objective optimization 
problems able to focus on optimizing a specific metric, which allows to stream-
line the algorithm development process. In order to solves an engineering problems, 
single objective benchmark test function can be applied as validation platforms. 
Single objective benchmark test functions provided a common language for discus-
sion between researchers and practitioners in the optimization field. They provide 
a way of benchmarking different optimization algorithms with standard test cases, 
which helps to advance the field of optimization by providing a standardized approach 
to algorithm development and evaluation. Overall, the use of single objective bench-
mark test functions is crucial in the development of optimization algorithms, ensuring 
that they perform reliably and effectively in solving practical optimization prob-
lems. The significant of single objective benchmark test functions lies in the fact
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that it provided a standard comparison tool for evaluating the performance of algo-
rithms. Benchmark test functions have specific characteristic such as multiple optima, 
convexity or non-convexity, different levels of difficulty and dimensionality. These 
properties making the idealist for testing and comparing in optimization algorithms. 

In development of algorithms, single objective benchmark test function is a signif-
icant platform that involves to designing, optimizing and evaluating that able to 
attracted the attention from the researchers in developing an efficient and robust 
algorithms. The process of algorithm development entails identifying the objective 
function that able to be optimized, selecting appropriate search algorithms, tuning 
algorithmic parameters and evaluation their performance, even some of the problems 
with complexity, the development of algorithms may remain as it facing with several 
challenges that require further exploration. 

Generally, there are various types of algorithm that commonly used in algorithm 
development which include Genetic Algorithm [19]. This algorithm is a searching 
techniques to optimize the problems by simulating natural evolution processes. This 
situation need to selecting the individuals from a population of solutions and then 
generating a new generation by applying genetic operators such as crossover, muta-
tion and selection. Besides that, PSO also one of the familiar algorithm that used 
in development algorithm. These algorithms are used based on the optimization 
problem under consideration. Each algorithms has their own strengths and weakness 
in optimization process therefore, it is very important to select the appropriate algo-
rithm for every specific optimization problems before developing the algorithms. 
The recently various modification are also proposed in the basic version of existing 
nature-inspired algorithms for solving complex optimization problems [20]. 

This article discussed about the effectiveness of combination MABSA with 
Squirrel Search Algorithm (SSA), which termed as MABSA-SSA using single objec-
tive benchmark test functions. Modified adaptive bats sonar algorithm (MABSA) is 
one recently introduced nature-inspired algorithm which an improved version after 
refining modification from adaptive bats sonar algorithm (ABSA) [21]. MABSA 
and SSA has their special characteristic that can be merge in order to find a better 
solution. This algorithm is proposed to replace the jumping strategies from SSA into 
bats echolocation in both local and global search phase. 

2 Modified Adaptive Bats Sonar Algorithm (MABSA) 

MABSA was formulated by Mat Yahya and Tokhi [22] and being applied as solving 
an unconstrained single objective optimization problem. This algorithm was created 
to generate a good solution which satisfied into all of the constraints. Basically, the 
original MABSA formulated by modifying three search actions which are creating 
a way to set the beam length (L), determining the starting angle (θm), and the angle 
between beams (θi) and last one is calculating the end point position (posi). In 
previous MABSA, the value of beam length (L) are obtained based on random value 
which to make real variation of beam lengths. The original formulation for L are
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calculated as in Eq. (1): 

L = Rand × ( SSsize 

10% × Bats ) (1) 

The solution range of (SSsize) is the limit value between the upper search space 
which is (SSMax) and lower search space (SSMin). The solution range divided into 
micron scales, such as low as 10% of the overall population of bats in the search 
space. The percentage is marked as the conceivable search space size of each bat to 
emit sound without colliding with one another. In MABSA, this random L is ready 
to make a real variation of beam length of each number of beams (NBeam) at every  
dimension. Each NBeam with L emitted from a specific angle location. The bounce-
back strategy has been applied and not considering to clarify in this paper. In original 
MABSA, the posi for each transmitted beam is designed as in Eq. (2): 

posi = α × possp + β × L(cos[θm + (i − 1)θ ])ω (2) 

According to the equation, there are two random variables and one fixed. The first 
random variable in this equation was declared as the position adaptability factor (α). 
This factor are same indicative as the random walk concept. The value of α is selected 
from range 0 and 1. The second random variable is the collision avoidance factor (β) 
whereby is essential to prevent the beam from overlapping with other beams. The 
value of (β) also comes in ranges between 0 and 1 using random factors. The only 
constant in this equation is the beam-turning constant (ω) which 2. However, these 
αβ and ω components will not be further discussed in this article since it is similar to 
the previous MABSA. This part will only describe the details improvement of beam 
length (L). The new mechanism implemented in this L is to create a new exploration 
component in calculating the end point position generated based on squirrel search 
optimization. This concept will be a new component in MABSA. 

3 Squirrel Search Algorithm (SSA) 

The searching mechanism begin once the squirrels are foraging. These squirrels 
will search for their food resources by gliding from one tree to others on autumn 
session. Their change the location and explore new areas in the forest. As the climatic 
conditions are hot, they meet their regularly daily energy which required to be more 
quickly on the diet of acorns available abundance. Therefore, they consume acorns 
immediately upon finding them. After completing their daily energy, they will start 
searching for an optimal food source for the winter season by searching for hickory 
nuts. The storage of this nut will encourage them to maintain the energy that’s needed 
in extremely harsh weather while reducing the costly foraging trips and increasing 
the probability of survival. On winters, all of the squirrels become less active due to
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the increase in of risk predation but after the end of this season, they will become 
active again [20]. 

Therefore, this repetitive life will continue until their lifespan then forming the 
foundation of the squirrel search algorithm. The random initial location searching of 
flying squirrels is represented the same as familiar other algorithms. Their location 
is represented in vector, in d dimensional search point. So, the flying squirrels can 
glide in 1-D, 2-D, 3-D, or hyperdimensional search space and change their location 
vectors. The initialize population formula was described in the following Eq. (3): 

FSi = FSL + rand (1, D) × (FSU − FSL) (3) 

The number of the population was assumed as N (FSi). The upper and lower 
bounds value of search spaces are represented as FSU and FSL. FSi represents the i-th 
individual, (i = 1....N ); rand (0,1) is a uniformly distributed random number in the 
range (0,1). Recently, SSA has been used in various applications, especially to solve 
unconstrained optimization problems. The implementation of SSA in optimization 
gained more attention from researchers in various fields. SSA has been used to 
resolve many real-world problems such as in the medication [23], heat flow [20], and 
traveling schedule [24]. All these variations proved the effectiveness of the algorithm 
in their particular cases but in order to get better global convergence ability, it is 
recommended to combine it with others optimization algorithms. 

4 Proposed Approach MABSA with SSA 

This proposed a novelty of MABSA with SSA which implemented to increase the 
exploration in finding a new search space and consequently diversity the population. 
The proposed optional is an alternative way from the original MABSA to achieve 
better performance and higher velocity of convergence. In previous MABSA, the 
way to setting up the solution range or the minimum and maximum values of the 
search space are based on [25]. In order to achieve the requirement in optimization, 
the significant points to preserve the diversity of the population, then develop the 
new search space effectively. 

In this MABSA-SSA, the new L is described in the following Eq. (4); 

L = SSMin + (levy × Bats) × (SSSize) (4) 

where the solution range (SSSize) is the value of upper search space limit (SSMax) 
and lower search space (SSMin) limit as in Eq. (5); 

SSsize = SSMax−SSMin (5) 

The representing of Levy is distributed encouragement of better and more struc-
tured search space exploration. According to previous studies, Levy flight is one of the
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powerful mathematical tools used by researchers for improving global exploration 
[9, 26, 27]. 

From the modification, it will make a guidance mechanism to improvise the trans-
mitted bats to the new directional based on [28]. To improvise the searchability of the 
algorithm, it assumed that each of the bats emits pulses in two different directions. 
One direction belongs to the best individual and the other is the direction to randomly 
chosen bats. To simplify the calculation, eliminate velocity terms in the basic bats 
by Eq. (5). Thus, this can be said that the combination of MABSA and SSA fulfilled 
the requirements of global convergence and hence a global solution is guaranteed 
for most of the situation. 

For validation purpose and performance of developed algorithms, we employed 
(7) seven different benchmark test problems with varying number of objectives and 
dimensionality in the experiments. These benchmark test problems included seven 
of well-known benchmarks, i.e., Easom function, Beale function [29], Eggholder 
function [30], Alphine function [31], Cross-in-tray function [32], Storn’s function 
[33] and Levy’s N.13 function. This research used four dimension which D = 2, D 
= 5, D = 10 and D = 12 as a benchmarking and comparison standards based on 
study [6]. The variation dimensions (D) being used to validate the new algorithm is 
crucial for ensuring the robustness, scalability and also generalization ability. Aside 
from that, it also helps to identifying how well algorithms can handle the complex, 
high-dimensional problems which is an essential for solving real-world applications. 
By systematically testing the algorithm across various dimensions, the future study 
and practitioners may optimize in term of their performance, tune their parameters 
effectively, and ensure consistent results across different problems spaces [34]. 

5 Result and Discussion 

This section, consist of the results from simulation MABSA-SSA are presented. The 
experiments are performed 30 times for a variables dimension (D) size of 2, 5, 10 and 
12. For performance evaluation, simulation are performed on Matlab r2016b. Here, 
seven (7) well-known single objective benchmark test functions are used whereby 
Easom function, Beale function, Eggholder function, Alphine function, cross-in-tray 
function, Stron’s function and Levy’s N.13 function are used. The resultant from this 
MABSA-SSA was compared into original MABSA. 

Figure 1 shown the bar plot of statistical results among MABSA-SSA with original 
MABSA. The results of comparison are presented using different size of dimension 
(D) which are D = 2, D = 5, D = 10 and D = 12 as refers based on [6]. The results 
in this bar plot are based on one single objective benchmark test function which is 
Easom function, according to their best value. The optimum global value for this 
function is (−1). From this result, as can see starting from D = 5, D = 10 and D = 
12, the new developed MABSA-SSA gives good increment which better minimum 
point that global which obtained (−3.84), (−3.85) and (−3.77), respectively. This 
finding shown that higher dimension enable the algorithm to capture better and exploit
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Fig. 1 A figure shown the bar plot of statistical results comparing MABSA-SSA with original 
MABSA 

intricate features of the data, lead to more reliable and accurate results when it used 
to solve complex optimization problems. To sum up, all simulation results indicate 
the improved hybrid of MABSA is very helpful in improving the efficiency of new 
approach in MABSA with SSA in terms of result quality. 

The important of using this variation of dimension in this development of the algo-
rithm are for creating robustness, efficient and more scalable optimization methods. 
Addressing the challenges posed by high-dimensional spaces requires innovative 
strategies that balance exploration, manage computational complexity, and adapt 
dynamically to varying problem scales. By focusing on these aspects, the study can 
enhance the performance and applicability of optimization algorithms across a huge 
scope of real-world problems. 

6 Conclusion 

The study was introduced a novel hybrid optimization algorithm, which integrated 
the strength of MABSA with SSA. The hybrid approach aims to enhance benchmark 
optimization performance by combining MABSA’s adaptive frequency with SSA’s 
dynamic foraging strategy. Our extensive comparative analysis demonstrates that 
the MABSA-SSA hybrid consistently outperforms the original MABSA across a 
range of benchmark functions. The finding shown that the mechanisms of MABSA 
combined with the seasonal behavior of SSA developed a robust balance between 
exploration. This been proof when evaluated in Easom Function (F01) using D = 
12, the global minimum value for this function is (−1). The percentage increment in 
this function using original MABSA with MABSA-SSA shown 41.33% improves 
over than original MABSA when considering the global value as a reference point. 
To calculate the percentage of increment in this context, where the performance
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values are negative, it’s important to consider the improvement in performance in 
terms of their absolute values, especially since the performance metric might imply 
that a lower (more negative) value indicates better performance. Additionally, the 
global value serves as a reference point to understand the scale of improvement. 
In conclusion, the MABSA-SSA algorithm represents a substantial advancement in 
the field of optimization. Its integration of evolutionary random mechanisms and 
adaptive search strategies offers a powerful tool for addressing complex and high-
dimensional problems. Future research could explore further hybridizations and real-
world optimization applications, potentially extending the algorithm’s versatility 
and effectiveness. This study lays a solid foundation for continued innovation in 
optimization algorithm development, emphasizing the benefits of hybrid approaches 
in achieving superior performance. 
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Leveraging Explainable AI for Accurate 
Production Forecasting in the Bag 
Manufacturing Industry 
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Abstract The use of Explainable AI (XAI) to improve the accuracy and trans-
parency of production forecasts in the bag manufacturing business is investigated 
in this study. Historical production data, such as material types, lead times, vendor 
capacity, and seasonal demand fluctuations, were used to create prediction models 
with machine learning algorithms. The Gradient Boosting Machines was chosen 
as the best-performing model. The SHAP (SHapley Additive Explanations) anal-
ysis revealed that “Units_Produced” and “Season_Demand” were the most influen-
tial elements in predicting demand. XAI substantially increased the model’s trans-
parency, allowing stakeholders to understand the rationale behind forecasts and 
promoting trust in AI-driven decision making. The findings show the importance 
of production volume and seasonal modifications in accurate forecasting, resulting 
in improved inventory management and production planning. This study expands the 
fields of AI, manufacturing analytics, and production planning by showing the prac-
tical benefits of implementing XAI into industrial processes. The inclusion of SHAP 
analysis allowed for a detailed interpretation of the model’s predictions, revealing that 
“Units_Produced” and “Season_Demand” were the most influential factors. Limita-
tions include data quality and industry specificity, indicating that future studies should 
focus on various data sources and broader XAI applications. The findings highlight 
XAI’s potential to transform production forecasting while improving operational 
efficiency and strategic planning in manufacturing.
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1 Introduction 

The bag manufacturing industry is a vibrant and diverse sector that manufactures 
a wide variety of bags, including tote bags, backpacks, luxury handbags, and 
travel luggage. Bag manufacture has grown significantly in recent years, due to 
rising customer demand for both functionality and style. According to Grand View 
Research, the global bag market is expected to grow at a CAGR of 5.9% from 
2021 to 2028 [1]. The development of e-commerce has accelerated this expansion 
by allowing manufacturers to reach a global audience, with Compas reporting 3% 
increase in sales through online platforms in Indonesia [2]. However, the industry 
has significant challenges, such as unpredictable raw material prices, growing labour 
costs, and the requirement for environmentally friendly procedures. The demand 
for customization, combined with sudden shifts in customer tastes, requires adapt-
ability and creativity in organizations. In this unpredictable environment, precise 
production prediction is critical for successful inventory management, supply chain 
optimization, and satisfying market demand. 

Accurate production forecasting is critical in the bag manufacturing industry since 
it directly influences a company’s capacity to successfully meet market demand 
while keeping prices low. Manufacturers can optimize production schedules, manage 
inventory levels efficiently, and reduce the risks of overproduction and stockouts 
by precisely estimating future demand [3–8]. This not only ensures quick delivery 
to clients, increasing happiness and loyalty but also improves the utilization of 
resources, including raw materials and people, resulting in increased operational 
efficiency and cost savings. In a competitive business with continuously changing 
consumer tastes, the ability to accurately estimate demand is a huge advantage, 
allowing companies to remain ahead of market trends and respond quickly to 
customer wants. 

Advanced prediction techniques, such as machine learning, can help businesses 
better understand and forecast demand, increasing their overall competitiveness. In 
the context of production planning, the importance of transparent and explainable 
AI models has grown. As manufacturers use AI-powered methodologies to fore-
cast demand and optimize production, the complexity of these models frequently 
distorts their decision-making processes. This lack of transparency might cause 
mistrust among stakeholders. Explainable AI (XAI) addresses this issue by providing 
insights into how models make predictions, emphasizing the role of diverse vari-
ables, and making the AI’s reasoning processes easier to understand and understand-
able [9–12]. Specifically, SHAP (Shapley Additive Explanations) provides a robust 
method for interpreting complex models by quantifying the contribution of each
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feature to the predictions [13]. This improves transparency and trust, allowing stake-
holders to understand the underlying factors influencing demand forecasts. Imple-
menting Explainable AI (XAI) in production forecasts has significant benefits for 
manufacturers, notably in terms of cost savings and efficiency. 

Despite the growing adoption of AI and XAI in various industries, there is a lack 
of study specifically addressing the application of SHAP in the context of the bag 
manufacturing industry. This study aims to fill this gap by investigating how SHAP 
can enhance the interpretability and accuracy of demand forecasting models in this 
sector. By implementing and analysing the impact of SHAP-based XAI models, this 
study seeks to provide manufacturers with more reliable and transparent tools for 
decision-making, ultimately improving operational efficiency and responsiveness to 
market demands. By offering clear insights into demand factors, XAI allows for 
more informed inventory management, production scheduling, and resource alloca-
tion. Furthermore, XAI makes complex AI models interpretable, increasing trust and 
adoption of AI technology. 

2 Methodology 

The primary objective of this study is to enhance the accuracy and transparency of 
production forecasting in the bag manufacturing industry through the application 
of Explainable AI (XAI) techniques. The method used for this study begins with 
thorough data collecting and preparation. Figure 1 show the proposed methodology 
for prediction using explainable AI in bag manufacturer. From Fig. 1 it is known 
that the bag manufacturing company’s records contain historical production data, 
such as batch information, material types, lead times, vendor capacities, seasonal 
demand changes, SKUs, units produced, and actual sales. This dataset provides a 
solid foundation for building predictive models. The acquired data is subsequently 
pre-processed to remove missing values and outliers while ensuring consistency, 
resulting in a clean and reliable dataset for analysis. The next phase includes devel-
oping prediction models with machine learning techniques. Five separate techniques 
are used: linear regression, decision trees, random forest, support vector regression 
(SVR), and gradient boosting machines (GBMs).

Linear regression is one of the most basic and widely used algorithms for predic-
tive modelling. It models the link between a dependent variable and one or more 
independent variables by fitting a linear equation to the observed data. Previous 
studies that use linear regression for forecasting are from El Jaouhari et al. [14] and 
Markuryeva et al. [15]. Decision trees are nonlinear predictive models that use a tree-
like structure to represent decisions and their potential outcomes. Previous studies 
that use decision trees are [16, 17]. Random Forest is an ensemble learning method 
that constructs several decision trees during training and outputs the class that is the 
mode of the classes (classification) or the mean prediction (regression) of each tree. 

Previous studies shows that the error from this is minimum [18, 19]. Support 
Vector Regression (SVR) is a regression-specific version of Support Vector Machines
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Fig. 1 Proposed model for explainable AI prediction

(SVM). SVR works well in high-dimensional domains and when there are more 
dimensions than samples. Previous studies that use SVR for forecasting are from 
Fradinata et al. [20], Guo et al. [21], and Kamal et al. [22]. Gradient Boosting 
Machines (GBMs) are a strong ensemble learning technology that constructs a predic-
tive model by incrementally adding predictors, often decision trees. Each new model 
tries to fix the mistakes caused by prior models. GBMs can perform a variety of 
predictive modelling tasks and are noted for their accuracy and ability to handle 
complex data structures. Previous studies that uses SVR for forecasting are from 
Panarese et al. [23], Han et al. [24], and Metawa [25]. 

The models use the pre-processed dataset to anticipate future demand based on 
past trends and influencing factors. To enhance model performance, hyperparameter 
tuning is applied to each algorithm, adjusting their settings to attain the highest 
predicted accuracy. Cross-validation techniques are used to validate the models, 
assuring accuracy and applicability to new data. Each model’s predictive accuracy 
is assessed using metrics such as Mean Absolute Error (MAE), Mean Squared Error 
(MSE), and Root Mean Squared Error (RMSE). Furthermore, visuals are made to 
compare the error rates of the various algorithms, emphasizing the most effective 
model. 

Explainable AI (XAI) approaches are used during the model construction process 
to ensure the predictions’ transparency and interpretability. In this study SHAP 
(SHapley Additive Explanations) is used for explaining the output of the model, 
SHAP is widely used to explain the output. Previous study from Yang et al. [26] 
focused on using SHAP for explaining cooperative AI workers. Previous study 
from Lee and Roh [27] use the benefit of SHAP in semiconductor manufacturing. 
Previous study from Li et al. [28] use SHAP to explain the machine learning model
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for transportation. For this study, SHAP values are used to explain the output of 
the best-performing models. SHAP values give extensive information about how 
each element contributes to the model’s predictions, allowing stakeholders to under-
stand the impact of factors like material type, lead time, and seasonal demand. This 
transparency aids in identifying important drivers of demand and enables educated 
decision-making based on the AI model’s explanations. 

The final stage is to evaluate the performance of the developed models. The 
impact of lead time and seasonal demand on demand forecasting is examined using 
the insights provided by XAI methodologies. This thorough examination guarantees 
that the most accurate and interpretable model is chosen for practical use, hence 
improving the production forecasting process in the bag manufacturing business. 

3 Result and Discussion 

The object of this study is one bag manufacturing company in Bandung, Indonesia. 
The data collection approach for this study includes obtaining significant historical 
data from the bag manufacturing company. The data that is used in this study is taken 
from historical data from 2022 to 2023. Table 1 shows the variables that are used in 
this study. 

Data preprocessing is essential for accurate predictive models. It includes handling 
missing data, addressing outliers, standardizing variable formats and units, and 
encoding categorical variables like Material Type and SKU. Specifically, missing

Table 1 Variable for predicting production 

Variables Description 

Batch Represents a specific production run within a given time frame, 
identified by a unique batch code 

Material type Specifies the type of material used in the production of bags 

Lead time The time in days from ordering materials to their arrival at the 
vendor, influencing production schedules 

Vendor capacity The maximum number of units a vendor can produce within a given 
period, reflecting the vendor’s production capabilities 

Season demand A multiplier that adjusts demand forecasts based on seasonal 
variations 

SKU (stock keeping unit) A unique identifier for each product variant, including different 
colors and designs 

Units produced The actual number of units manufactured during the batch 

Demand The forecasted demand for each SKU, predicting the number of 
units expected to be sold 

Actual sales The real number of units sold during the period, used to measure the 
accuracy of demand forecasts 
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data was addressed through median imputation, outliers were managed using IQR 
methods, and categorical variables were encoded using One-Hot Encoding. The 
dataset is then split into training and testing sets to develop and validate the models. 
The predictive model is developed using Python. The predictive model develop-
ment provided significant insight into the accuracy and efficacy of several machine 
learning algorithms in estimating production demand in the bag manufacturing busi-
ness. Five distinct models were tested: Linear Regression, Decision Trees, Random 
Forest, Support Vector Regression (SVR), and Gradient Boosting Machines (GBM). 
Table 2 shows the comparison results of MAE and RMSE between the algorithms. 
The Gradient Boosting Regressor is the most accurate model, with an R-squared 
(R2) value of 0.99, explaining 99% of the variance in demand data. The MAE and 
RMSE measurements also revealed that the Gradient Boosting model outperformed 
the other models, with much-reduced error rates. 

The use of Explainable AI (XAI) approaches, notably SHAP (SHapley Additive 
Explanations), provides useful insights into the model’s decision-making process. 
The SHAP analysis results, as shown in Fig. 2, give a clear picture of the relative 
importance of various characteristics in the Random Forest Regressor model used 
for demand forecasting in the bag manufacturing industry. 

The graphic shows the mean absolute SHAP values, which show the average effect 
of each feature on the model’s output. The study shows that “Units_Produced” is 
the most impactful attribute, with a much higher SHAP value than the others. This 
indicates that the number of units produced contributes a critical role in predicting 
demand, probably because it directly correlates with the actual sales and inventory

Table 2 Comparison results 
of MAE and RMSE between 
algorithms 

MAE RMSE 

Linear regression 5.478 10.697 

Decision tree regressor 0 0 

Random forest regressor 1.473 5.695 

Gradient boosting regressor 0.039 0.084 

Support vector regressor 26.562 78.556 

Fig. 2 Global feature importance 
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Fig. 3 SHAP summary 

levels. “Season_Demand” is the second most effective element, emphasizing the 
significance of accounting for seasonal fluctuations in demand forecasting. This is 
consistent with the frequent business observation that demand for products varies 
dramatically depending on the time of year. “Vendor_Capacity” and “Lead_Time” 
have lower SHAP values, showing that, although they have an impact on demand 
estimates, it is less evident than “Units_Produced” and “Season_Demand”. This 
study indicates that production capacity and the time necessary to get supplies are 
crucial, but they may not be as strongly related to immediate demand variations as 
the other components. 

Figure 3 shows the SHAP summary, the graphic shows the influence and distri-
bution of each feature’s contribution to the model’s predictions in Gradient Boosting 
Machines, that is used to estimate demand in the bag manufacturing industry. This 
map shows the size and direction of feature impacts on model output, with each dot 
indicating a SHAP value for a specific prediction. 

“Units_Produced” is the most important feature, with a large range of SHAP 
values suggesting its strong and different impact on the model’s predictions. High 
feature values for “Units_Produced” (shown in pink) correlate with high positive 
SHAP values, implying that larger production volumes are closely connected with 
higher demand forecasts. This emphasizes the direct relationship between produc-
tion output and anticipated demand. “Season_Demand” also has a significant impact, 
although slightly less than “Units_Produced”. The dots for “Season_Demand” are 
clustered, showing that this feature regularly influences the model’s output, with 
higher seasonal demand values (in pink) leading to more accurate demand projec-
tions. This highlights the significance of updating estimates based on seasonal vari-
ations to appropriately reflect demand fluctuations. “Vendor_Capacity” and “Lead_ 
Time” have lower SHAP values, suggesting less influence on the model’s predictions. 
The range of SHAP values for these variables is rather small, indicating that changes 
in vendor capacity and lead time have a more consistent but minor impact on demand 
forecasting. This shows that, though these operational characteristics are important, 
their fluctuation has no substantial impact on demand forecasts when compared to 
production volume and seasonality.
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Explainable AI (XAI) considerably improves the forecasting model’s trans-
parency and trustworthiness, as shown by the findings. SHAP provides deep insights 
into each feature’s contribution to the model’s projections, allowing stakeholders to 
better understand the underlying drivers of predicted demand. For example, the SHAP 
analysis found that “Units_Produced” and “Season_Demand” are the most influential 
elements, with a clear impact on demand estimates. This level of transparency helps 
to explain the AI model’s decision-making process, allowing production planners and 
management to trust and rely on the model’s results. SHAP values let stakeholders 
assess the model’s logic by displaying how different variables affect predictions, 
ensuring that it matches their domain expertise and operational expectations. This 
transparency not only increases confidence in the AI-powered forecasting system, 
but also allows for improved collaboration across departments because everyone 
can see and understand how and why certain decisions are made. Overall, XAI, 
through SHAP, provides manufacturers with clear, interpretable, and actionable data, 
resulting in more informed and trustworthy decisions about production planning and 
inventory management. 

The findings of this study have important consequences for the bag manufac-
turing industry, especially in terms of inventory management and production plan-
ning. Manufacturers can improve demand forecasting accuracy by using Explain-
able AI (XAI), allowing them to optimize production plans and inventory levels. The 
insights offered by SHAP analysis highlight the importance of production volume and 
seasonal demand in forecasting, allowing manufacturers to better anticipate market 
needs and adjust operations accordingly. 

4 Conclusion 

This study shows the significant advantages of implementing Explainable AI (XAI) to 
improve production forecasting accuracy and transparency in the bag manufacturing 
industry. The Gradient Boosting Machines model had a high R-squared value of 0.99, 
and SHAP analysis showed that “Units_Produced” and “Season_Demand” were the 
most influential components. These findings highlight the importance of production 
volume and seasonal modifications in accurate demand forecasting, resulting in better 
production planning and inventory management. 

XAI, particularly SHAP, improves the model’s transparency and trustworthiness 
by explaining how each feature contributes to the predictions. This transparency 
enables stakeholders to understand and trust the AI model’s outputs, resulting in 
more informed decision-making and improved collaboration across departments. 
The study has limitations in terms of data quality and bag manufacturing-specificity. 
Future studies should investigate integrating other data sources, using XAI in 
different manufacturing contexts, and undertaking longitudinal studies to determine 
the long-term impact of AI-driven forecasting on operational efficiency and financial 
performance.
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Tool Condition Monitoring in Milling 
Machining Process via IOT 
Communications 

Mohd Azfar Afiq Azhar, Ismayuzri Ishak, and Ahmad Razlan Yusoff 

Abstract This study develops an IoT-based Tool Condition Monitoring (TCM) 
system for milling operations, aiming to enhance product quality through real-time 
tool wear detection. Utilizing an ESP-32 microcontroller and a vibration sensor posi-
tioned near the cutting tool, the system captures and analyzes vibration signals during 
the milling process. Advanced signal processing techniques extract relevant features 
to assess tool condition. Experimental trials demonstrate the system’s effectiveness, 
with a strong correlation (Pearson’s r = 0.77) between vibration-based predictions 
and actual tool wear measurements. This IoT-enabled TCM system offers a cost-
effective solution for industrial milling applications, potentially improving product 
quality, reducing downtime, and optimizing tool replacement schedules. The research 
contributes to the advancement of smart manufacturing technologies, providing a 
practical approach to integrating IoT communications in machining processes for 
enhanced operational efficiency and product quality control. 

Keywords Tool condition ·Monitoring · Tool wear length ·Milling process · IOT 
communications 

1 Introduction 

Tool Condition Monitoring (TCM) has emerged as a critical component in modern 
manufacturing processes, particularly in machining operations such as milling, 
turning, grinding, and drilling. TCM systems serve as preventive measures against
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cutting tool damage and play a crucial role in maintaining product quality [1, 2]. These 
systems utilize various sensors and data analysis techniques to continuously assess 
the condition of cutting tools during operation, enabling real-time decision-making 
and process control [3, 4]. 

The primary motivation for this research stems from the increasing demand for 
automated and unmanned manufacturing processes. Traditional methods rely heavily 
on operator experience to detect tool wear, often leading to unexpected downtime and 
quality issues. By implementing advanced TCM systems, manufacturers can signif-
icantly reduce machine downtime, prevent tool failure, and optimize the overall 
machining process [1–5]. Furthermore, the integration of TCM with Internet of 
Things (IoT) technologies aligns with the broader Industry 4.0 paradigm, promising 
enhanced operational efficiency and predictive maintenance capabilities [6]. 

Recent literature in the field of TCM has focused on developing multi-sensor 
approaches and advanced signal processing techniques. Researchers have explored 
various sensor types, including vibration, acoustic emission, and current sensors, to 
capture tool wear indicators [7, 8]. Machine learning algorithms have been increas-
ingly employed for feature extraction and wear classification, improving the accuracy 
and reliability of TCM systems [6]. Additionally, there is a growing trend towards 
the development of IoT-based TCM solutions that enable remote monitoring and 
data-driven decision-making in manufacturing environments [8, 9]. 

Despite these advancements, there remains a need for cost-effective, easily imple-
mentable TCM solutions for small to medium-scale manufacturing operations, partic-
ularly in milling processes. This paper addresses this gap by presenting the develop-
ment and implementation of an IoT-based TCM system for milling machines. The 
primary objectives of this research are to design and implement a TCM system using 
vibration sensors and for real-time tool wear monitoring in milling operations. 

2 Experiments Details 

TCM system’s software component is developed using C programming language in 
the Arduino IDE, tailored for ESP32 compatibility [4]. A Graphical User Interface 
(GUI) is created using the Blynk platform, facilitating real-time monitoring and 
user interaction. The software architecture integrates IoT capabilities, aligning with 
current trends in smart manufacturing [6]. Iterative testing and debugging ensure 
robust performance and seamless integration with hardware components. 

Machining Experiment and Sensor Arrangement as shown in Figs. 1 and 2: The  
experimental setup employs a milling machine equipped with an indexable end 
mill (BAP300R121S16). Spheroidal graphite cast iron (FCD 450) is selected as 
the workpiece material due to its durability, low cost, and high machinability. An 
MPU6050 accelerometer sensor is strategically positioned on a non-rotary part of the 
milling machine to capture tri-axial vibration signals during the machining process 
[9]. This multi-sensor approach follows recent advancements in TCM research [7].
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The NodeMCU ESP32 microcontroller, integrated with the MPU6050, forms the 
core of the data acquisition system, shown in Fig. 1. 

Real-time data acquisition is facilitated by the ESP32’s Wi-Fi capability, which 
transmits vibration data to the Blynk cloud [6]. The system collects time-domain 
vibration signals across three axes during the milling operation (Fig. 2). Data anal-
ysis involves signal processing techniques to convert raw time-domain signals into

Fig. 1 Data collection during machining 

Fig. 2 Sensor arrangement on CNC machine 
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meaningful information. Kurtosis analysis is applied to identify changes in vibration 
patterns associated with tool wear [8]. The processed data is used to classify tool 
condition into five states: perfect, good, small wear, large wear, and fracture. This 
classification is displayed in real-time on the Blynk GUI, enabling operators to make 
informed decisions about tool replacement and process optimization. The integration 
of real-time monitoring and data-driven analysis contributes to the development of 
predictive maintenance strategies in CNC machine as shown in Fig. 2 [5, 6]. 

3 Result and Discussions 

The experimental phase of this study involved data collection using an indexable end 
mill with a single insert. The MPU6050 sensor was strategically placed on a non-
rotary surface near the tool, enabling the capture of vibration data across three axes (x, 
y, and z), as shown in Fig. 3. This placement was crucial for obtaining comprehensive 
vibration profiles during the milling process [9]. Data acquisition was accomplished 
using two parallel methods using the Blynk app for real-time graphical representation 
and Excel DataStream for numerical data collection. The Blynk app provided instan-
taneous visual feedback, allowing for immediate assessment of vibration patterns. 
In Fig. 3, typical experiment 11 demonstrated notable variations in vibration ampli-
tudes across all three axes during the machining process, indicating potential tool 
wear progression.

For in-depth analysis, 131 data points were collected for each axis in each exper-
iment using Excel DataStream. These datasets were subsequently processed using 
Origin Lab software to generate detailed graphical representations, facilitating a 
more nuanced understanding of vibration characteristics throughout the milling oper-
ation. The study encompassed 27 experiments, with results summarized in Table 1, 
correlating kurtosis values with tool wear length. A clear trend emerged, showing 
that higher kurtosis values generally corresponded to larger tool wear lengths. The 
maximum observed tool wear length was 0.4727 mm, associated with a kurtosis 
value of 2.233. These findings align with previous research indicating the effective-
ness of kurtosis analysis in tool wear detection [8]. Based on these experimental 
results, a classification system for tool condition was developed and implemented in 
the Blynk-based GUI, as shown in Fig. 4. The system categorizes tool condition into 
five states of Perfect: Kurtosis < 0.75; Good: 0.76 ≤ Kurtosis ≤ 1.50; Small wear: 
1.51 ≤ Kurtosis ≤ 2.25; Large wear: 2.26 ≤ Kurtosis ≤ 3.00; Fracture: Kurtosis > 
3.00, as tabulated in Table 2.

Based on the classification system, it is integrated into the GUI, provides real-
time feedback on tool condition, enabling operators to make informed decisions about 
tool replacement and process optimization, as shown in Fig. 4. The developed TCM 
system demonstrates the potential for IoT-based solutions in enhancing predictive 
maintenance strategies for CNC machines [6]. The integration of real-time data 
acquisition, kurtosis-based analysis, and a user-friendly GUI represents a significant 
step towards implementing cost-effective, easily deployable TCM solutions in small
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Fig. 3 Sample acceleration in experiment 11 during cutting process in Blynk environment

to medium-scale manufacturing environments. This approach aligns with the growing 
trend of smart manufacturing and Industry 4.0 principles [6, 8], offering a practical 
tool for improving machining efficiency and product quality.
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Table 1 Mapping for 
Kurtosis value and tool wear 
length 

Experiment Kurtosis value Wear length (mm) 

1 0.043096448 0.090474 

2 0.301342478 0.279432 

3 0.232129028 0.200631 

4 0.246975578 0.286959 

5 0.701135233 0.167123 

6 0.714218765 0.217752 

7 0.853004344 0.283027 

8 0.309418815 0.251106 

9 0.367930002 0.280462 

10 0.357399879 0.135162 

11 0.198931332 0.256077 

12 0.358292603 0.192442 

13 0.187149477 0.294071 

14 1.379460646 0.106415 

15 0.467287141 0.261582 

16 0.154103745 0.161238 

17 0.295610459 0.105113 

18 0.479910193 0.056248 

19 0.087068374 0.128229 

20 0.278852595 0.317750 

21 0.818261418 0.072892 

22 2.233727067 0.472703 

23 0.264178500 0.086199 

24 0.624546012 0.093685 

25 0.653602292 0.138668 

26 1.315160243 0.231532 

27 0.569922713 0.100811
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Fig. 4 Tool condition monitoring using Blynk app 

Table 2 Kurtosis 
classification for tool 
conditions 

Kurtosis value Condition 

<0.75 Perfect 

0.76–1.50 Good 

1.51–2.25 Small wear 

2.26–3.00 Large wear 

>3 Fracture

4 Conclusion 

This study successfully developed a Tool Condition Monitoring (TCM) system for 
milling operations using vibration signal analysis. Several conclusions can be made: 

• The system, comprising an MPU6050 sensor, ESP32 microcontroller, and Blynk 
app interface, effectively captured and analyzed tri-axial vibration data during the 
machining of FCD 450 with an indexable endmill. 

• Kurtosis statistical analysis proved instrumental in determining tool condition 
from the vibration signals. The Blynk app provided an intuitive GUI for real-time 
monitoring, enhancing user accessibility. The strong correlation between kurtosis 
values and tool wear length, indicated by a Pearson’s r value of 0.77, demonstrates 
the system’s reliability in predicting tool wear. 

This IoT-based TCM system offers a practical solution for improving machining 
efficiency and product quality in industrial applications.
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Classification of Capsicum Annum L. Var. 
Kulai Through Object Detection Using 
Deep Learning Models 
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Amir FakarulIsroq Abdul Razak , Muhammad Nur Aiman Shapiee , 
Mohd Izzat Mohd Rahman , and Mohd Azraai Mohd Razman 

Abstract This research project aims to implement deep learning models for large-
scale agricultural crop detection. The study investigates the performance of YOLOv8, 
Detection Transformer (DETR), Neural network, and Support Vector Machine 
(SVM) models in terms of mean average precision (mAP), precision, recall, F1-
score, and detection time. The dataset used for training and evaluation comprises 684 
images with a total of 27,852 bounding boxes, including 2542 instances of Capsicum 
Annum L. Var Kulai (Chilli Kulai) crops. The dataset is split into training, valida-
tion, and test sets. All machine learning and deep learning models are trained with 
200 iterations. The results indicate that YOLOv8 achieves the highest mean average 
precision of 96.2% and an average recall of 92.6%. The neural network shows good 
performance, with a mean average precision of 90.5% and a recall of 90.5%. The 
SVM model also performs well, with a mean average precision of 89.0% and a recall 
of 89.1%, providing a good balance between accuracy and detection speed. DETR 
has the lowest mean average precision of 71.9% and a recall of 45.0%. In conclusion, 
this research shows that YOLOv8 is the leader in performance. It was found that the 
model for yolov8 is the best. The study demonstrates the potential for further devel-
opment in the automation of the local agricultural sector, highlighting the benefits of 
using advanced machine learning models to enhance crop management techniques. 

Keywords Deep learning · Agriculture crops · Chilli · Object detection ·
Classification
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1 Introduction 

The Department of Statistics Annual Economic Statistics (AES) for the Agriculture 
Sector in 2023 reveals the economic performance of four sub-sectors: crops, live-
stock, forestry and logging, and fisheries [1]. Overall, the gross output value for the 
agriculture sector surged from RM82.2 billion in 2020 to RM101.3 billion in 2021, 
marking a growth rate of 23.2%. The key contributors to this increase were Sarawak 
(30.2%), Sabah (20.3%), and Johor (12.3%). Conversely, the value of intermediate 
input experienced a faster growth of 26.5% during the same period. Among the 
sub-sectors, crops took the lead in contributing to the gross output value at RM75.8 
billion, followed by livestock (RM18.7 billion), forestry and logging (RM4.4 billion), 
and fisheries (RM2.4 billion). This statistic emphasized how crucial the agriculture 
sector is for Malaysia’s economic progress. As a result, it’s vital to carefully manage 
and monitor both the quality and quantity of harvested crops. 

Detection systems has been developed for the purpose of identifying diseases in 
paddy crops [2]. This enables farmers with limited resources to identify plant diseases 
in their early stages and avoid the improper use of fertilizers, which could be detri-
mental to both the soil and the plants. The system’s performance and classification 
accuracy were evaluated through various experiments, particularly focusing on classi-
fication and processing times. The machine learning model demonstrated an impres-
sive accuracy of 99.48%, using a customized Convolutional Neural Network (CNN) 
model. This model effectively classifies images into categories such as Healthy, Leaf 
Blast, Leaf Scald, Neck Blast, and False Smut. In other study, to classify the maturity 
stage of large green Capsicum Annum L. Var Kulai (Chilli Kulai) by using convo-
lutional neural networks (CNN) based deep learning and computer vision [3]. The 
best result for the maturity stage of large green Capsicum Annum L. Var Kulai (Chilli 
Kulai) is into three maturity, maturity 1 (maturity index 1/34 days after anthesis 
(DAA)), maturity 2 (maturity index 3/47 DAA), and maturity 3 (maturity index 5/60 
DAA). 

A comprehensive comparison was conducted among various cutting-edge CNN-
based object detection algorithms, with a focus on the latest models in various fields 
[2]. A finding was revealed that Yolo-v3 emerged as the fastest, closely followed 
by Single Shot Detector (SSD), while Faster Region based Convolutional Neural 
Networks (RCNN) lagged behind. For small datasets without real-time requirements, 
Faster RCNN is recommended. Yolo-v3 is advantageous for live video feed anal-
ysis, while SSD offers a balance between speed and accuracy. Yolo-v3, being the 
most recent, benefits from active open-source contributions and demonstrates supe-
rior overall performance. The field is dynamic, with ongoing advancements and 
new algorithms or updates introduced yearly, catering to applications in aviation, 
autonomous vehicles, and industrial machinery. In another study, Very Deep Convo-
lutional Networks (VGG) were used to achieve good results of 89.8% and 86.1% 
using transfer learning models VGG16 and VGG18, respectively, to extract features 
from Diabetic Retinopathy (DR) images for classifying the disease via SVM [4]. A 
study by investigated the use of VGG16, VGG19, and ResNet50 for detecting heart
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murmurs, which are unusual heartbeat sounds that may indicate a serious heart condi-
tion and can only be identified by trained specialists using a stethoscope [5]. The 
study showed promising results, with classification accuracies of 83.95%, 83.95%, 
and 87.65% for VGG16, VGG19, and ResNet50, respectively. A study by Amjad, 
suggests that using deep learning in agriculture could significantly enhance agricul-
tural practices [6]. By using CNN (Convolutional Neural Networks), ResNet, VGG, 
and EfficientNet, their results were 70%, 87%, 87%, and 91%, respectively. It was 
shown that by applying CNN on various application could provide good detection. 
The choice of an object detection algorithm depends on the specific use case. 

This paper is organized as follows: Sect. 2 offers a brief overview of recent research 
on deep learning object detection models in agriculture. Section 3 describes the 
methodology for preparing a custom dataset. Section 4 details the experimental setup 
and discusses the results. Section 5 concludes with the findings of the study. 

2 Related Works 

Several studies have used either Deep Learning or Machine Learning to classify crops 
for category detection, disease and type. A study, on the development of a skill perfor-
mance test for talent identification in amateur skateboarding sport used a machine 
learning model with PCA, achieving good results with loading factors equal to 0.80 
[7]. This value, being greater than the threshold, implies that the machine learning 
model can be used in various fields. In a study, which aims to improve eggplant 
development and production using a machine learning model, it was found that the 
random forest algorithm achieved 100% classification accuracy [8]. The support 
vector machine (SVM) reached 99.7% accuracy, while the Naïve Bayes algorithm 
achieved 97.0% accuracy. In other study, Electromyography (EMG) signals are exten-
sively utilized for predicting human motor intention, an essential element in human– 
robot collaboration platforms that use machine learning [9]. These studies achieved 
classification accuracies of 100%, 99%, and 99% on training, testing, and valida-
tion datasets, respectively, based on the identified features. According to Alzubaidi 
et al. (2021), deep learning, a branch of machine learning uses large datasets to find 
relationships between input data and labels without relying on predefined rules [10]. 
It consists of multiple layers of artificial neural networks (ANNs), each providing 
a unique interpretation of the input data. The key advantage of deep learning is its 
capacity to autonomously learn and identify patterns from data. 

In their 2021 study, Ishengoma et al., created a dataset of 11,280 images of maize, 
evenly split between infected and uninfected samples [11]. They divided the dataset 
into training (7896 images), validation (1692 images), and test sets (1692 images) 
using a 70:15:15 ratio. Using the TensorFlow 2.0 framework, they trained various 
architectures, including VGG16, VGG19, InceptionV3, and MobileNetV2, along 
with their modified versions. InceptionV3 and MobileNetV2 performed the best, 
achieving 100% accuracy, sensitivity, specificity, precision, and F1-score, surpassing 
other models. The experiments were conducted using the Phantom 4 pro v2 hardware.
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In Zhou et al.’s (2020) study, a system Kiwi Detector was developed to identify 
kiwifruits in images with a resolution of 3968 × 2976 pixels [12]. Four models 
(SSD with MobileNetV2, quantized MobileNetV2, InceptionV3, and quantized 
InceptionV3) were tested on a HUAWEI P20 smartphone using 100 field images. 
MobileNetV2 had the highest True Detection Rate (TDR) at 90.8%, while quantized 
MobileNetV2 had the fastest detection speed at 103 ms per image. 

Dang et al. (2023), conducted a study that involved the creation of a dependable 
weed identification dataset, encompassing 5648 images representing 12 weed classes 
and featuring 9370 bounding boxes of weeds [13]. Utilizing YOLO-based deep 
learning algorithms, various detection systems were developed, incorporating models 
such as YOLOv3, YOLOv4, Scaled-YOLOv4, YOLOR, YOLOv5, YOLOv6, and 
YOLOv7. The experiment’s outcomes highlighted the significant potential of all 
YOLO models for real-time weed detection. Notably, YOLOv5s exhibited excep-
tional performance, achieving a mAP of 94.10% following the implementation of 
data augmentation. 

In their 2023 study, MacEachern et al., trained six YOLO convolutional neural 
network models to identify ripeness stages in wild blueberries [14]. YOLOv4 
achieved the highest accuracy, with mAP50 scores of 79.79% for the 3-class model 
and 88.12% for the 2-class model. YOLOv4-Tiny excelled in inference time (7.8 
ms) and memory usage (1.63 GB), making it ideal for smartphone app integration. 
Additionally, regression equations were developed, with YOLOv4-Small showing 
the lowest absolute mean error (24.1%) among 2-class models. These findings lay 
the groundwork for a smartphone app, facilitating real-time ripeness detection and 
yield estimation, thus aiding blueberry growers in their management practices. 

3 Methodology 

3.1 Image Dataset for Chilli Crops Detection 

In Fig. 1 collecting data for training a deep learning model to recognize chilli plants 
involves gathering a diverse set of images from public datasets, online repositories, 
or by capturing new images manually or automatically. The dataset should include 
various chilli plant varieties, growth stages, and environmental conditions to ensure it 
is comprehensive and representative. Adhering to best practices during data collection 
is crucial to avoid issues like inaccurate, missing, or imbalanced data, which can 
negatively impact the model’s performance. The objective is to create a robust dataset 
that enables the model to accurately identify and classify chilli plant images.
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Fig. 1 Image chillies datasets 

3.2 Image Annotation 

Before using images for bounding box object recognition and classification, they 
are labelled and annotate with an image labelling or annotation tool in Fig. 2. This  
tool helps identify objects within an image by allowing users to highlight or mark 
specific items. There are various types of image annotation, including bounding box, 
polygonal segmentation, semantic segmentation, 3D cuboid segmentation, keypoint 
landmarks, and line splines. In this research, we used Roboflow as a platform to 
annotate images. In Annotation image we classified two categories of image chilli 
which is red chilli and green chilli which is a fundamental step in creating image 
recognition algorithms and training deep learning models. The goal is to create 
reliable datasets for the models to train on, ultimately leading to the development of 
better and more accurate machine learning models. Common techniques for image 
annotation include image classification, object detection, and image segmentation, 
each serving specific purposes in training computer vision models.
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Fig. 2 Annotate of chillies 

3.3 Image Augmentation 

Image augmentation is a crucial method in deep learning for enhancing model perfor-
mance. It involves creating new training examples from existing ones to diversify 
the dataset, thus preventing overfitting, and improving generalization. The example 
techniques include flip, 90° rotate, rotation, saturation and exposure (Table 1).

3.4 Software Configuration 

The model was train through YOLOv8, Neural Network, SVM and Detection Trans-
former (DETR) compared to another advanced YOLOv4-based deep learning model, 
YOLOv4-tiny. The experiment was conducted on Google Colab, an online GPU 
service featuring a 12 GB Nvidia K80, running Ubuntu 20.04 LTS, Python 3.9, Cuda 
12, and Cudnn 11.8 [15].
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Table 1 Augmentation setup that has been applied to the dataset 

Augmentation Direction Functions 

Flip Horizontal and vertical Help model be insensitive to subject 
orientation 

90° rotate Clockwise, counterclockwise, 
upside down 

Help model be insensitive to camera 
orientation 

Rotation −45° to 45° Help your model be more resilient to camera 
roll 

Saturation −45% to 45% Randomly adjust the vibrancy of the colors in 
the images 

Exposure −30% to 30% Help your model be more resilient to lighting 
and camera setting changes

3.5 Performance Evaluation 

The AP and mAP are metrics for evaluating object detection models in Fig. 3. AP  
measures the agreement between predicted and ground truth bounding boxes using 
precision and recall, with precision calculated based on the IoU threshold. mAP is 
the average AP across all classes and IoU thresholds, balancing precision, and recall. 
It is computed by finding the area under the precision-recall curve for each class. In 
some evaluations, AP is calculated for each class and then averaged for mAP, while 
in others, like COCO, AP and mAP are used interchangeably. 

“Precision” measures the accuracy of your predictions, indicating the percentage 
of correct predictions made by the model. “Recall” assesses how well the model 
identifies all true positive detections, representing the percentage of actual positive 
cases that were found [16]. The F1 score combines the precision and recall scores to 
provide an overall performance evaluation. Intersection Over Union (IoU) quantifies

Fig. 3 Performance 
evaluation of model 
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the overlap between two bounding boxes, indicating the extent to which the predicted 
box aligns with the actual box in object identification and segmentation tasks. 

4 Result and Discussion 

Table 2 show the performance details of four models (Yolov8, Neural Network, SVM, 
and DETR) based on their mAP@0.5 (%), Recall (%), F1 Score (%), and Speed of 
detection (ms). YOLOv8 is the best choice among the models for high accuracy 
and speed, while Neural Network offers good balance, SVM lags in both accuracy 
and speed, and DETR is the least favorable for real-time applications. They both 
emphasize the importance of selecting the right model based on specific needs and 
application requirements. 

Based on the observation in Figs. 4 and 5, above it compares four machine 
learning models—YOLOv8, SVM, Neural Network, and DETR—evaluating their 
performance based on mean Average Precision at 0.5 IoU (mAP@0.5), Recall, F1 
Score, and Detection Speed. YOLOv8 excels across all metrics, achieving the highest 
mAP@0.5 (96.2%), Recall (92.6%), F1 Score (92.0%), and the fastest detection 
speed (101.8 ms), making it ideal for real-time applications. The Neural Network 
also performs well with a mAP@0.5 of 90.5%, matching Recall and F1 Scores of 
90.5%, and a detection speed of 112.5 ms, offering a good balance of accuracy and 
speed. SVM shows a slight decline with an mAP@0.5 of 89.1%, Recall and F1 Scores 
around 89%, and a slower detection speed of 152.4ms. DETR faces the most chal-
lenges, with the lowest mAP@0.5 (71.9%), Recall (45.0%), and the slowest detection 
speed (231.4 ms), indicating it is less suitable for accurate and timely detections.

In conclusion, YOLOv8 is the best choice among the four models, offering the 
highest accuracy and speed. A study by Md Sadid showed a high mAP in disease 
detection [17]. While YOLOv8 is used for detecting chili types in this paper, the high 
mAP offered by the model suggests it is likely robust enough to handle some degree 
of structural defects, such as those caused by diseases. Although specific accuracy 
metrics for detecting defects are not provided, the high overall accuracy implies that 
minor structural defects due to disease are unlikely to significantly affect the model’s 
ability to detect chilies. The Neural Network model, while slightly less accurate, still 
provides reliable performance with good detection speed. SVM lags in both accuracy 
and speed, making it less suitable for critical tasks. DETR, with the lowest scores and

Table 2 Performance details of the 4 models 

Models mAp@0.5 (%) Recall (%) F1 score (%) Speed of detection (ms) 

Yolov8 96.2 92.6 92.0 101.8 

Neural network 90.5 90.5 90.4 112.5 

SVM 89.0 89.1 89.0 152.4 

DETR 71.9 45.0 70.2 231.4 
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Fig. 4 Performance analysis of each models 

Fig. 5 Model’s speed performance

slowest detection speed, is the least favorable for real-time detection. These findings 
underscore the importance of choosing the right model based on application-specific 
needs, balancing accuracy, and speed accordingly.
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5 Conclusion 

In summary, this study compared YOLOv8, SVM, Neural Network, and DETR deep 
learning models for detecting chilli plants. YOLOv8 proved most effective, with a 
mean average precision (mAP@0.5) of 96.2% and a detection speed of 101.8 ms, 
making it suitable for real-time crop detection. This integration marks a significant 
advancement in precision agriculture, providing accessible tools for optimizing crop 
yields and enhancing productivity 
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Abstract 3D printing manufactures products layer by layer, promoting the conser-
vation of natural resources while offering an economical and safe choice for workers, 
communities, and consumers. Certain features can be integrated into the 3D printing 
process by developing mathematical models that determine the optimal parame-
ters for achieving optimal printing outcomes. This research creates a mathematical 
model for multi-objective optimization aimed at identifying the best 3D printing 
process parameters. The study’s findings on Multi-Objective Optimization Modeling 
in 3D Printing of PLA+ using Response Surface Methodology (RSM) and NSGA 
II have significant practical implications. By integrating RSM and NSGA II, the 
study enables a more precise and efficient optimization of key 3D printing parame-
ters, such as print speed, temperature, and layer height. This leads to enhanced print 
quality, reduced material waste, and optimized mechanical properties of the printed 
parts. This study involved several decision variables, such as infill density, nozzle 
temperature, printing speed, layer thickness, and bed temperature. This study has 
two objective functions, such as maximizing tensile strength and minimizing surface 
roughness. The Gamultiobj algorithm (MATLAB) and the non-dominated sorting 
genetic algorithm II method have the specific advantage of simultaneously searching 
for optimal values for the four objective functions. The study found that the best level 
setting for the infill density was 99.992%, 214.998 °C for the nozzle temperature, 
70.000 mm/s for the printing speed, 0.151 mm for the layer thickness, and 48.390 °C. 
The optimal response is a tensile strength of 31.399 MPa and a surface roughness of 
10.290 µm. 

Keywords 3D printing · Multi objective optimization

S. Luthfianto (B) · E. Pujiyanto · C. N. Rosyidi · P. W. Laksono 
Department of Industrial Engineering, Universitas Sebelas Maret, Surakarta, Indonesia 
e-mail: saufik@student.uns.ac.id 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 
M. R. Mohamad Yasin et al. (eds.), Proceedings of the 7th Asia Pacific Conference 
on Manufacturing Systems and 6th International Manufacturing Engineering 
Conference—Volume 2, Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-96-5690-5_14 

135



136 S. Luthfianto et al.

1 Introduction 

Since ancient times, humans have created items essential for everyday life, demon-
strating a practical understanding of materials to develop tools for their purposes. 
During manufacturing, the tools employed subtractive techniques, systematically 
removing excess material from the original components until they formed the desired 
final product. The subtractive method of production has significantly advanced over 
time, with new techniques constantly emerging. A new manufacturing paradigm, 
known as additive manufacturing, emerged in the early 1990s [1]. It has proven to 
be a very successful technique for creating shapes of any complexity or form. 

Additive manufacturing (AM) is an innovative production method that constructs 
objects layer by layer based on digital designs created with computer-aided design 
software. It provides numerous benefits compared to conventional manufacturing 
techniques [2]. AM enables the creation of intricate geometries that are difficult 
or impossible to produce using traditional methods. It provides design flexibility, 
allowing for customization, quick prototyping, and on-demand manufacturing. As 
technology progresses, AM is poised to revolutionize the manufacturing sector, 
fostering innovation and generating fresh prospects in product development and 
production [3, 4]. 

The industry widely favors fused deposition modeling (FDM) among AM tech-
nologies due to its cost-effectiveness, user-friendliness, diverse material choices, 
and wide range of applications. The FDM process uses various thermoplastic mate-
rials to print diverse objects with complex shapes. One of the materials used in 
the FDM process is polylactic acid [5]. PLA comes from sustainable sources and is 
compostable. 3D printing highly prefers PLA due to its low melting point, biodegrad-
ability, and ease of use during printing [6–8]. Furthermore, the ability to print PLA 
without a heated bed reduces energy requirements [9]. Because process parameters 
influence PLA more than other materials, researchers are particularly interested in it 
[10]. 

These technologies typically generate smoother surfaces owing to their distinct 
printing methods and higher resolutions [11]. Multiple factors, such as process 
parameters, material characteristics, and geometric aspects, affect tensile strength 
and surface roughness in FDM printing [12–14]. In FDM printing, various system-
atic approaches use statistical methods to optimize tensile and surface roughness. 
This includes tuning process variables like infill density, nozzle temperature, printing 
speed, layer thickness, bed temperature, and more to discover the ideal combination 
that achieves a balance between surface quality and other operational needs. 

Researchers have created a mathematical model to study how different 3D printing 
process parameters impact the strength of PLA plastic products [15, 16]. Researchers 
[17] have developed another mathematical model that describes the extrusion process 
in 3D printing with FFF material. Researchers [18–20] have conducted several math-
ematical theories related to the 3D printing process. However, these researchers have 
not considered two objective functions together to achieve an optimal solution. Some 
of these mathematical models focus exclusively on either tensile strength or surface
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roughness, rather than considering both simultaneously to determine the optimal 
solution. 

The previously mentioned studies have the potential to develop a multi-objective 
optimization framework that aims to identify optimal parameters for 3D printing 
processes, taking into account assessments of both tensile strength and surface rough-
ness. This study utilizes tensile strength and surface roughness tests within the 3D 
printing process, employing a mathematical model to determine the best printing 
parameters based on the critical studies mentioned earlier. This study involved 
several decision variables, such as infill density, nozzle temperature, printing speed, 
layer thickness, and bed temperature. This study has two objective functions, such 
as maximizing tensile strength and minimizing surface roughness. The search for 
optimal values for the four objective functions is conducted simultaneously using the 
Gamultiobj algorithm (MATLAB) and the non-dominated sorting genetic algorithm 
II method. 

2 Material and Methods 

This research utilized a 3D printer based on the fused deposition modeling tech-
nique. A “Creality Ender 3 Pro” 3D printer was used to print Polylactic Acid Plus 
(PLA+) specimens for the experimental work. The printer features a build volume of 
220 * 220 * 250 mm and operates on a Cartesian system, with each of the three axes 
moving independently via stepper motors. The experiment utilized a 1.75 mm diam-
eter PLA+ filament, securely stored on its spool mount. All samples were designed 
using the CAD software SolidWorks and generated in the Stereolithography (STL) 
file format. The file was then processed in Ultimaker Cura slicing software according 
to specified parameters, generating the G-Code “machine code for the printer,” which 
was subsequently loaded into the 3D printer (see Fig. 1).

The study started with a Taguchi experiment using MINITAB. Next, the data were 
analyzed using the Response Surface Methodology to determine how the decision 
variables related to the objective function. Subsequently, the function was optimized 
using NSGA II, yielding multiple alternative solutions. The TOPSIS method was 
then applied to determine a single solution. Several experimental variables were 
investigated, including infill density, nozzle temperature, printing speed, layer thick-
ness, and bed temperature. The study focuses on two objectives: maximizing tensile 
strength and minimizing surface roughness. The research utilized the Taguchi L16 

orthogonal array, selecting five factors, namely: infill density, nozzle temperature, 
printing speed, layer thickness, and bed temperature. Each with four levels, as shown 
in Table 1.

Using PLA+ filament with a diameter of 1.75 mm, 3D printing machines manu-
factured Type I tensile specimens for ASTM D638 testing and surface roughness 
tests in accordance with ISO 21920 procedures. STL files were generated from 3D 
images of the ASTM D638 specimens. The ZWICK Roell Z020 machine conducted
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Fig. 1 Creality ender 3 pro 
printer

Table 1 Factors and level in Taguchi experiment 

Parameter Level 

1 2 3 4 

Infill density (%) 85 90 95 100 

Nozzle temperature (°C) 200 205 210 215 

Printing speed (mm/s) 40 50 60 70 

Layer thickness (mm) 0.15 0.20 0.25 0.30 

Bed temperature (°C) 45 50 55 60

tensile tests, and a Mitutoyo SJ-201 surface roughness tester using the stylus method 
conducted surface roughness measurements (Ra). 

An ASTM D638 sample, with dimensions of 165 mm in length, 19 mm in width, 
and 7 mm in thickness, was selected for the tensile testing. Figure 2 illustrates the 
dimensions of the dumbbell-shaped specimens, while the third Fig. 3 shows the 
printed tensile test samples. Figure 4 depicts the ZWICK Roell Z020 machine, which 
was used for conducting the tensile tests. The specimen was produced in accor-
dance with the experimental design by adjusting the process parameters. The printed 
samples were carefully packaged to protect them from environmental exposure and 
moisture. Tensile testing was conducted using the ZWICK Roell Z020 machine, 
which has a maximum load capacity of 100 kN. The specimen was gripped securely,
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and testing was initiated. The cross-head velocity and strain rate were maintained at 
5 mm/min throughout the test. 

A Mitutoyo surface roughness tester SJ-201 from Mitutoyo Corporation in Kana-
gawa, Japan, was used to measure Ra using the stylus method, as shown in Fig. 5. The  
measurement procedure adhered to the guidelines outlined in ISO 21920 [21]. The 
Mitutoyo surface roughness tester was configured with specific parameters, including 
an evaluation length of 4 mm, a tip angle of 90°, a tip radius of 2 µm, a tracing speed 
of 0.25 mm/s, and a cut-off wavelength of 0.8 mm. These settings were standardized 
to ensure uniformity and precision in all measurements (Fig. 6).

Fig. 2 ASTM D638 specimen for tensile testing (mm) 

Fig. 3 Printed specimens 
for tensile test 

Fig. 4 Tensile tests using 
ZWICH Roell Z020 
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Fig. 5 Surface roughness 
measurement using a 
Mitutoyo surface roughness 
tester 

Fig. 6 A printed specimen 
using a Mitutoyo surface 
roughness tester 

3 Results and Discussion 

The specimens undergo the tensile strength test of ASTM D638 and the surface 
roughness test of ISO 21920. Tables 2 present the experimental data.

The analysis of variance and percent contribution of the factors influencing 
surface roughness as well as tensile strength are calculated from Tables 3 and 4. 
Infill density is one of the main factors in increasing the percentage contribution to 
tensile strength and surface roughness. This indicates that the infill density influ-
ences the tensile strength and surface roughness values by 50.310% and 47.110%, 
respectively. At 26.680% and 31.160%, respectively, bed temperature is the compo-
nent that contributes the second most to tensile strength and surface roughness. The 
nozzle temperature is the third factor that influences tensile strength. It contributes 
3.500% of its value to the tensile strength. Layer thickness is the third component that 
influences surface roughness. Make a 3.000% contribution. Printing speed and layer 
thickness have the least impact on the tensile strength value when compared to other 
parameters. When considering other aspects, printing speed and nozzle temperature 
have the least impact on the surface roughness value.
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Table 3 Anova and percentage contribution of tensile strength 

Factors DF SumSqr MeanSqr F value Prob F % Contribution 

Infill density 3 731.200 243.735 50.210 0.000 50.310 

Nozzle temperature 3 50.840 16.948 3.490 0.023 3.500 

Printing speed 3 34.500 11.500 2.370 0.082 2.370 

Layer thickness 3 16.190 5.398 1.110 0.354 1.110 

Bed temp 3 387.720 129.240 26.620 0.000 26.680 

Error 48 233.000 4.854 16.030 

Total 63 100 

Table 4 Anova and percentage contribution of surface roughness 

Factors DF SumSqr MeanSqr F Value Prob F % Contribution 

Infill density 3 4.444 1.481 49.900 0.000 47.110 

Nozzle temperature 3 0.209 0.070 2.350 0.084 2.220 

Printing speed 3 0.132 0.044 1.480 0.231 1.400 

Layer thickness 3 0.283 0.094 3.180 0.320 3.000 

Bed temperature 3 2.939 0.980 33.000 0.000 31.160 

Error 48 1.425 0.030 15.110 

Total 63 100 

Figure 7a and b illustrates the contour plots for the tensile test results and surface 
roughness. The contour plots highlight the significant influence of infill density and 
bed temperature, among other parameters. To achieve higher tensile strength, the 
contour plots show that infill density and bed temperature should be 90% and 65 °C, 
respectively. To achieve lower surface roughness, the contour plots show that bulk 
density and bed temperature should be greater than 105% and less than 65 °C, 
respectively.

According to [22] demonstrates the significant influence of bed temperature on 
various responses, including tensile strength, tensile force, impact energy, and flex-
ural strength of PLA. The temperature of the bed gradually alters a number of 
mechanical properties. It predicts increased mechanical properties from the influ-
ence of bed temperature because it helps ensure the first layer of filament adheres 
well to the print surface. Good adhesion of the first layer is very important to prevent 
warping (curving of the printed part) and ensure stability during printing [23, 24]. 
Warping occurs when the mold’s bottom cools too quickly, causing uneven shrinkage 
and warping. A warm bed temperature helps to keep the mold’s bottom hot longer, 
preventing rapid shrinkage and reducing the risk of warping. A proper bed temper-
ature ensures that the filament remains in optimal condition when in contact with 
the print surface. This helps maintain a consistent mold size and shape from start to 
finish. The correct bed temperature can also impact the quality of the mold’s bottom
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Fig. 7 a Contour plot of tensile strength. b Contour plot of surface roughness

surface. A surface that is too cool can cause irregularities and a lack of smoothness, 
whereas the right surface can produce a smoother, neater result. 

The response surface methodology generated the regression equation from the 
experimental data in Table 2. Equations 1 and 2, respectively, display the regression 
equations for tensile strength and surface roughness. 

Ts = 507 − 2.63 ∗ ID − 3.69 ∗ NT + 0.77 ∗ PS − 148 ∗ LT 

+1.67 ∗ BT − 0.0061 ∗ ID2 + 0.0082 ∗ NT2 + 0.00027 ∗ PS2 − 174 ∗ LT2 

+0.0102 ∗ BT2 + 0.0143 ∗ ID ∗ NT + 0.01019 ∗ ID ∗ PS + 0.93 ∗ ID ∗ LT 
−0.0021 ∗ ID ∗ BT − 0.01116 ∗ NT ∗ PS + 0.85 ∗ NT ∗ LT − 0.0136 ∗ NT ∗ BT 
+0.297 ∗ PS ∗ LT + 0.00944 ∗ PS ∗ BT − 0.93 ∗ LT ∗ BT (1) 

Sr = 163 + 0.20 ∗ ID−1.82 ∗ NT−0.26 ∗ PS−159 ∗ LT + 2.50 ∗ BT 

−0.00617 ∗ ID2 + 0.00494 ∗ NT2−0.00066 ∗ PS2−20.1 ∗ LT2 

+0.00687 ∗ BT2 + 0.00355 ∗ ID ∗ NT + 0.00337 ∗ ID ∗ PS + 0.584 ∗ ID ∗ LT 
−0.00386 ∗ ID ∗ BT − 0.00036 ∗ NT ∗ PS + 0.527 ∗ NT ∗ LT−0.01389 ∗ NT ∗ BT 
+0.269 ∗ PS ∗ LT + 0.00044 ∗ PS ∗ BT−0.107 ∗ LT ∗ BT (2) 

where 

Ts Tensile Strength (MPa) 
Sr Surface Roughness (µm) 
ID Infill Density (%) 
NT Nozzle Temperature (°C) 
PS Printing Speed (mm/s) 
LT Layer Thickness (mm) 
BT Bed Temperature (°C)
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The next step is to optimize simultaneously using Matlab’s NSGA II. According 
to the model development for 3D printing machine parameters, the objective func-
tions for the proposed model are tensile strength (f1; Eq. 1) and surface rough-
ness (f2; Eq. 2). The optimal 3D printing machine parameters must be appropriate 
for the constraint functions. The constraint functions used in this study are infill 
density, nozzle temperature, printing speed, layer thickness, and bed temperature. 
The 3D printing process applies each of these constraints. These parameter relation-
ship constraints are suitable for our model. Equations 3, 4, 5, 6, 7 and 8 display the 
objective function and constraints. 

Objective function (Max Ts, Min Sr) (3) 

Subject to 

85 ≤ ID ≤ 100 (4) 

200 ≤ NT ≤ 215 (5) 

40 ≤ PS ≤ 70 (6) 

0.15 ≤ LT ≤ 0.30 (7) 

45 ≤ BT ≤ 60 (8) 

The Pareto point, which forms the Pareto front. Figure 7 displays examples of 
Pareto fronts for the objective functions Ts and Sr, and Table 5 displays all 20 Pareto 
front points, representing potential solutions. The twenty points correspond to the 
decision variables’ values and the objective function’s values. TOPSIS is utilized to 
determine the optimal single solution. Table 6 presents the single optimal solution, 
corresponding to alternative 19 in Tables 2 (Fig. 8).

After the Gamultiobj algorithm identifies a non-dominated solution (Pareto front), 
the next step is to use the TOPSIS approach to find the best solution. TOPSIS finds the 
best solution, revealing 20 points related to the non-dominated solution (Pareto front). 
This study bases the TOPSIS approach on research [25]. The TOPSIS approach 
consists of seven steps to find a single optimal solution. Table 6 shows the results 
of the optimal solution using the TOPSIS approach. Below are the seven steps to 
finding the optimal solution.

1. Create an evaluation matrix, (aij) A*f, consisting of A alternatives and f criteria. 
In this case, A are 20 points corresponding to non-dominated solutions and f are 
objective functions. 

2. Use this formula to normalize the evaluation matrix, aij = aij√∑20 
i=1(aij)

2
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Table 5 Pareto points correspond to the values of decision variables and objective functions 

Pareto 
point 

Decision variables Objective functions 

Infill 
density 
(%) 

Nozzle 
temperature 
(°C) 

Printing 
speed 
(mm/s) 

Layer 
thickness 
(mm) 

Bed 
temperature 
(°C) 

Tensile 
strength 
(MPa) 

Surface 
roughness 
(µm) 

1 99.995 214.997 69.999 0.150 50.076 31.489 9.980 

2 99.997 214.998 69.998 0.150 49.348 31.431 10.10 

3 99.993 214.998 69.999 0.150 51.740 31.649 9.720 

4 99.994 214.998 69.999 0.150 48.812 31.402 10.20 

5 99.996 214.997 69.996 0.150 55.561 32.219 9.252 

6 99.995 214.997 69.998 0.151 54.056 31.955 9.410 

7 99.994 214.997 69.999 0.150 55.170 32.153 9.290 

8 99.995 214.996 69.999 0.150 51.326 31.609 9.780 

9 99.991 214.998 69.999 0.151 48.390 31.399 10.290 

10 99.993 214.998 69.998 0.150 50.432 31.521 9.920 

11 99.999 214.994 69.995 0.150 58.964 32.984 9.010 

12 99.994 214.996 69.997 0.150 54.553 32.042 9.350 

13 99.996 214.998 69.998 0.150 51.071 31.572 9.820 

14 99.994 214.998 69.996 0.151 51.929 31.698 9.700 

15 99.993 214.997 69.998 0.150 50.558 31.527 9.890 

16 99.996 214.996 69.998 0.150 49.649 31.452 10.05 

17 99.995 214.997 69.997 0.150 56.743 32.475 9.160 

18 99.997 214.995 69.997 0.150 53.678 31.900 9.460 

19 99.998 214.995 69.997 0.150 58.162 32.787 9.060 

20 99.990 214.999 69.999 0.150 48.295 31.369 10.290 

Table 6 The single optimal solution 

Decision variables 

Infill density (%) Nozzle 
temperature (°C) 

Printing speed 
(mm/s) 

Layer thickness 
(mm) 

Bed temperature 
(°C) 

99.992 214.998 70.000 0.151 48.390 

Optimal value of objective function 

Tensile strength (MPa) Surface roughness (µm) 

31.399 10.290

Where aij is normalized the evaluation matrix value.
3. Determine the normalized weighted decision matrix, xij = aij ∗ ωj 

Where ωj = ωj
∑2 

j=1ωj 
,
∑2 

j=1 ωj = 1, where weight for f1 = 0.60 and f2 = 0.40.
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Fig. 8 Pareto fronts for Ts and Sr

Where xij is normalized weighted, aij is normalized the evalution matrix value, 
ωj is the individual weighted of response j.

4. Determine the maximum (A+ 
j ) and the minimum (A− 

j ) alternative for each 
criterion: A+ 

j = max20 i=1xij, A
− 
j = min20 i=1xij 

Where A+ 
j is maximum alternative for each criterion, A− 

j is minimum alternative 
for each criterion. 

5. Calculate the Euclidean distance between the target alternative and the maximum 

(d+ 
i ) and minimum (d− 

i ) alternative: d
+ 
i =

√∑2 
j=1 (xij − x+ 

j ) 
2 
, d− 

i =
√∑2 

j=1 (xij − x+ 
j ) 

2 

Where d+ 
i is The distance of the i-th experiment from the ideal solution (positive 

ideal solution) has been calculated, d− 
i is The distance of the i-th experiment 

from the ideal solution (negative ideal solution) has been calculated. 
6. For each alternative calculate the similarity to the minimum alternative using 

Si = d− 
i 

d− 
i +d+ 

i 
, the result are TOPSIS scores. 

Where Si is TOPSIS value. 
7. Identify the maximum TOPSIS score. In A9, the maximum TOPSIS scores are 

31.399 and 10.290. The maximum TOPSIS score corresponds to the optimal 
single solution. 

An additional combination of parameter settings and the number of roughing 
passes (n) is performed using a comparable procedure and step. The first stage
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involves finding the Pareto front, while the second stage aims to identify a single 
optimal solution using TOPSIS. 

The Taguchi method can only optimize the data in Table 2 for one objective func-
tion at a time, experimenting with the values of the decision variables (level factors). 
This research not only optimizes concurrently, but also expands from discrete to 
continuous solutions. For example, the nozzle temperature and bed temperature 
decision variables have values of 214.998 °C and 48.390 °C, respectively. 

4 Conclusion 

To determine the 3D printing process parameters, this work uses the Taguchi tech-
nique to construct a multi-objective optimization mathematical model that takes 
tensile strength and surface roughness from experimentation into account. Several 
choice factors, including infill density, nozzle temperature, printing speed, layer 
thickness, and bed temperature, were examined in this study. Two goals are being 
pursued by this research: increasing tensile strength, and minimizing surface rough-
ness. The Non-dominated Sorting Genetic Algorithm II technique and the Gamultiobj 
algorithm (MATLAB) are utilized to simultaneously search for the ideal values for 
the four objective functions. The ideal level setting for the infill density of 99.992%, 
214.990 °C nozzle temperature, 70.000 mm/s printing speed, 0.151 mm layer thick-
ness, and 48.390 °C was determined by the study’s findings. The tensile strength of 
31.399 MPa, and the 10.290 µm of surface roughness are the best response values. 
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Predicting Sustainability in SMEs 
Through Knowledge Factors Using 
Decision Tree Analysis 

Amelia Kurniawati , Artamevia Salsabila Rizaldi , and Mia Amelia 

Abstract This research aims to understand the factors influencing sustainability 
in Small and Medium Enterprises (SMEs) by applying the decision tree method. 
Three machine learning algorithms, ID3, C4.5, and CART, are compared to evaluate 
their effectiveness in sustainability data classification. The results show that the C4.5 
algorithm has the highest accuracy at 84%, followed by CART at 81% and ID3 at 
71%. Decision tree analysis measures knowledge factors such as appropriation of 
knowledge output, connective capacity, inventive capacity, and innovative capacity to 
support sustainability in SMEs. The results are that SMEs’ ability to access knowl-
edge from external partners (CCp1) and use knowledge to solve problems (ICc3) 
is critical to achieving sustainability. Organizations with high capabilities in these 
two aspects tend to meet sustainability criteria. Organizational age also plays a role, 
with younger organizations with high problem-solving capacity tending to be more 
sustainable than older ones. This research suggests that SMEs must increase access 
to external knowledge, utilize knowledge for innovation and problem-solving, and 
optimize resource use efficiency to achieve sustainability. 

Keywords C4.5 algorithm · Decision tree · SMEs · Sustainability 

1 Introduction 

Sustainability is vital for the long-term success and resilience of Small and Medium 
Enterprises (SMEs). Research has highlighted the importance of SMEs adopting 
sustainable practices to ensure their competitiveness and positively impact the envi-
ronment and society [1]. Despite the challenges SMEs face, such as lack of aware-
ness, limited resources, and skills, implementing sustainability is essential to adapt 
to changing regulatory frameworks, market trends, and consumer preferences [2].
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Sustainable growth not only ensures the survival of SMEs but also positions SMEs 
for success in a rapidly evolving business landscape [2]. Research has shown that 
SMEs play an important role in sustainable economic development globally [3]. Min 
et al. [4] research on sustainability practices in SMEs shows significant gaps, espe-
cially in developing countries. Most studies on sustainability practices are conducted 
in developed countries, with only a tiny proportion focusing on developing countries. 
In this context, SMEs in developing countries often ignore social and environmental 
aspects of sustainability practices. Sustainability practices in SMEs are generally still 
informal, unstructured, and not considered part of a comprehensive business strategy 
[4]. To address this gap, SMEs must integrate environmental and social sustainability 
strategies into their operations [5]. Implementing sustainable practices benefits the 
environment and improves business performance [4]. 

In facing the challenges of the transition to sustainability, SMEs can take advan-
tage of open innovation supported by knowledge factors. By adopting open innova-
tion, SMEs can obtain and integrate external knowledge from various sources, such 
as research institutes, universities, and government organizations. Knowledge factors 
such as appropriation of knowledge output, connective capacity, inventive capacity, 
and innovative capacity play an essential role in the open innovation process [6–8]. 
Open innovation facilitates cleaner production in batik SMEs by enabling them to 
access and integrate external knowledge and technology. This approach helps reduce 
environmental impacts through improved waste management and environmentally 
friendly dyes. A study by Rumanti et al. [9], which mapped the conditions of open 
innovation in Indonesian batik SMEs, highlighted that a conducive open innovation 
climate could result in significant waste reduction and increase cleaner production 
processes. 

Understanding an SME’s sustainability position enables SMEs to make informed 
decisions regarding resource allocation, investment in sustainable practices, and 
strategic partnerships [4]. By predicting their sustainability position, SMEs can 
prioritize initiatives significantly impact their sustainability performance, resulting 
in long-term success and resilience [4]. In addition, predicting SMEs’ sustain-
ability positions is essential to attracting investors, customers, and other stakeholders 
who value sustainability [10]. Demonstrating commitment to sustainability through 
predictive measures can increase SMEs’ credibility and integrity, fostering trust and 
confidence among stakeholders [10]. Additionally, estimating SMEs’ sustainability 
position can help develop tools and methodologies for impact measurement and veri-
fication, enabling SMEs to assess their sustainability initiatives in environmental, 
social, and economic impacts [10]. This predictive approach provides a structured 
framework for evaluating the effectiveness of sustainability projects and investments, 
ensuring transparency and accountability in sustainable finance [10].
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2 Methodology 

2.1 Data Collection 

In the data collection process, 203 respondents from written Batik SMEs located in 
Surakarta City, Rembang Regency, and Madura Island were surveyed. This area has 
been known as a written batik-producing area since the sixteenth century. The selected 
respondents were SME leaders because they had comprehensive information about 
operational and managerial activities. Respondents were asked to fill in statements 
regarding appropriation of knowledge output, connective, inventive, and innovative 
capacity. 

There are two indicators related to the appropriation of knowledge output. First, 
the organization being able to understand the value of the knowledge it has and docu-
menting it (AKw1). Second, the organization can prevent leakage of internal exper-
tise to competitors and registering intellectual property (AKw2). The assessment 
rubrication can be seen in Table 1. 

There are two indicators related to the connective capacity. First, the organiza-
tion having the ability to access knowledge from external partners (CCp1). Second, 
the organization can identify new knowledge possessed by external partners and 
document it (CCp2). The assessment rubrication can be seen in Table 2.

In the inventive capacity indicator, the organization can improve its knowledge if 
something is incorrect and immediately implement best practices (ICp1), the orga-
nization can identify internal knowledge that is no longer relevant and replace it

Table 1 Appropriation of knowledge output (AKw) assessment rubrication 

High Medium Low 

AKw1 Organizations fully 
understand the valuable 
knowledge they possess 
and have complete 
documentation 
regarding that 
knowledge 

The organization understands valuable 
knowledge, but the documentation is 
incomplete 

Organizations do 
not know what 
their knowledge 
is worth and do 
not have adequate 
documentation 

AKw2 Organizations have 
strong countermeasures 
in by registering 
Intellectual Property 
Rights (IPR) or other 
formal measures to 
protect their knowledge 

The organization has some 
countermeasures to prevent knowledge 
leaks, but there are no formal efforts. 
Prevention is carried out informally, 
such as only providing knowledge to 
nuclear family members or trusted 
people in the organization 

The organization 
does not have 
adequate 
countermeasures 
to prevent 
knowledge 
leakage to 
competitors 

AKw1—The organization being able to understand the value of the knowledge it has and 
documenting it 
AKw2—The organization can prevent leakage of internal expertise to competitors and registering 
intellectual property 
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Table 2 Connective capacity (CCp) assessment rubrication 

High Medium Low 

CCp1 Organizations have the 
ability to access 
knowledge from 
external partners 
through a variety of 
different collaborations 

Organizations can access 
external partners’ knowledge, 
but this access is not always 
consistent and sometimes 
experiences delays or 
obstacles 

Organizations have difficulty 
accessing external partners’ 
knowledge and do not have 
adequate mechanisms or 
networks to obtain this 
information when needed 

CCp2 Organizations are able 
to identify new 
knowledge held by 
external partners and 
promptly update their 
documentation 

The organization was able to 
identify new knowledge held 
by external partners, but did 
not promptly update their 
documentation 

Organizations have a low 
ability to identify new 
knowledge possessed by 
external partners 

CCp1—The organization having the ability to access knowledge from external partners 
CCp2—The organization can identify new knowledge possessed by external partners and document 
it

with relevant ones (ICp2), and the organization can create the rate of new knowledge 
through experience and research (ICp3), can be seen in Table 3. 

Table 3 Inventive capacity (ICp) assessment rubrication 

High Medium Low 

ICp1 Organizations can improve their 
knowledge when something is 
incorrect and immediately apply 
the best practices found 

Organizations are able to 
identify errors or gaps in 
their knowledge, but are 
not yet fully able to make 
improvements 

The organization has not 
been able to improve the 
knowledge it has even 
though there are errors or 
deficiencies 

ICp2 Organizations can identify 
internal knowledge that is no 
longer relevant and immediately 
replace it with newer and more 
relevant knowledge 

The organization is already 
aware of irrelevant internal 
knowledge but has not yet 
found a replacement 

Organizations do not 
know if their internal 
knowledge is no longer 
relevant 

ICp3 Organizations can create new 
knowledge independently 
through experience and internal 
research processes 

Organizations can create 
new knowledge through 
experience and internal 
research with support from 
external parties 

Organizations can only 
able to create new 
knowledge through 
experience 

ICp1—The organization can improve its knowledge if something is incorrect and immediately 
implement best practices 
ICp2—The organization can identify internal knowledge that is no longer relevant and replace it 
with relevant ones 
ICp3—The organization can create the rate of new knowledge through experience and research
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Table 4 Innovative capacity (ICc) assessment rubrication 

High Medium Low 

ICc1 The organization has used 
all its knowledge to 
develop products 
independently 

The organization has used 
some of its knowledge to 
develop products 
independently 

The organization is not yet 
fully able to use its knowledge 
to develop products 

ICc2 Organizations can use all 
their knowledge to make 
improvements to 
managerial processes and 
production processes 

Organizations can use all 
their knowledge to make 
improvements to 
managerial processes or 
production processes 

Organizations can use some 
of their knowledge to make 
improvements to managerial 
processes or production 
processes 

ICc3 Organizations can use their 
knowledge to solve all 
problems independently 

Organizations can use 
their knowledge to solve 
some problems 
independently 

Organizations can use their 
knowledge to solve some 
problems with external help 

ICc1—The organization has used its knowledge to develop products 
ICc2—The organization can use its knowledge to improve managerial processes and production 
processes 
ICc3—The organization can use its knowledge to solve all problems 

In the innovative capacity indicator, the organization has used its knowledge to 
develop products (ICc1), the organization can use its knowledge to improve manage-
rial processes and production processes (ICc2), and the organization can use its 
knowledge to solve all problems (ICc3), which can be seen in Table 4. 

Furthermore, the sustainability indicator (Sust) as the dependent variable (Y) 
is measured based on the planetary (environmental) concept regarding materials, 
energy, and water used very efficiently. Materials are fully recycled, renewable 
energy is utilized optimally, and water is used without waste through an efficient 
recycling system. The garbage produced does not pollute the environment because 
it is processed using environmentally friendly technology [11]. 

2.2 Decision Tree 

Decision trees are a supervised classification method that utilizes a tree-like structure 
to assist decision-making by representing decisions and outcomes visually through 
branch and leaf diagrams [12]. In this method, each node in the tree represents an 
attribute, with branches indicating the attribute value and leaves indicating the class 
[13]. Decision trees are favoured for their easy-to-understand nature, resembling 
the human decision-making process, which helps in extracting concise and credible 
logical rules from data [14]. The decision tree model can predict whether SMEs will 
have high or low sustainability. Utilizing the decision tree model can be a tool for 
analyzing various factors that influence sustainability performance [15, 16].
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Decision tree algorithms include a wide variety, with notable examples being ID3, 
C4.5, and CART. Introduced by Quinlan in 1986, ID3 is a classification algorithm 
that uses a greedy approach to build a decision tree by selecting the best attributes at 
each stage. On the other hand, C4.5 is an advancement of ID3 that can handle missing 
data and continuous values, thus increasing its applicability in various data sets [17]. 
CART, which stands for Classification and Regression Trees, is a versatile algorithm 
capable of handling both classification and regression tasks [18]. D3, C4.5, and CART 
have been studied and compared extensively in various contexts. For example, a study 
explored this algorithm and the IQ algorithm to determine the decision tree algorithm 
with the highest execution efficiency [19]. Another study compared the effectiveness 
and accuracy rates of the C4.5, ID3, and CART algorithms in classifying diseases, 
highlighting the practical implications of these algorithms in real-world scenarios 
[20]. Additionally, the CART algorithm has been applied in diagnosing hepatitis, 
demonstrating its usefulness in health care applications [20]. 

3 Results and Discussion 

The three machine learning algorithms compared are ID3, C4.5, and CART. From the 
results obtained, the C4.5 algorithm shows the best performance, with an accuracy 
of around 84%, followed by CART with an accuracy of around 81% and ID3 with 
an accuracy of around 71% (See Fig. 1). 

This difference in accuracy shows that C4.5 is more effective in data classifica-
tion than CART and ID3. Therefore, the C4.5 algorithm may be a better choice in 
applications where accuracy is critical.

Fig. 1 Comparison of accuracy values 
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Fig. 2 Decision tree algorithm C4.5 

Based on the decision tree analysis provided, we can understand how various 
factors influence whether an organization meets the sustainability criteria (Sust) 
or not. This sustainability indicator is measured based on the planet (environ-
mental) concept, which includes efficient use of materials, energy and water, and 
environmentally friendly waste management (See Fig. 2). 

In decision tree analysis, the root node is CCp1, which shows the organization’s 
ability to access knowledge from external partners. Organizations with a CCp1 score 
<= 0.5 indicate a low ability to access knowledge from external partners and tend 
not to meet sustainability criteria. This suggests that a lack of access to external 
knowledge limits an organization’s ability to implement best practices in environ-
mental efficiency. In contrast, organizations with a CCp1 (the organization having the 
ability to access knowledge from external partners) score > 0.5 can access knowledge 
from external partners and proceed to further analysis. This suggests collaboration 
and knowledge exchange are important in supporting sustainability practices and 
improving organizational environmental efficiency. 

On the left branch of the decision tree with CCp1 (the organization having the 
ability to access knowledge from external partners) <=0.5, organizations with a low 
score on ICc1 (use of knowledge for product development) further strengthen their 
tendency not to meet sustainability criteria. This shows that using knowledge in 
product innovation is also very important, besides access to knowledge. Younger 
organizations, <=2.5 years old, in the SME category are less likely to meet sustain-
ability criteria, possibly due to a lack of experience and mature systems to support 
environmentally friendly practices. In contrast, even though they are older, organi-
zations older than 2.5 years still need to improve their ability to use knowledge for 
innovation to meet sustainability criteria. 

On the right branch of the decision tree with CCp1 (the organization having 
the ability to access knowledge from external partners) >0.5, organizations that can 
use their knowledge to solve problems (ICc3 <= 0.5) tend to meet the sustain-
ability criteria. This shows that good problem-solving skills and the application of 
knowledge-based solutions are crucial for sustainability practices. Organizations that
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are very young (<=1.5 years old) but have high problem-solving capabilities tend to 
meet the sustainability criteria. This may reflect the rapid adoption of best practices 
and environmental innovation. In contrast, older organizations with good problem-
solving capabilities also tend to meet sustainability criteria, indicating that combined 
experience and problem-solving capabilities support environmentally friendly prac-
tices. Furthermore, organizations that score higher on ICc3 (the organization can use 
its knowledge to solve all problems) and are older (Age in SMEs <= 0.5) are less 
likely to meet sustainability criteria. This shows that even newly established organi-
zations with a high capacity to use knowledge to solve problems have a great chance 
of meeting sustainability criteria. 

The decision tree analysis shows that organizations that want to improve their 
sustainability must focus on several factors. First, access and collaboration with 
external knowledge are essential. Organizations that can access knowledge from 
external partners can better implement sustainable practices, so strengthening 
external networks and partnerships is crucial. Second, the ability to use knowledge 
in product development and problem-solving is a key factor. Organizations need to 
increase their capacity to utilize knowledge for product innovation and problem-
solving through training, continuous learning, and investment in research and devel-
opment. Third, the age of the organization also plays a role, as younger organizations 
may lack mature systems, but with high problem-solving capabilities, they can still 
meet sustainability criteria. Older organizations need to improve their use of knowl-
edge to remain sustainable continually. Finally, resource use efficiency is an essential 
indicator of sustainability. Organizations that meet sustainability criteria tend to be 
more efficient in using materials, energy and water and better at managing waste. 
By focusing on these areas, organizations can increase their chances of achieving 
sustainability, supporting more environmentally friendly and sustainable business 
practices in the long term. 

4 Conclusion 

This research uses the decision tree method to analyze the factors that influence 
the sustainability of Small and Medium Enterprises (SMEs). Decision trees were 
chosen because of their ability to identify relationships between various variables 
and final results in a visual and easy-to-understand manner. The algorithm chosen 
was C4.5 because it has the highest accuracy value between the CART and ID3 
algorithms. From the results obtained, SMEs must focus on increasing access to 
external knowledge, using knowledge for innovation, problem-solving, and efficient 
use of resources to achieve sustainability. With this strategy, SMEs can support 
business practices that are more environmentally friendly and sustainable in the long 
term. Suggestions for further research are to expand the research to other sectors 
outside Batik and to different geographical locations to identify whether the same 
findings apply in various industrial and regional contexts.
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Abstract As one of the Fast-moving Consumer Goods (FMCG) companies oper-
ating in the cosmetics sector, a company must engage in promotional activities 
through print or social media and offer attractive package. To support competi-
tive advantage in procurement process requires a careful yet effective selection 
of suppliers by implementing lean concepts. Value Stream Mapping (VSM) and 
improvement through the ECRS method will focus on efficiency without compro-
mising process effectiveness by enhancing value-added operations and reducing 
waste. By reducing time wastage and simplifying the supplier selection process, 
production lead times become faster while maintaining the same level of value-added 
activities. To realize time waste reduction while ensuring effectiveness, a decision-
making method is needed to accommodate subjective evaluations, unclear demands, 
and redundancy in bid requests and evaluation quantification. Therefore, this research 
applies Multi-Criteria Decision Making (MCDM) to identify the best supplier based 
on 8 criteria. The Best–worst Method (BWM) utilized to determine the weight of 
each criterion and sub-criterion, which will then be used to rank suppliers using the 
Technique for Order Preference by Similarity to Ideal Solution (TOPSIS). From the 
result of the determination of alternative ranking, it can be seen that the most fulfilling 
alternative is Alternative/Supplier 4 because it has the highest score of similarities. 
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1 Introduction 

Due to intense competition in the retail industry, particularly among companies 
selling Fast-moving Consumer Goods (FMCG) products, it is important for compa-
nies to not only focus on product quality but also ensure effective communication 
of information to consumers. According to Swasta and Handoko [1], several factors 
influence purchase decisions, including strategic location of sellers, good service, 
salesperson competence, promotion, and product classification. As one of the FMCG 
companies operating in the cosmetics sector, it actively promotes its products through 
various means. Currently, promotional activities are conducted through print or social 
media and attractive package. With enticing and extraordinary package, consumers 
are stimulated to make purchase decisions. 

Therefore, selecting promotional item suppliers is also an important element in 
a company’s promotional activities because it is crucial to find suppliers capable 
of providing goods/services according to evaluation criteria. Additionally, supplier 
selection involves many decision-makers, whose will review all aspects of the 
supply chain operations to choose the best supplier and achieve efficient supply-
chain network performance. Especially in the procurement of goods with more 
complex specifications such as sewing goods, there are many time wastages caused 
by subjective assessment, demand uncertainty, as well as redundancy in bid requests. 

The lean approach focuses on efficiency without compromising process effec-
tiveness by improving value-added operations and reducing waste [2]. According 
to Langerak and Hultink [3], accelerating activities and tasks as well as simpli-
fying organizational structures also increase the speed of development and improve 
company performance. Value Stream Mapping (VSM) is one of the continuous 
improvement tools that can produce products that are cheaper, better, and faster. VSM 
focuses on efficiency without compromising process effectiveness by improving 
value-added operations, reducing waste, and meeting customer needs [4]. By 
reducing waste, leadtime process will decrease, so with the same value-added activi-
ties, production time becomes faster. This is because of the reduction in time spent on 
non-value-added activities. According to Prasetyo et al. [5], there are seven wastes in 
manufacturing companies, namely defect, inventory, motion, over-production, over-
processing, transportation, and waiting. Work method improvements can be made 
using various methods, one of which is the ECRS (Eliminate, Combine, Rearrange, 
Simplify) method. ECRS is a work method improvement by eliminating unnec-
essary or non-value-added work elements, combining tasks, rearranging tasks, or 
simplifying tasks [6]. 

To realize a reduction in time wastage while still considering effectiveness, a well-
documented decision-making method is needed among decision-makers to accom-
modate subjective assessments, demand uncertainty, redundancy in bid requests 
and evaluation quantification. Besides reducing time wastage, a well-documented 
decision-making method can provide clear information to all parties involved in 
the procurement process. Therefore, the application of decision-making, commonly 
known as multi-criteria decision-making (MCDM), is implemented to select the
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best supplier with several consideration criteria [7]. Through MCDM, companies 
will identify suppliers through qualitative and quantitative factors with the highest 
potential to consistently meet company needs while still considering Supply Chain 
Management (SCM) concepts. 

2 Methodology 

To achieve an efficient and effective procurement process, this research goes through 
several steps. The first step that needs to be taken is identifying the procurement 
process flow obtained from direct observations and interviews with procurement 
personnel. This is followed by classifying each work element according to VA, 
NNVA, and NVA classifications, enabling the identification of waste to eliminate or 
reduce non-value-added elements using the ECRS method. In addition, this research 
applies Multi-Criteria Decision Making (MCDM) to select the best supplier based 
on several consideration criteria. 

2.1 Value Stream Mapping 

According to Jannah and Siswanti [8], Value Stream Mapping (VSM) is a process 
mapping tool designed to identify the flow of materials and information in the produc-
tion process from raw materials to finished products. VSM was first introduced by 
Rother and Shook [9]. As per Rosanto [10], VSM differs from simple recording 
techniques because it gathers comprehensive information on each process, including 
cycle times, resource utilization, lead times, working within available processes, labor 
requirements, and the flow of information from raw materials to completion. This 
information also encompasses value-added and non-value-added tasks. In [4], Hines 
and Taylor proposed a classification of activities in the production line, which can be 
divide into three categories: Value Added Activity (VA), Necessary but Non Value 
Added (NNVA), and Non Value Added (NVA). Improvements in a line with waste can 
be made using the ECRS method (Eliminate, Combine, Rearrange, Simplify). ECRS 
is a concept for improving work methods by eliminating tasks deemed unnecessary, 
combining tasks, rearranging tasks, and simplifying tasks [11]. 

2.2 Best–Worst Method (BWM) 

Common methods in MCDM are divided into two types: AHP (Analytic Hierarchy 
Process) and ANP (Analytic Network Process). The resolution of both methods 
involves using pairwise comparison, wherein if the obtained comparisons are incon-
sistent, decision-making cannot be achieved. Pairwise comparisons using AHP tend
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to be more forceful without considering other values of one criterion compared to 
another. 

Hence, a new method called the Best–Worst Method (BWM) emerged. Based 
on BWM, the best criteria (e.g., most desired, most relevant) and the worst criteria 
(e.g., least desired, least relevant) are identified first by decision-makers. Pairwise 
comparisons are then made between these two criteria (best and worst) and the other. 
According to Rezaei et al. [12], there are several prominent features of the BWM 
method compared to other methods, namely requiring fewer comparative data and 
producing more consistent comparisons. 

2.3 Technique for Order Preference by Similarity to Ideal 
Solution (TOPSIS) 

The efficient utilization of multi-criteria decision-making methods not only reduces 
risks in procurement processes but also enables the evaluation of suppliers, thereby 
fostering good relationships between suppliers and buyers. TOPSIS is one of the 
multi-criteria decision-making methods that can provide a solution from several 
possible alternatives by comparing each best and worst alternative with others pair-
wise. This method is employed to determine a solution where the best alternative is 
closest to the positive ideal solution and furthest from the negative ideal solution [13]. 
The TOPSIS method is used to rank supplier alternatives as procurement solution 
alternatives. 

3 Result and Discussion 

This research was conducted in an FMCG company specializing in cosmetics. Apart 
from manufacturing cosmetic products, the company needs to procure promotional 
goods. The company in question, searches for various suppliers to provide suit-
able promotional goods, particularly those with detailed specifications such as sewn 
goods, efficiently and effectively. This research focuses on the procurement of promo-
tional goods, specifically sewn goods, such as leather wallets. It began with an anal-
ysis of the waste present in procurement with value stream mapping (VSM) and 
continued with the application of the ECRS method to eliminate non-value-added 
activities. Subsequently, criteria and sub-criteria were determined to serve as the basis 
for determining the weight of each criterion using the BWM method. Following with 
supplier evaluation and ranking were conducted using the TOPSIS method.
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3.1 Analysis Waste with Value Stream Mapping 

After collecting data on process time and classifying VA, NNVA, and NVA activities, 
it was found that the classification results for each work element in the procurement 
process for promotional goods, particularly sewn goods, still contain many NNVA 
and NVA activities. NNVA and NVA activities are considered as contributing waste 
to the procurement process and thus should be eliminated or minimized as they do not 
add value to the process. Therefore, it is necessary to map the current procurement 
process flow to identify the spread and extent of waste in the procurement process 
for sewn promotional goods. 

Based on the mapping results depicted in Fig. 1, it can be seen that there are still 
NNVA and NVA activities that need to be minimized or eliminated to achieve an effi-
cient and effective procurement process. Therefore, improvements are made using the 
ECRS method to reduce or eliminate activities that do not add value while retaining 
value-added activities by eliminating tasks considered unnecessary, combining tasks, 
rearranging tasks, and simplifying tasks.

With the ECRS method, the overall procurement process can achieve a total 
process time reduction from 1243 h to 1083 h. The Value Added Activity (VA) 
category remains with the same work elements, but there has been a change in 
the total process time from 865 to 985 h. These work elements include the user 
sending PR sourcing to procurement, procurement sourcing vendors, procurement 
negotiating with vendors, procurement preparing and sending Purchase Orders (PO) 
document to vendors, vendors producing goods, vendors sending goods according 
to allocated time, vendors preparing and sending full invoices to finance, and finance 
making payments. 

The Necessary but Non-Value Added Activity (NNVA) category also consists 
of the same work elements, but there has been a change in total process time from 
258 to 98 h. These work elements include procurement receiving PR document, 
procurement requesting sample production, vendors producing samples, vendors 
sending samples, users receiving and evaluating samples, procurement receiving and 
reviewing quotations, users signing quotations taking, vendors receiving Purchase 
Order (PO) documents, DC receiving and checking goods, and finance receiving 
full invoices. The total time changes in VA and NNVA activities, despite having 
the same number of activities, occurred due to changes in the delivery process. 
Originally, vendors were supposed to deliver to National Distribution Center (NDC) 
for subsequent delivery to regions based on allocation set by distribution, but this 
was changed to direct vendor delivery to regions as allocated. For Non-Value Added 
Activity (NVA), the time has been reduced to 0 h, indicating there are no longer 
activities without added value in the procurement process for promotional sewn 
goods.
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3.2 Determining the Weight Criteria Using the Best–Worst 
Method (BWM) 

In the procurement process carried out by this company, 8 main criteria and 8 sub-
criteria are selected to be considered as the basis for assessing and evaluating suit-
able suppliers. The determination of criteria and sub-criteria used is adjusted to the 
company’s needs and identified based on previous research conducted (Table 1). 

This is followed by determining the best and worst criteria in general, which will 
be compared pairwise using the Saaty Scale, which involves assessing on a scale 
from 1 to 9. For example, DM 1 considered C1 to be best main criteria, two times as 
important as C2. The example, Table 2 shows only the pairwise comparisons for the 
main criteria.

Likewise, each decision maker was tasked with assessing the other criteria against 
the worst criteria. The weights for all criteria and sub-criteria are established using 
identical procedures. The mean rating across all seven decision-makers regarding the 
primary criteria is then derived by averaging the overall weights assigned by each 
decision-maker. The calculation results are presented in Table 4 (Table 3).

The global weight of the sub-criteria is calculated by multiplying the main criteria 
weight with the local weight of the sub-criteria. It can be concluded that the most 
crucial criteria are price (C1) and lead time (C2). This is followed by legality (C8), 
product condition (Q1) and product conformity (Q2) sub-criteria under the quality

Table 1 A literature review on the selection of suppliers for promotional goods such as sewn goods 

Criteria Sub-criteria References 

Price – Manik [14] 
Sulistyoningarum et al. [15] 

Lead time – Tavana et al. [16] 

Flexibility Demand flexibility Jariyah [17] 

Sample flexibility Rizqika and Zuraidah [18] 

Payment flexibility Djatna [19] 
Sulistyoningarum et al. [15] 

Quality Product condition Lin et al. [20] 
Tavana et al. [16] 

Product conformity Lin et al. [20] 

Production capacity – Tsai et al. [21] 
Yikici and Özçelik [22] 

Track record – Zhong et al. [23] 

Communication Spesification information Guarnieri and Trojan [24] 
Lin et al. [20] 

Order status information Lin et al. [20] 

Problem responses Lin et al. [20] 

Legality – Lin et al. [20] 
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Table 2 Best to others vectors main criteria 

DM Best Others 

C1 C2 C3 C4 C5 C6 C7 C8 

1 C1 1 2 4 2 8 5 6 7 

2 C4 2 2 4 1 5 6 6 8 

3 C2 2 1 4 2 5 3 6 8 

4 C1 1 2 3 3 7 6 5 8 

5 C4 2 2 2 1 4 3 3 2 

6 C4 3 2 6 1 4 4 2 2 

7 C8 6 4 2 4 5 4 4 1

Table 3 Others to worst vectors main criteria 

DM 1 2 3 4 5 6 7 

Worst C5 C8 C8 C8 C5 C3 C1 

C1 8 7 7 8 3 4 1 

C2 7 6 8 7 3 5 3 

C3 5 5 5 6 3 1 5 

C4 7 8 7 6 4 6 3 

C5 1 3 4 2 1 3 2 

C6 4 2 6 3 2 3 3 

C7 3 2 3 4 2 4 3 

C8 2 1 1 1 3 4 6 

Table 4 Global weights and rankings of criteria and sub-criteria 

Criteria Weight Sub-criteria Weight Ranking 

Local Global 

C1 0.182 – 0.182 1 

C2 0.176 – 0.176 2 

C3 0.108 F1 0.413 0.045 8 

F2 0.368 0.041 9 

F3 0.219 0.024 11 

C4 0.199 Q1 0.500 0.100 4 

Q2 0.500 0.100 5 

C5 0.062 – 0.062 7 

C6 0.082 – 0.082 6 

C7 0.084 K1 0.494 0.039 10 

K2 0.269 0.022 12 

K3 0.237 0.019 13 

C8 0.108 – 0.108 3
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criteria (C4), track record (C6), production capacity (C5), demand flexibility (F1) 
sub-criteria under the flexibility criteria (C3), sample flexibility (F2) sub-criteria 
under the flexibility criteria (C3), specification information (K1) sub-criteria under 
the communication criteria (C7). The smallest global weight is held by payment 
flexibility (F3) sub-criteria under the flexibility criteria (C3), order status information 
(K2) sub-criteria under the communication criteria (C7), and problem response (K3) 
sub-criteria under the communication criteria (C7). 

3.3 Supplier’s Ranking Determination Using TOPSIS 
Method 

The determination of alternative rankings is carried out to assess and evaluate the 
selection of suppliers to choose the one that best fits the company’s needs. The 
ranking determination will utilize the weighting results previously calculated using 
the BWM method. In this study, the ranking determination will employ the TOPSIS 
method, which will utilize the closest distance to the ideal positive solution and the 
farthest distance from the ideal negative solution. 

The initial stage of TOPSIS involves constructing a normalized decision matrix 
derived from the evaluations provided by the decision-makers. Subsequently, a 
weighted normalized matrix is formed by multiplying this matrix with the weight 
assigned to each criteria. Following this, distances are compute from both the ideal 
positive and negative solution matrices. These distances indicate the relative prox-
imity of each alternative, serving as the performance score for each supplier. Finally, 
the scores are arrange in descending order to ascertain the ranking of the suppliers 
(Table 5). 

It can be concluded that alternative/supplier 4 is the best choice for fulfilling the 
leather wallet procurement, followed by alternative/supplier 3, alternative/supplier 
2, and alternative/supplier 1. By employing this method, supplier selection is no 
longer solely reliant on the company’s historical data but rather on measurable 
factors. Furthermore, the evaluation outcomes of bids can serve as a reference for 
the company’s routine evaluations of promotional items such as sewn goods in the 
procurement process.

Table 5 TOPSIS calculation ranking 

Alternative Ci* Normalized Ci* Ranking 

Alternative 1 0.1138526 0.0704076 4 

Alternative 2 0.1550227 0.0958676 3 

Alternative 3 0.3481785 0.2153171 2 

Alternative 4 0.9999963 0.6184077 1 
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4 Conclusions 

This research employs Value Stream Mapping to chart the procurement process of 
promotional goods such as sewn goods, to analyze the time distribution categorized 
into three categories: VA, NNVA, and NVA. To reduce or eliminate non-value-added 
activities, the ECRS method is utilized to improve the procurement process flow, 
aiming for an efficient and effective process flow. Additionally, to support an efficient 
and effective procurement process, the BWM and TOPSIS methods are employed to 
address supplier selection issues. Eight criteria and eight sub-criteria are used to find 
suppliers that align with the company’s requirements, followed by determining the 
weights of these criteria and sub-criteria using the BWM method. Meanwhile, the 
TOPSIS method is utilized to determine the ranking and evaluation basis for each 
supplier. According to the case study in the procurement process of promotional 
goods such as sewn goods, the total process time has decreased from 1243 h to 1083 h 
overall, indicating the elimination of non-value-added activities in the procurement 
process. Additionally, it was found that alternative/supplier 4 is the suitable choice 
for leather wallet procurement. 

The company needs to evaluate and consider the procurement process flow of 
pro-motional items in this research so that it can be applied and further developed as 
a reference for the company to achieve an effective and efficient process flow. And 
also, in further research, it would be advisable to consider volume discount or any 
other discount scheme offered when purchasing in specific quantities. 
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The Compressive Strength and Failure 
Behaviours of the Alporas Foam—Effect 
of Different Geometric Sizes 
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Abstract An experimental work was conducted to determine the compressive 
strength and failure behaviours of Alporas aluminum foam with different thickness 
to width (t/w) ratio. The single plate at 40 mm × 40 mm × 12 mm, 30 mm × 30 
mm × 12 mm and 20 mm × 20 mm × 12 mm giving the t/w of 0.3, 0.4 and 0.6 
were compressed at the static load of 1 mm/min. Under the same testing condition 
the smallest single plate (20 mm × 20 mm × 12 mm) was compared with another 
largest combined of two pieces at 40 mm × 40 mm × 24 mm. The ductile property 
possessed by the structure was evident from the dominant of progressive deforma-
tion and crackings. Of all the single plates, the smallest 0.6 t/w one developed the 
highest specific compressive strength and specific plateau strength of 1.96 MPa/g 
and 1.55 MPa/g respectively. The lowest recorded specific compressive and plateau 
strengths were with the largest combined of 2 plates showing both at about 0.19 
MPa/g. The specific compressive strength of the smallest single plate sample was 
10 times higher than that the largest combined of two plates. The least contained 
structural defects with the smallest single plate sample size was explained to develop 
the highest strengths than other samples. The progressive failure averagely between 
13 and 58 strain percentages responsible for plateau strength development evidence 
the Alporas is suitable candidate to be used for safety impact devices combating 
fatalities or injuries during collision. 
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1 Introduction 

The aluminum foams are made by expanding their metal volume by introducing 
distributed pores at various content, shapes and sizes. Generally, they can be classified 
as open, close or hybrid of which between the close and open structures. Because of 
the pores being incorporated the foams are several times lighter than that of the solid 
aluminum alloys [1, 2]. Fuel consumption is reduced to mobilize vehicle because of 
the reduced weight. Safety devices made of foam such as crash absorbers, crash box, 
mounting, laminated hood are ideal to progressively decelerate the shock impact and 
lower the risk of human injuries during collision [3–6]. Either they are reliable or fit 
to be used for such applications are assured mainly by the structural strengths. Using 
the static compression test, research showed that the strength of the aluminum foams 
were influenced by the porosity contents and their sizes [7], porosity shapes [8] type 
of used alloy or material [9, 10], relative density [11] sample shapes [12] and sample 
sizes [13]. 

Ultimate compressive strengths were between about 200 and 400 MPa for treated 
solid aluminum than open cell and close cell both up to 18 MPa [11, 14, 15]. 
Increasing the relative density of the aluminum foam, increases the compressive 
strength [11]. Adding boron carbide increases the compressive and plateau strengths 
of the foam [9]. The compressive strength of the cast A 356 aluminum foam alloy 
was about 4–5 times higher than the pure aluminum foam [10]. Plateau strengths 
were seen to prolong with increased of porosity content. Porosity affect the buckling 
behaviours [16] Point of defects were the reason for strength reduction and explained 
more with bigger than smaller sample sizes [7]. The low density regions, defects and 
weak link made failures to initiate and developed. Their large quantities were with 
high thickness to width ratio samples which brought strength to the lowest values 
[13]. In a work, square shaped aluminum foam experienced the highest compressive 
strength of 20 MPa than the cylinder and triangular shaped of only 12 MPa and 10 
MPa respectively. This was followed by the plateau strength which was the greatest 
with the square shape than that of the cylinder and the least with the triangular [12]. 
AlSi12 foam developed greater compressive strength of 7.5 MPa than zinc foam at 
5.2 MPa [17]. 

Size is an important parameter as it occupies spaces and increases weight when 
larger components are used. Our investigation found little information available in 
the literature of sizes affecting the strength and failure behaviours under the static 
load. No work was found to deter the compressive strength of alporas aluminum 
foam at sizes. This experimental work examines the compressive strength and failure 
behaviour of single plate Alporas between 0.6 and 0.3 thickness to width (t/w). The 
extracted result from the single plate at the t/w of 0.6 was compared with combined 
of two plates of the same 0.6 t/w. The t/w values were dimensions from 20 mm × 20 
mm × 12 mm to 40 mm × 40 mm × 24 mm. The relative density, porosity content, 
strengths and failure behaviours of the used samples were reported.
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Table 1 The thickness to width (t/w) ratio and weight of the samples 

Number Condition Dimension (mm) Thickness to width (t/w) Weight (g) 

1 Single 40 × 40 × 12 0.3 4.49 

2 Single 30 × 30 × 12 0.4 2.77 

3 Single 20 × 20 × 12 0.6 1.27 

4 Stacked 40 × 40 × 24 0.6 7.82 

2 Experimental Work 

In this work the as received alporas aluminum foam with the thickness of 12 mm 
was cut to the dimensions of 20 mm × 20 mm, 30 mm × 30 mm and 40 mm × 
40 mm using the Mach 100 flow waterjet machine. Later, the samples were cleaned 
under the running water to remove the trapped Garnett 80 abrasive particles followed 
by the drying process. The t/w ratio was calculated by dividing the thickness over 
the width distance while the weight was by weighing using digital weighing scale. 
Table 1 shows the calculated thickness to width ratio and weight values for all sample 
used in the experimental work. 

The sample density, relative density and porosity content were calculated using 
several simple equations used in the previous works [18, 19]. The density of the 
Alporas was at 0.25 g/cm3. The relative density was at 0.093 while the porosity 
content was at 90.62%. The distances taken to measure the wall thickness is shown 
in Fig. 1 while Fig. 2 showed a distance took to measure the pore diameter. The 
DINO handheld microscope was used to measure the wall thickness and the diam-
eter of the pore. The wall thickness was at 0.18 mm while the pore size was at 4.3 
mm. AG-IS Shimadzu universal testing machine was used to compress each used 
sample at the speed of 1 mm/min until the occurrence of total failure. Trapezium—2 
computer software attached to the testing machine was used to monitor and record 
the strength values. The specific compressive and plateau strengths were calculated 
strength values over the weight of the respective sample. An example of a compressed 
sample before and after the test is shown in Fig. 3. The failure morphology of 
a sample was determined using the JEOL-IT 100 scanning electron microscope. 
Figure 4 shows the simplified process flow to describe the process. No standard 
testing method was employed to conduct this experimental work. It was decisions 
made from discussions and literature reviews.

3 Result and Discussion 

This experimental work used the Alporas foam that has been cut using the abrasive 
water jet cutting machine at different sizes. The compressive strength and plateau 
strength with their respective specific values of the tested single plate samples 
between 0.3 and 0.6 t/w were compared. Another experiment was conducted to
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Fig. 1 Macrograph showing 
measured distance for a wall 
thickness 

Fig. 2 Micrograph showing 
measured distance for a pore 
size 

Fig. 3 The morphology of 
the top view with 20 mm × 
20 mm × 12 mm (i) before 
and (ii) after the compression 
test 

(i) (ii) 

Fig. 4 The flow of the experimental work
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compare the strengths of the single 20 mm × 20 mm × 12 mm sample against 
combined of two samples at 40 mm 40 mm × 24 mm both giving 0.6 t/w. During 
the experimental work all sample was visibly monitored to determine the fracture 
behavior while under compression. An image observed using scanning electron 
microscope was included to evident the fracture mode. 

The compressive strength and specific compressive of the single plate alporas 
against t/w ratio from 0.3 to 0.6 was shown in Fig. 5. It is worth noting that the 
smallest 20 mm × 20 mm × 12 mm corresponded to 0.6 t/w while 30 mm × 30 
mm × 12 mm and 40 mm × 40 mm × 12 mm sample were with 0.4 and 0.3 
ratios respectively The figure showed the general trend of strength increment was 
associated with reduced of sample sizes from the single plate t/w ratio of 0.3 to 0.6. 
All sample failed because of their resistance against the impeded compression forces 
during testing evident from strength development at 1.59 MPa of 0.3 t/w ratio to 2.49 
MPa with 0.6 t/w. The samples failed through deformations and crackings. The strain 
produced to develop the compressive strengths during this investigation was below 
than 13.23%. The specific compressive strength showed gradual increased from 0.36 
MPa/g at 0.3 t/w ratio to 1.96 MPa/g of 0.6 t/w. Figure 6 showed the plateau strength 
and specific plateau strength values of the single plate Alporas from 0.3 to 0.6 of t/ 
w ratio. The plateau and specific plateau strength development followed the same 
increment behaviour than their respective compressive strength (Figs. 5 and 6). The 
lowest plateau strength was with the single Alporas at 0.3 t/w ratio giving 1.42 MPa 
(Fig. 6). It roses to 2.05 MPa when the smallest at 0.6 t/w ratio used during the 
experimental work. With the specific plateau strength, the heaviest sample (0.3 t/w) 
suffered the lowest 0.89 MPa/g. The crushing stage gave the single Alporas to the 
moderate value of 1.08 MPa/g with 0.4 t/w. Following to this, the lightest sample 
with of 0.6 t/w showed the highest specific plateau of 1.55 MPa/g (Fig. 6). 

The result from this investigation showed the single Alporas compressive and 
plateau strengths in relation to their specific values were influenced by the severally 
t/w ratios. The compressive strength for the 0.3 t/w was 1.6 times lower than the 
0.6 as shown in Fig. 5. Remarkably, the specific compressive strength differences 
exaggerated to 5.53 times less with the 0.3 t/w ratio than the 0.6 t/w. Similar scenario 
was also seen on those plateau and specific plateau strengths as shown in Fig. 6. The

Fig. 5 Graph showing the 
alporas compressive and 
specific compressive 
strengths against t/w ratio 
from 0.3 to 0.6
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Fig. 6 Graph showing he 
alporas plateau and specific 
plateau strengths against t/w 
ratio from 0.3 to 0.6

plateau strength was 1.44 times lower when 0.3 t/w was compared with the 0.6 single 
t/w and worsened at 1.74 times of the specific plateau strength seeing increasing the 
size as dominance for the reduction of strength. Large samples are associated with 
more of defect points such as poor wall or struts interconnectivity, inclusions, very 
low density regions and crackings which lead to the poor development of strength 
[7, 13]. This is why in this work, the largest sample at 0.3 t/w had reasonably lowest 
strengths values compared to the others. Points of defect made the structure less 
possible to retain high strength as they are the best spot which favours failure to 
initiate and progresses. It suggests that the load carrying capacity of the foam reduces 
as the sample sizes were increased. As a result, the smallest and lightest sample at 
0.6 t/w ratio prevailed the strongest of all. 

To verify the results an experimental work using combined of two samples each 
at 40 mm × 40 mm × 12 mm were stacked and tested at the compression speed of 
1 mm/min. No adhesive was used to join the two mating surfaces forming a single 
structure of 24 mm thick. Because of the greater width and thickness, this gave similar 
0.6 t/w to that of the single 20 mm × 20 mm × 12 mm. Just like all single plate 
samples, the largest one failed exquisitely via deformation associated with crackings. 
The compressive strengths and plateau strengths with their respective specific values 
of both 0.6 t/w were compared and presented in Figs. 7 and 8. 

Fig. 7 Graph showing the 
compressive and specific 
compressive strengths of two 
alporas sizes each at 0.6 t/w
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Fig. 8 Graph showing the 
plateau and specific plateau 
strengths of two alporas sizes 
each at 0.6 t/w 

The compressive strength of the 40 mm × 40 mm × 24 mm was at 1.51 MPa. 
Remarkably, the specific compressive strength was far below at 0.19 MPa/g. The 20 
mm × 20 mm × 12 mm had greater compressive and specific compressive strengths 
at 2.49 MPa and 1.96 MPa/g. In Fig. 8, the plateau values of the 40 mm× 40 mm× 24 
mm thick was seen lower than the 20 mm× 20 mm× 12 mm thick. At 11 times bigger 
with the combined of two sample, the compressive strength and specific compressive 
strength were 1.65 and 10 times lower than that of the single plate as shown in Fig. 7. 
Further, the reduction of the compressive strengths trend in Fig. 7 were similar with 
the plateau values as in Fig. 8. With the single plates, the strength reduction was 
caused by defects such as poor strut interconnection, inclusions, low density regions 
and crackings. Since the 24 mm thick was the biggest, it can be said that this sample 
possessed the most populated of the explained defects which had imminently brought 
the recorded strength to the lowest compared to the others. Another possible reason 
for strength reduction was the disconnected struts at the mating surfaces. Because 
no adhesive was used to join for a sturdy structure, their existence was thought 
as additional points of defect with the combined of two samples. Apparently this 
character was absent with those the single plates. These disconnected struts do not 
provide support to raise the strengths. Rather, became failure to easily occur spanned 
across the surface as compaction load rises. Nevertheless, these were the defects that 
lead to the lowest load carrying capacity either for the single or combined of two 
samples. That the combined of two sample was considered having the most ductile 
structure because of the strain percentage gradually climbed to 29% to reach only 1.51 
MPa than other single plate samples below than 13% strain to the maximum strength. 
While this explained the reason for strength development, The sample or cell sizes, 
alloying content, phases, testing conditions, porosity content, density, material types 
affect the strength values. The above result showed that the compressive and plateau 
strengths corresponding to their specific values by can be tailored by selective sizes 
adhering to any impact strength applications. 

Figure 9 shows the single (20 mm × 20 mm × 12 mm) and combined of two 
(40 mm × 40 mm × 24mm) percentages of thickness reduction. These were the 
differences measured before and after the compression test. Figure 10 shows a severe 
cracked surface notified on a strut. Failure exerted by the testing machine reduced 
the thicknesses which initially were at 12 mm and 24 mm to 1.2 mm and 3.1 mm
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resulting 90% and 87% reduction respectively. Because of the size was small at 20 
mm × 20 mm × 12 mm, the lesser metal volume possessed by this sample was low in 
resistant towards the impediment force by the machine upon densification. It has lead 
to the easiness of the walls or struts to deform and crack leading the structure to be 
highly compacted. This is why the single sample retained 90% thickness reduction 
compared to the larger one of 3% lower at 87%. More metal volume with the larger 
one (40 mm × 40 mm × 24 mm) appeared to make deformation slightly difficult 
for failures. Since the combined of two pieces do not use adhesive to mate the two 
surfaces for a structure, the struts failure was thought through protrusion and crossed 
against the opposing piece. This explains for the close thickness reduction to 87% 
than at 90%. It is worth to note that applying more compaction forces would raise 
the 87% thickness equal to that of 90% possessed by the single sample. Though the 
combined of two sample had the lowest strengths of all (Figs. 4, 5, 6 and 7), this 
specimen took the time to progressively crush at 20.9 min while the single thinner 12 
mm sample at 10.8 min. Figure 10 showed a severe cracked surface notified on a strut 
consisting many dimples that evidence ductile failure took place during compaction. 
Of course with high strength and prolong failure time are two characters beneficial 
for hampering severe impact. Hampering impact is considered negligible when all 
pores collapsed with excessive struts deformation. 

Fig. 9 The thickness of 0.6 
t/w samples before and after 
the test 

Fig. 10 A crack surface 
consisting of many dimples 
on a strut indicating ductile 
fracture
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4 Conclusion 

The experimental work to determine the compressive strength and the failure 
behaviours of the produced sample between the 0.3 and 0.6 t/w ratios were success-
fully conducted. Failure was through extreme deformation associated with cracking. 
The single piece of 20 mm× 20 mm× 12 mm sample size gives the specific compres-
sive strength of 1.96 MPa/g. while the largest combined of two at 40 mm × 40 mm 
× 24 mm shows 0.19 MPa/g. At 11 times bigger, coexistence of the highest struc-
tural defect and the disconnected struts at the mating surface are poor to transmit 
load during compaction giving the lowest strength. The 40 mm × 40 mm × 24 mm 
sample receives 87% thickness reduction while the 20 mm × 20 mm × 12 mm has a 
modest higher of 90% both of the same 0.6 t/w. Less thickness reduction is associated 
with the high amount of pillar struts of the large sample which is beneficial to resist 
the forcing load. Extreme deformation is inevitable when little struts available with 
the small sample. The produced strength from 1.42 MPa to 2.49 MPa and from 1.55 
MPa/g to 0.19 MPa/g shows that the strength can be tailored by selective sample 
sizes. 
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Autonomous Mobile Robot for Obstacle 
Avoidance with Vision System 

Yoganraj Ravi, Mohd Rais Hakim Bin Ramlee, 
and Ismail Mohd Khairuddin 

Abstract Autonomous mobile robots are designed to navigate independently 
without human intervention. As the demand for these robots increases, new tech-
niques and algorithms are continuously being developed. However, the use of ultra-
sonic sensors in vision-based obstacle avoidance systems has limitations. One signif-
icant disadvantage is their limited range compared to other sensor types, making it 
difficult to detect objects at longer distances or from wider angles, which may result 
in blind spots. Additionally, environmental conditions influence item identification 
accuracy because soft or absorbent surfaces can absorb ultrasonic waves. When many 
ultrasonic sensors operate simultaneously, there is a possibility of crosstalk or inter-
ference, which can result in inaccurate distance readings and obstacle detection. This 
research aims to develop an autonomous mobile robot capable of avoiding collisions 
using vision-based methods. The methodology includes capturing approximately 
1609 images with a mobile robot-mounted camera, processing these images with 
the You Only Look Once (YOLO) algorithm for object detection, and converting 
the results into steering commands. Techniques such as labeling and data augmenta-
tion, including flipping and adjusting the brightness, were employed to enhance the 
dataset. The data was divided into training, validation, and testing sets with a 70:20:10 
ratio split for classification. The integration of the YOLO algorithm achieved a detec-
tion success rate of approximately 93.3%. This study provides insights into the effec-
tiveness of combining deep learning methods for real-time obstacle avoidance in 
mobile robotics, highlighting the importance of carefully considering the individual 
application and environment when selecting sensors for vision-based techniques. 

Keywords Vision-based techniques · Deep learning · YOLO · Object detection ·
Autonomous mobile robot
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1 Introduction 

Robots have become essential in everyday life, helping with tasks like rescue 
operations, cleaning, medical assistance, military support, hazardous work, and 
autonomous driving. A robot is an automated machine designed to perform tasks 
usually done by humans or to accomplish tasks beyond human capabilities. They 
range from simple, single-purpose devices to complex systems with advanced 
sensory, cognitive, and motor functions. Many tasks require robots to navigate 
unknown environments and avoid collisions with stationary or moving obstacles. 

Autonomous mobile robots are designed to manoeuvre independently without 
human intervention. With the rising demand for these robots, new techniques and 
algorithms are continually being developed. A recent study revealed that the primary 
concern for most developers is ensuring the robot navigates without collisions [1–3]. 
To monitor the surrounding environment and guide the robot, various sensors can be 
mounted on it. However, the reliability and efficiency of these robots are affected by 
several factors. Integrating sensor fusion systems, which combine data from multiple 
sensors like cameras, can address these challenges by providing more comprehensive 
and reliable information. 

Vision techniques used in autonomous mobile robots encompass various methods 
for visually sensing and processing their surroundings. Cameras, for instance, capture 
images of the environment, which are then analysed to detect obstacles that the 
robot needs to avoid. Convolutional neural networks (CNNs) are trained using these 
images to classify the environment ahead as either “blocked” or “free” in specific 
instances. This classification helps the robot decide how to navigate and avoid obsta-
cles. The effectiveness of the CNN-based obstacle classifier depends on the quality 
and diversity of the training data, as well as the architecture of the CNN itself [4–7]. 

Obstacle avoidance is a crucial aspect of autonomous navigation for mobile robots. 
Various technologies, such as sonars, infrared sensors, laser scanners, and cameras, 
have been developed to address this challenge. Sonar devices are cost-effective for 
obstacle detection but are prone to errors due to reflections. Laser scanners offer 
high accuracy but face difficulties in unfamiliar environments. Cameras, however, 
provide detailed scene information, making them a favoured choice for vision-based 
navigation [8–10]. 

In developing an autonomous mobile robot that can navigate without colliding, it 
is essential to consider the limitations ultrasonic sensors, which may have restricted 
detection ranges and be affected by environmental factors like soft surfaces or 
interference. A vision-based system for obstacle avoidance, involves using camera 
images to enhance the autonomous navigation capabilities of robots and UAVs. 
These systems rely on Convolutional Neural Networks (CNNs) for depth estimation 
and obstacle detection, which allows for real-time processing and decision-making. 
For example, in mobile robots, techniques like potential fields and Image-Based 
Visual Servoing (IBVS) are employed to approach targets while avoiding obstacles. 
Similarly, for UAVs, monocular cameras are used to ensure safety during flight by 
estimating depth and implementing obstacle avoidance algorithms [11–14].
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Fig. 1 Robot framework 
with component 

To address these challenges, this project aims to create an autonomous mobile 
robot capable of manoeuvring independently using vision-based techniques. The 
objectives include designing the robot to operate in environments without collisions, 
developing a vision algorithm for object detection, and evaluating the effectiveness 
of this algorithm in guiding the robot’s navigation. By integrating these elements, the 
project seeks to enhance the robot’s reliability and efficiency in avoiding obstacles 
and navigating complex environments [15–17]. 

2 Methodology 

2.1 Development of Mobile Robot 

To properly fit these components inside the robot’s architecture, this thorough inte-
gration procedure demands careful design and structural planning. The Raspberry Pi 
4 Model B serves as the robot’s basic controller, managing its functions, while the 
Raspberry Pi Camera Module 3 provides visual perception and detection of objects. 
The L298 Motor Driver makes it easier to control and operate the motors, which are 
essential for the robot’s mobility, while the Li–Ion battery provides the necessary to 
power the system. Figure 1 shows the integration of the hardware components on the 
mobile robot. 

2.2 Data Acquisition 

Data acquisition is the process of capturing images or video from various sources. 
This is the initial step in any vision algorithm, where raw visual data is collected for 
further processing. The camera continuously captures images of obstacles within the 
lab environment which will be analyzed in subsequent steps of the vision algorithm. 
Realtime images can be captured through the camera and processed directly through
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deep learning system. Three scenarios of dataset were taken from the IMAMS lab 
environment, resulting in a total of 1609 images. Each image has a file size of 
approximately 1400 KB, leading to a cumulative dataset size of 1,376,200 KB, or 
roughly 1.376 GB. 

The dataset was split into training, validation, and testing sets. Specifically, the 
first dataset of 75 images was divided with 70% for training, 20% for validation, 
and 10% for testing. The second dataset of 551 images and the third dataset of 
983 images followed the same split ratio: 70% for training, 20% for validation, and 
10% for testing. This structured division ensured a comprehensive evaluation of the 
model’s performance. 

2.3 Data Pre-processing 

Data pre-processing involves cleaning, transforming, and preparing the raw data to 
ensure it is suitable for analysis and model building. In computer vision tasks, this 
includes image labelling and augmentation. For labelling, the Roboflow software was 
utilized to annotate the images with bounding boxes around the detected objects. This 
step was crucial for training the YOLOv8 models. 

2.4 Data Labelling and Augmentation 

A tool for labelling images is employed to mark the images within the gathered 
dataset. As implied, this labelling tool is utilized to identify object within the images. 
Its core objective is to enable users to pinpoint or capture an object depicted in the 
image. The labelling of datasets for all three YOLOv8 models are carried out using 
Roboflow software. Figure 2 indicates the labels include bounding boxes around 
objects, which become visible during model testing. Subsequently, these files are 
stored in the assigned directory within the software.

2.5 Model Configurations 

Model training for YOLOv8 involves teaching the model to recognize objects in 
images by feeding it a pre-processed dataset and allowing it to learn patterns over 
multiple iterations. Using Google Colab with free GPU resources, the process 
includes loading a pre-trained YOLOv8 model, setting hyperparameters like learning 
rate, batch size, and number of epochs, and running a training loop where the model 
processes images, makes predictions, and adjusts based on errors. 

Model 1 was trained for 100 epochs, Model 2 for 300 epochs, and Model 3 for 
100 epochs, with a batch size of 16. Images were resized to 320 × 320 pixels, and the
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Fig. 2 Image labelling

learning rate was set to ensure effective learning. A patience parameter of 50 epochs 
was used, meaning training would stop if no improvement was seen after 50 epochs. 

Both YOLOv8s (small) and YOLOv8n (accuracy version) models were used to 
balance speed and accuracy. The YOLOv8s model is optimized for fast inference with 
fewer layers and smaller filters, while the YOLOv8n model, with deeper networks 
and larger filters, prioritizes accuracy at the cost of slightly slower inference times. 

2.6 Performance Measure 

Precision measures the accuracy of the positive predictions made by a model, defined 
as the ratio of correctly predicted positive observations (true positives) to the total 
predicted positives (true positives plus false positives). 

Precision = True Positives(TP) 

True Positives(TP) + False Positives(FP) (1) 

Recall measures a model’s ability to correctly identify all actual positive instances. 
Recall indicates how many of the actual obstacles are detected by the model. 

Recall = True Positives(TP) 

True Positives(TP) + False Negatives(FN ) (2) 

The F1 score is a metric that combines precision and recall into a single value to 
provide a balance between the two. It is particularly useful when the class distribution 
is imbalanced, and both false positives and false negatives are important to consider. 

F1 Score = 2 × (Precision × Recall) 
(Precision + Recall) (3)
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3 Result and Discussions 

3.1 Performance Metrics 

Figure 3 shows the evaluation metrics for all three models. The first model achieves a 
precision of 0.865, indicating that when it predicts an object, it is correct 86.5% of the 
time. In comparison, the second model exhibits a slightly lower precision of 0.840, 
suggesting it accurately identifies objects 84.0% of the time. Conversely, the third 
model demonstrates the highest precision among the three, achieving a precision 
score of 0.906, meaning it correctly predicts objects with an accuracy of 90.6%. 

The first model achieves a recall of 0.865, indicating that it correctly identifies 
86.5% of all relevant objects in the dataset. In contrast, the second model demon-
strates a higher recall of 0.918, suggesting it captures a larger proportion of relevant 
objects compared to the first model. Similarly, the third model also shows a high 
recall of 0.915, indicating it performs similarly to the second model in correctly 
identifying relevant objects. A higher recall is important as it ensures that fewer 
relevant objects are missed during detection, highlighting the effectiveness of these 
models in capturing objects across various scenarios in image data. 

The confusion matrices for all three models are displayed as Fig. 4. The first 
model has a mAP50 score of 0.859, indicating 85.9% precision at this IoU threshold. 
The second model improves with a mAP50 of 0.887, and the third model performs 
best with a mAP50 of 0.933, indicating the highest precision in object detection. 
For mAP50-95, the first model scores 0.468, the second 0.577, and the third 0.656, 
showing that the third model excels across a broader range of IoU thresholds.

Regarding the F1-score, the first model achieves 0.840, the second 0.880, and the 
third 0.915, demonstrating the best balance between precision and recall in the third

Fig. 3 Evaluation metrics 
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Fig. 4 Normalized confusion matrix: a first model, b second model, c third model

model. The normalized confusion matrix simplifies comparisons across classes, with 
diagonal values representing true positives and off-diagonal values showing false 
positives and negatives. The third model consistently outperforms the others in these 
metrics, making it the most reliable for object detection. 

3.2 Detection Result 

The third model in the Fig. 5 demonstrated its effectiveness when integrated with an 
autonomous mobile robot for obstacle avoidance. Initially, the robot moves forward, 
and upon detecting an obstacle, it stops for two seconds before turning in the appro-
priate direction based on center-based detection. If the obstacle is detected on the 
left (x-coordinate of the obstacle center is less than 320), the robot turns right by 
adjusting the motor directions; if on the right, it turns left. After turning for one 
second, the robot resumes moving forward. This implementation showcases the third 
model’s high accuracy and effective performance in real-world applications, signifi-
cantly enhancing the autonomous robot’s obstacle avoidance capabilities. By lever-
aging the YOLOv8n architecture and achieving the highest accuracy of 93.3%, the
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Fig. 5 Obstacles detected by mobile robot: a lab environment objects, b ball, c stand, d helmet 

third model outperformed the others, demonstrating superior detection and decision-
making in dynamic environments. Figures below demonstrate the obstacles that have 
been detected by the mobile robot. 

4 Conclusions 

The project focused on creating an autonomous mobile robot capable of navigating 
and interacting in its environment. Key to its functionality was a sophisticated vision 
algorithm based on the YOLO deep learning model, achieving an accuracy rate 
of 93.3%. This algorithm enabled precise detection of various objects in real-time 
scenarios, allowing the robot to autonomously maneuver and avoid obstacles. The 
successful integration demonstrated the algorithm’s robustness and practical utility 
in real-world applications.
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Enhancing the object detection accuracy of the YOLO-based vision algorithm 
beyond its current 93.3% involves several strategic approaches. Fine-tuning model 
parameters such as layer configurations, filter sizes, and learning rates allows 
for precise adjustments based on performance metrics, thereby optimizing the 
model’s ability to detect and classify objects accurately across diverse environ-
ments. Exploring different YOLO architectures, offers insights into balancing accu-
racy, speed, and computational efficiency, crucial for tailoring the model to specific 
application needs. 
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Knowledge Management for Developing 
Disability-Friendly Criteria in SME 

Luciana Andrawina , Mia Amelia , and Artamevia Salsabila Rizaldi 

Abstract Developing Small and Medium Enterprises (SME) in Indonesia plays an 
essential role in the national economy by creating jobs, increasing Gross Domestic 
Product (GDP) growth, and promoting export development. However, certain groups, 
such as people with disabilities, face challenges in accessing the benefits of the 
sector, such as job opportunities, skills training, and access to adequate facilities. This 
study aims to develop disability-friendly criteria for SME by implementing Knowl-
edge Management (KM) using the SECI (Socialization, Externalization, Combina-
tion, Internalization) model. The resource persons involved three SME. Data were 
collected through in-depth interviews and direct observation. The findings highlight 
several key challenges, including inadequate facilities, limited access to relevant 
training programs, and lingering social stigma. Solutions are identified and docu-
mented in a structured manner, and practical strategies are developed to address these 
issues. The study concludes that integrating KM and the SECI model significantly 
improves inclusivity and support in the business environment for people with disabil-
ities. This research provides comprehensive insights and practical recommendations 
for SME policymakers and practitioners to create a more inclusive and supportive 
ecosystem for individuals with disabilities. 

Keywords Difable · Small and medium enterprise · Knowledge management 

1 Introduction 

The development of Small and Medium Enterprises (SME) in Indonesia is significant 
for the country’s economy, and SME have been recognized as the backbone of the 
national economy [1]. SME are essential in job creation, Gross Domestic Product 
(GDP) growth, and export development [2]. Although SME are very important for
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people with disabilities, it is difficult to face challenges in accessing the benefits of 
this sector, such as job opportunities, skills training, and access to adequate facilities. 
To address the gap in employment opportunities, skills training, and adequate facil-
ities in the SME sector, the concept of disability-friendly SME emerged to ensure 
active participation and equality of benefits for persons with disabilities in the SME 
ecosystem. Several studies highlight relevant issues related to people with disabili-
ties. Among them research by Martoyo et al. [3]. Discuss the government’s efforts 
to provide job opportunities for people with disabilities by involving corporations 
and the government. In addition, research by Negara [4] The study highlights that 
although people with disabilities have equal rights, they often face discrimination 
that hinders their independence. To meet the needs of life and achieve independence, 
they are encouraged to work and improve their social skills. However, due to the 
limited availability of jobs, many choose to pursue a career in the business sector 
that suits their abilities. 

To meet the living needs and independence of people with disabilities, disability-
inclusive business development requires a holistic approach, from physical acces-
sibility to supportive policies. In Indonesia, the disability-friendly SME strategy 
includes improving physical and technological accessibility to make businesses 
accessible to all, including people with disabilities [5]. Second, training and empow-
erment for persons with disabilities are needed to provide the necessary skills and 
knowledge to manage their businesses [6]. Third, policy support from the government 
is critical in creating an environment conducive to inclusive business development 
[7]. Finally, changes in the attitude of the community and business actors towards 
people with disabilities are also a crucial factor in ensuring sustainability and inclu-
sive business success [8]. In addition, implementing SME social responsibility can 
also be an effective alternative in supporting the development of micro-businesses, 
including disability-friendly businesses [9]. This shows that collaboration between 
the private and public sectors can be essential in creating an inclusive business envi-
ronment. In addition, inclusive education also plays a vital role in ensuring that all 
individuals, including people with disabilities, have equal access to education and 
training opportunities [10]. 

In Indonesia, the participation of persons with disabilities in SME encourages 
social inclusion and provides broader economic opportunities. The Ministry of 
Cooperatives and SME has introduced several policies to support inclusive SME 
development. However, the effective implementation of these policies faces various 
challenges. These obstacles include inadequate facilities, limited access to relevant 
training programs, and social stigma that is still inherent in people with disabilities 
[11–13]. In addressing these challenges and increasing the participation of persons 
with disabilities in SME, it is essential to combat stigma and encourage inclusive 
practices. Research emphasizes the importance of creating a disability-friendly work-
place by providing facilities such as necessary training and support and changing 
people’s attitudes toward individuals with disabilities [14, 15]. By creating a more 
inclusive environment and offering tailored support, SME can harness the potential 
of individuals with disabilities, leading to increased social integration and economic 
empowerment [13].
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As a strategic step to create a more inclusive environment for SME, imple-
menting Knowledge Management (KM) is crucial. Knowledge Management helps 
SME define, shape, organize, and disseminate knowledge to work more efficiently, 
use best practices, and minimize costs [16]. Knowledge Management is the manage-
ment of knowledge in an organized manner to create business value and generate 
competitive profits [17, 18]. 

In this study, Knowledge Management (KM) plays a vital role in expanding 
understanding and increasing the use of concrete approaches in knowledge manage-
ment related to developing criteria for disability-friendly facilities in SME [19, 20]. 
The main focus of the research is on information management and documentation, 
where SME collect, store, and access information related to the specific needs of 
persons with disabilities, such as relevant accessibility regulations and standards 
[21]. This research aims to develop disability-friendly criteria for SME in Indonesia 
by implementing Knowledge Management (KM) using the SECI (Socialization, 
Externalization, Combination, Internalization) model. 

Various studies have used knowledge management methods to develop inclusive 
criteria in SMEs and other sectors. Some researchers applied the SECI model to 
manage and transform tacit knowledge into explicit knowledge to support inclusive 
business policies. For example, Apriliadi (2019) in Bandung found that knowledge 
management significantly improved SMEs’ performance in the aspects of finance, 
internal processes, and customer satisfaction [22]. Similarly, Hamdani (2018) used 
the SECI model to improve the competitiveness of batik SMEs by transforming 
tacit knowledge into explicit knowledge, highlighting the importance of technology 
and entrepreneurial orientation in knowledge creation [23]. Kusnindar et al. (2023) 
further explored how the SECI model facilitates the conversion of tacit knowledge 
into explicit knowledge through formal and informal interactions in SMEs [24]. 
Research by Nurhaeni et al. (2024) in similar cases uses qualitative methods with 
a descriptive approach to analyze penta helix collaboration in the development of 
social inclusion for people with disabilities in Surakarta. Data was collected through 
observation, Focus Group Discussion (FGD), and in-depth interviews with the five 
elements of the penta helix. This method is relevant as it highlights the importance 
of cross-sector collaboration and stakeholder engagement in creating an inclusive 
environment, which is similar to the context of this research in developing disability-
friendly criteria through a knowledge management approach [25]. 

This research approach uses case studies on several SME that have applied the 
principle of inclusiveness, with the SECI (Socialization, Externalization, Combi-
nation, Internalization) method, developed by Nonaka and Takeuchi (1995) [26], 
providing a valuable framework for developing criteria for disability-friendly facil-
ities in SME. This model facilitates the conversion of tacit knowledge into explicit 
knowledge, allowing for systematic utilization in policymaking and business prac-
tices [27]. The SECI model is a structured approach that will assist SME in developing 
criteria for disability-friendly facilities, encouraging inclusivity and sustainable prac-
tices. This study fills the gap in implementing Knowledge Management (KM) in 
developing disability-friendly criteria in SME, which previously only focused on 
technical or policy aspects without thorough integration. The novelty of this research
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lies in using the SECI model to systematically capture, document, integrate, and inter-
nalize knowledge, as well as incorporate technical aspects, training, facility design, 
and technology integration. 

2 Methodology 

2.1 Research Design 

This study uses the SECI model (Socialization, Externalization, Combination, Inter-
nalization) to develop criteria for disability-friendly facilities in SME, focusing on 
three case study objects, namely, Cemara Paper, Batik Laweyan, and Difabelzone. 
The SECI model provides a structured approach to managing and converting tacit 
knowledge into explicit knowledge, which is essential for creating inclusive and 
sustainable business practices. Cemara Paper, Batik Laweyan, and Difabelzone were 
chosen as the study objects because each of these SME has shown an initial commit-
ment to empowering people with disabilities and has a variety of business types, 
scales, and inclusivity approaches that provide a rich and diverse perspective for this 
research. 

This research used the SECI model through several stages. The initial stage is 
socialization, where tacit knowledge is collected from SME owners, employees, and 
individuals with disabilities through in-depth interviews and direct observation. Next, 
the externalization stage transforms the tacit knowledge into explicit knowledge that 
is documented and integrated in the combination stage with regulations and stan-
dards related to disability-friendly facilities. At the internalization stage, this explicit 
knowledge is implemented through training programs to help SME employees inter-
nalize and apply the new practices in their daily operations. Thus, this research not 
only identifies the needs and challenges faced by SMEs with disabilities, but also 
produces comprehensive criteria and guidelines for creating a more inclusive and 
disability-friendly business environment. 

To ensure the sustainability and effectiveness of this process, the Knowledge 
Management Cycle is used as a systematic framework for managing the collected 
knowledge. The KM Cycle begins with the Create stage, where new knowledge is 
created from interactions and experiences in the field. The next stage is Capture, 
where the knowledge that has been created is captured and documented systemati-
cally. Refine is the stage at which the captured knowledge is processed and refined 
to ensure relevance and accuracy. Next, knowledge is stored in the Store stage to 
ensure that knowledge can be accessed in the future. In the Manage stage, the 
stored knowledge is organized and maintained to keep it up-to-date and relevant. 
Dissemination is the final stage, where the knowledge that has been organized is 
shared throughout the organization for implementation. Through this cycle, SME can 
ensure that knowledge about disability-friendly facilities is collected, documented, 
and used effectively to improve the inclusivity and sustainability of their businesses.
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2.2 Data Collection 

This study uses the SECI model (Socialization, Externalization, Combination, Inter-
nalization) to develop criteria for disability-friendly facilities in SME. The first stage 
in using the SECI model is socialization, where tacit knowledge is collected through 
direct interaction with SME. This research involves in-depth interviews with SME 
owners, employees, and individuals with disabilities in the three SME. This inter-
view is designed to explore their experiences, needs, and challenges. In addition, 
direct observation of the day-to-day operations in SME is carried out to understand 
the informal processes and practices that support inclusivity. This interaction gave 
insights into how the three SME operate and adapt to become more inclusive toward 
people with disabilities. 

After the socialization stage, the tacit knowledge that has been collected is 
converted into explicit knowledge through the externalization stage. The insights 
gained from interviews and observations are documented as detailed reports. This 
documentation covers various aspects of SME operations, including the role of the 
government, cooperation with the business sector and academia, and the role of the 
media in supporting SME with disabilities. 

The combination stage involves gathering and integrating existing explicit knowl-
edge to develop comprehensive criteria and guidelines for disability-friendly facil-
ities in SME. This study collects and analyzes documents, regulations, and stan-
dards for disability-friendly facilities and accessibility. Explicit knowledge gained 
from the externalization stage is integrated with existing information to form a more 
complete and structured understanding. This process involves grouping, categorizing, 
and rearranging information to create criteria that can be applied in SME. 

The final stage in data collection is internalization, where the explicit knowledge 
that has been developed is converted back into tacit knowledge through hands-on 
practice and experience. In this study, the internalization process will be carried 
out through Focus Group Discussion (FGD) in the three SME (Cemara Paper, 
Batik Laweyan, and Difabelzone) to help employees internalize new knowledge and 
practices. This FGD will include presentations on the new criteria and guidelines. 
Employees are encouraged to implement new criteria and guidelines in their day-to-
day operations and provide feedback on their effectiveness. Expected outcomes of 
this study include comprehensive criteria and guidelines for developing disability-
friendly SME, increased awareness and understanding of the needs of individuals 
with disabilities among SME owners and employees, and increased accessibility and 
inclusivity in SME, which in turn will lead to greater participation of individuals 
with disabilities in the workforce and economic activities. Thus, this research is 
expected to significantly contribute to social inclusion and economic empowerment 
of individuals with disabilities in Indonesia.



196 L. Andrawina et al.

3 Result and Discussion 

In this section, we present and discuss the findings from our study on the integration 
of the SECI Model and the Knowledge Management Cycle in developing disability-
friendly criteria for three SME, namely SME 1 (Cemara Paper), SME 2 (Batik Toeli 
Laweyan), and SME 3 (Disabled Zone) (see Fig. 1). By addressing the specific 
needs and challenges faced by these three SME, we aim to provide comprehensive 
insights and practical recommendations to create an inclusive and supportive business 
environment for individuals with disabilities. 

3.1 Socialization 

The SECI method requires resource persons to obtain tacit knowledge about 
disability-friendly criteria in SMEs. The Socialization stage was conducted through 
in-depth interviews with three resource persons, namely from SME 1, SME 2, and 
SME 3. There were 32 people who became the sample of this study, with details 
further explained in Table 1.

3.2 Externalization 

In the externalization stage, tacit knowledge acquired during socialization is trans-
formed into documented explicit knowledge. The Capture and refine process then 
ensures that this knowledge is organized and refined to be used effectively. The 
following is Table 2, which illustrates the results of externalization for the three SME 
in developing disability-friendly criteria.

Fig. 1 SECI model with 
KM cycle approach 
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Table 1 Explanation of the resource person 

SME Description 

SME 1 (Cemara 
paper) 

Engage people with disabilities in producing products such as fans, 
envelopes, and tissue boxes and provide training. In this community, 
people with disabilities use waste for goods that have economic value 

SME 2 (Batik Toeli 
Laweyan) 

It has a batik community that explicitly facilitates people with 
disabilities. The purpose of this community is to provide opportunities 
for people with disabilities to be independent, self-employed, and 
generate income. Currently, three disabled workers are all deaf and are in 
the process of creating a particular location so that more people with 
disabilities can be facilitated in the future 

SME 3 (Difabelzone) As a place for people with disabilities, volunteers contribute to 
environmental care actions, such as making shopping bags with a call for 
environmental love. Production is carried out daily to be distributed to 
several stores, and orders are placed if there is a custom order

3.3 Combination 

In the Combination stage, the knowledge documented from the Externalization stage 
is integrated with the KM Triad concept from Wickramasinghe and Mills [28] (see 
Fig. 2).

The KM Triad, which consists of the elements of people, processes, and tech-
nologies, is the basis for developing the parameters for this study. People need to 
improve staff understanding and skills to meet the needs of people with disabili-
ties and develop appropriate training and awareness programs. Processes include 
convenience, usability, and policies supporting knowledge implementation. Tech-
nology facilitates access to information, provides assistive devices, and utilizes digital 
platforms for product marketing. 

In the Combination stage, the integrated knowledge identified barriers and solu-
tions for the three SME in developing disability-friendly criteria. Table 3 illustrates 
the results of the Combination in the form of new knowledge obtained from the 
externalization stage related to the obstacles faced by the three SME in developing 
disability-friendly criteria.

This stage focuses on disseminating the combined knowledge across the organi-
zation and related parties to ensure that the knowledge can be used effectively. 

3.4 Internalization 

In the internalization stage, the three SME apply the knowledge documented in the 
combination stage regarding obstacles and solutions in daily practices. Employees 
and management across the three SME implemented the identified solutions, such as 
starting to conduct marketing and sales training through digital platforms, improving
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Table 2 Externalization results (capture and refine) 

Parameter Indicator Information 

Uses Business 
activities 

Business activities carried out by people with disabilities 
are related to production, but in the three SME, it is still 
difficult to do marketing and sales 

Non-business 
activities 

The three SME still need to carry out non-business 
activities, such as training, skill development, and other 
social activities 

Facilities Business 
infrastructure 

Facilities used to support business activities, such as 
workspaces and technology, need to be improved in the 
three SME 

Supporting 
infrastructure 

Additional facilities that support the overall operation of 
SME, such as rest areas, disability-friendly toilets at SME 
1 

Space design The design and layout of the space have not met the needs 
of people with disabilities in the three SME to ensure 
comfort in working 

Physical 
accessibility 

Ease of entry and exit from SME, including access to 
public facilities around SME 

Information 
accessibility 

Third, SME still need help obtaining the necessary 
information through disability-friendly technology 

Policy Inclusive policy Perceptions of inclusive policies that support people with 
disabilities in the workplace are still unplanned 

Skills program Lack of implementation of awareness programs in 
improving understanding of knowledge and skills for 
people with disabilities 

Collaboration Business Third, SME cooperate to produce custom goods for several 
companies 

Academy SME 1 There is training provided by the university, and 
SME 2 and 3 establish research cooperation with the 
university 

Media Mass media publishes the three SME 

Community There is a level of cooperation with community 
organizations and communities in the three SME 

Government The government’s role in supporting SME with disabilities 
is minimal or even non-existent in all three SME 

Technology Assistive devices There is a need for the availability and effectiveness of 
assistive devices that support accessibility 

Communication 
technology 

Requires communication technology that supports sign 
language and hearing aids 

Evaluation Regular 
supervision 

Requires routine supervision 

Periodic 
evaluation 

Third, SME must improve in implementing periodic 
evaluations and adjustments to meet disability-friendly 
facilities
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Fig. 2 KM triad

business and supporting facilities, and designing and implementing inclusive poli-
cies. Regular training programs and workshops are held to ensure that all employees 
understand and can apply new knowledge regarding physical and information acces-
sibility. In addition, mentorship and mentoring programs are implemented to guide 
new or needy employees, ensuring they can adapt to new knowledge and prac-
tices. Regular evaluations and feedback from employees are collected to ensure 
the effectiveness of the implementation of the solution, and the values of inclusivity 
and accessibility are instilled as part of the organization’s culture through internal 
campaigns and joint activities. Thus, documented knowledge becomes tacit knowl-
edge internalized in individuals and organizational culture, creating a more inclusive 
and disability-friendly work environment.
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Table 3 Combination result 

Parameter Obstacles Solution 

Uses Difficulties in marketing and sales Conducted marketing and sales training for 
people with disabilities and utilized digital 
platforms to expand market reach 

Facilities There needs to be more adequate 
business and supporting facilities 

Develop and improve business and 
supporting facilities, including 
disability-friendly technology and 
infrastructure 

The design of the space does not 
meet the needs of people with 
disabilities 

Repairs and adjustments to workspace 
designs to ensure comfort and safety for 
people with disabilities 

Physical accessibility and 
information are still lacking 

Repairs and adjustments to workspace 
designs to ensure comfort and safety for 
people with disabilities 

Policy Unplanned inclusive policies Design and implement inclusive policies 
that support people with disabilities in the 
workplace 

Lack of awareness and skills 
programs 

Conduct awareness and skills training 
programs regularly to improve the 
understanding and ability of persons with 
disabilities 

Collaboration Lack of involvement and support 
from the government 

Increase advocacy and cooperation with the 
government to get more significant support 
for developing SME with disabilities 

Cooperation with business, 
academia, media, and 
communities still needs to be 
improved 

Strengthen and expand cooperation with the 
business sector, academia, media, and 
communities to support the development of 
SME with disabilities 

Technology The availability and effectiveness 
of assistive devices and 
communication technology still 
need to be improved 

Identify the need for technology and 
assistive devices and conduct training on 
using such technology to support 
accessibility 

Evaluation Lack of regular supervision and 
periodic evaluation 

Implement a routine monitoring system and 
periodic evaluation to ensure that 
disability-friendly facilities are constantly 
maintained and upgraded as needed

4 Conclusion 

Implementing Knowledge Management (KM) can develop disability-friendly criteria 
in SME. Using the SECI model, the study successfully identified the main challenges 
SME face in creating an inclusive work environment: inadequate facilities, limited 
access to training programs, and social stigma. Through the stages of Socialization, 
Externalization, Combination, and Internalization, the accumulated knowledge is 
integrated and applied as practical solutions that include improving facilities, regular
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training, and developing inclusive policies. Implementing KM not only improves 
employees’ understanding and skills of the needs of people with disabilities but also 
creates a more inclusive and supportive organizational culture. The results of this 
study provide comprehensive guidance and practical recommendations for policy-
makers and SME actors in building a disability-friendly business ecosystem, thereby 
increasing active participation and equality of benefits for persons with disabilities 
in the SME sector. 
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Abstract The textile industry significantly contributes to Indonesia’s Gross 
Domestic Product, accounting for 7.1% of the non-oil and gas sector in 2019, 
which declined to 5.8% in 2023. This industry encompasses upstream (fiber-making 
and spinning), midstream (weaving, knitting, printing, dyeing), and downstream 
(garment production) segments. The capital-intensive yarn spinning sector is crucial, 
with raw materials and energy comprising 58.1% and 18.5% of costs, respectively. 
Effective supplier selection can reduce these costs and enhance market competitive-
ness. Beyond price and quality, supplier selection now prioritizes sustainability, in 
alignment with the United Nations’ Sustainable Development Goals. This shift is 
essential for enhancing competitiveness and addressing climate change challenges. 
This study employs a combined Fuzzy Analytic Hierarchy Process (FAHP) and 
Fuzzy Technique for Order of Preference by Similarity to Ideal Solution (FTOPSIS) 
to assess sustainable supplier selection (SSS) criteria in the textile industry. The 
FAHP results indicate that the economy is the most important criterion among the 
three (economy, environmental, and social). Product quality is the most important 
among the sub-criteria, while social responsibility is considered the least important. 
FTOPSIS identifies Supplier B as the best supplier of all supplier alternatives. The 
findings offer a deeper understanding of SSS dynamics within the textile industry. 
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1 Introduction 

The textile industry plays a significant role in Indonesia’s economy, contributing 
7.1% to the non-oil and gas GDP in 2019, which has declined to 5.8% by 2023 [1]. 
This sector encompasses various processes from fiber-making to garment production. 
Notably, the yarn spinning segment, which is capital-intensive and technologically 
advanced, faces substantial costs for raw materials (58.1%) and energy (18.5%) 
[2, 3]. Consequently, supplier selection, which has traditionally focused on price 
and quality, is now increasingly integrating sustainable practices aligned with the 
Sustainable Development Goals (SDGs), which are essential for competitiveness 
and climate change mitigation [4]. 

The origins of thread spinning date back 8000 years, with archaeological evidence 
suggesting its practice around 6000 BC. The mechanization of yarn production began 
with the introduction of the spinning wheel in 1300 AD and continued evolving 
through various innovations until the adoption of cap spinning and later ring spinning 
in the 1960s [5]. Today, synthetic fibers dominate the global fiber market, projected 
to reach 142 million tons by 2030 [6]. 

Sustainable Supplier Selection (SSS) and the textile industry are central themes 
in SSS Management [7]. Research on SSS in the textile industry offers valuable 
insights; for instance, Wang et al. [8] utilized a fuzzy Multi-Criteria Decision-Making 
(MCDM) approach in Vietnam’s garment industry, while Rahman et al. [9] devel-
oped an MCDM framework for Bangladesh’s textile dyeing industry, prioritizing 
criteria such as chemical quality, cost, and delivery timeliness, and ranking one of 
the suppliers as being the most sustainable. 

Businesses worldwide are adopting sustainable supplier selection practices to 
meet environmental imperatives, integrating economic, environmental, and social 
factors as emphasized by the World Economic Development Commission (WCED). 
Using Multi-Criteria Decision-Making (MCDM) techniques like TOPSIS and AHP, 
companies evaluate suppliers based on environmental impact, social responsi-
bility, and economic viability, aligning business practices with global sustainability 
principles [10, 11]. 

Despite a noticeable gap in research, particularly in the yarn spinning sector, there 
is a significant opportunity for further investigation. This study focuses on sustainable 
supplier selection (SSS) within yarn spinning industry, aiming to enhance operational 
efficiency, address environmental concerns, and promote social responsibility across 
the textile supply chain. Utilizing FAHP and FTOPSIS techniques, the study seeks 
to develop a robust methodology tailored to the unique challenges faced by the 
yarn spinning sector, such as rising raw material and energy costs. The research is 
specifically limited to the yarn spinning sector in Indonesia, with insights gathered 
from experts within these companies. By leveraging industry expertise, the study 
aims to address complex decision-making requirements in SSS and contribute to a 
more sustainable and resilient textile industry.
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Table 1 Search keywords and results 

Search keywords Database Results 

Sustainable supplier selection AND textile OR yarn OR weaving OR 
knitting OR garment 

Scopus 39 

Sustainable supplier selection AND textile WoS 33 

Green supplier selection textile AND yarn AND weaving AND knitting 
AND garment 

Scopus 20 

Green supplier selection AND textile WoS 19 

2 Research Methodology 

2.1 Criteria Development 

To identify criteria for SSS in the textile industry, a structured literature review was 
conducted using the Scopus and Web of Science databases, as detailed in Table 1. 
These databases were chosen because they are among the most widely utilized in 
academic research. Initially, 111 papers were identified, and refined to 69 unique 
papers after duplicate removal. A rigorous screening process, focused on relevant 
titles and abstracts, narrowed the selection to 40 research papers. Subsequent full-
text reviews confirmed sustainable selection criteria in 10 papers, unveiling primary 
criteria—economic, environmental, and social—each further segmented into six sub-
criteria, detailed in Table 2. The hierarchy structure of criteria and sub-criteria is 
illustrated in Fig. 1.

2.2 Questionnaire 

This study involved collaboration with seasoned professionals from the Indonesian 
textile industry, particularly those specializing in yarn spinning, to assess SSS prac-
tices. The examination was focused on the five foremost synthetic fiber manufac-
turers, pivotal entities within the realm of yarn spinning. Employing two distinct 
questionnaires, the FAHP questionnaire was utilized to ascertain the weighting of 
economic, environmental, and social criteria, alongside 18 sub-criteria, through 
expert-driven pairwise comparisons. Concurrently, the FTOPSIS questionnaire 
aimed to discern the optimal sustainable supplier by soliciting expert evaluations 
of each supplier’s performance across these 18 sub-criteria. This methodological 
approach facilitated an intricate evaluation of supplier performance and sustainability 
initiatives.
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Table 2 Explanation of sub-criteria 

Criteria Sub-criteria Explanation Reference 

Economy Competitive pricing 
and logistics costs 
(EC1) 

The ability of suppliers to offer 
competitive prices and efficiency 
in logistics costs 

Ali and Zhang [12], 
Fadara and Wong 
[13] 

Product quality 
(EC2) 

Evaluates the consistency of 
product quality according to 
industry standards and customer 
needs 

Ali and Zhang [12], 
Fadara and Wong 
[13], Güner Gören 
and Şenocak [14] 

Delivery reliability 
(EC3) 

Assessing the supplier’s ability to 
deliver goods on time as agreed 
upon schedule 

Ali and Zhang [12], 
Tong et al. [15], 
Sivaprakasam et al. 
[16] 

Order flexibility 
(EC4) 

Supplier’s ability to adapt to 
changes in orders and specific 
requests from the company 

Tong et al. [15], 
Celik et al. [17] 

Payment method 
flexibility (EC5) 

Availability of various payment 
options to meet the company’s 
preferences and financial 
conditions 

Celik et al. [17], 
Rodrigues et al. [18] 

Supplier financial 
stability (EC6) 

Evaluate the supplier’s financial 
strength in maintaining operations 
and fulfilling long-term 
commitments 

Celik et al. [17], 
Kusi-Sarpong et al. 
[19], Yang and 
Wang [20] 

Environmental Environment 
standards 
compliance (EV1) 

Evaluate supplier’s compliance 
level with environmental 
standards, such as ISO 14001 

Ali and Zhang [12], 
Tong et al. [15], 
Sivaprakasam et al. 
[16] 

Pollution reduction 
(EV2) 

Supplier’s efforts to reduce 
carbon emissions and other 
pollutants from their production 
processes 

Ali and Zhang [12], 
Sivaprakasam et al. 
[16], Fallahpour 
et al. [21] 

Waste management 
(EV3) 

Supplier’s ability to effectively 
manage waste, including 
reduction, processing, and 
utilization of waste 

Sivaprakasam et al. 
[16], Celik et al. 
[17], Fallahpour 
et al. [21] 

Energy and resource 
efficiency (EV4) 

Evaluate supplier’s efficiency in 
using energy and natural 
resources 

Celik et al. [17], 
Yang and Wang [20] 

Contribution to 
environmental 
conservation (EV5) 

Recognition of suppliers actively 
participating in environmental 
conservation efforts, both through 
internal activities and external 
collaborations 

Tong et al. [15], 
Yang and Wang [20] 

Innovation in 
sustainability (EV6) 

Evaluate supplier’s investment in 
developing new materials and 
technologies that support 
environmental goals 

Sivaprakasam et al. 
[16], Kusi-Sarpong 
et al. [19], Yang and 
Wang [20]

(continued)
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Table 2 (continued)

Criteria Sub-criteria Explanation Reference

Social Work welfare and 
safety (SO1) 

Assessment of the supplier’s 
efforts to ensure the safety and 
health of workers 

Celik et al. [17], 
Rodrigues et al. 
[18], Fallahpour 
et al. [21] 

Fair labor practices 
(SO2) 

Evaluation of the supplier’s labor 
practices, including fairness in 
recruitment, career development 
opportunities, and 
non-discrimination policies 

Tong et al. [15], 
Fallahpour et al. 
[21] 

Human resources 
development (SO3) 

Assessment of the supplier’s 
investment in developing its 
human resources 

Rodrigues et al. 
[18], Kusi-Sarpong 
et al. [19] 

Stakeholder 
relationship 
management (SO4) 

Supplier’s effectiveness in 
managing relationships with 
stakeholders 

Güner Gören and 
Şenocak [14], 
Rodrigues et al. [18] 

Responsiveness to 
stakeholders (SO5) 

Evaluate the supplier’s ability to 
respond quickly and effectively to 
feedback, needs, and expectations 
from various stakeholders 

Yang and Wang 
[20], Fallahpour 
et al. [21] 

Social 
responsibility (SO6) 

Supplier support for local 
communities, as well as 
participation in philanthropic and 
social activities 

Sivaprakasam et al. 
[16], Celik et al. 
[17], Rodrigues 
et al. [18] 

Sustainable Supplier 

Selection Problem 

Economy SocialEnvironmental 

EC6EC5EC4EC2 EC3EC1 EV6EV5EV4EV2 EV3EV1 SO6SO5SO4SO2 SO3SO1 

Supplier A Supplier ESupplier DSupplier B Supplier C 

Fig. 1 Hierarchy structure of criteria and sub-criteria
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2.3 Fuzzy Analytic Hierarchy Process Method 

The FAHP represents a refined iteration of the AHP, tailored to enhance decision-
making in contexts fraught with uncertainty and subjective assessments. While 
AHP adeptly dissects complex decisions into manageable hierarchies, its effec-
tiveness can wane when confronted with the inherent vagueness or uncertainty of 
human judgment. FAHP mitigates these shortcomings by integrating fuzzy logic, 
thus capturing the intricacies of real-world decision-making more comprehensively 
[22]. By employing fuzzy numbers, such as Triangular Fuzzy Numbers (TFNs), 
FAHP allows decision-makers to express preferences linguistically rather than 
solely numerically, fostering a more nuanced representation of subjective judgments. 
Consequently, FAHP contributes a refined methodology that not only accommodates 
imprecision but also offers a more accurate depiction of decision-maker preferences, 
thus enriching the decision-making process. 

This study aims to explore how industry practitioners prioritize criteria for 
selecting a sustainable supplier. Utilizing the FAHP, this research assigns weights to 
each criterion through several steps. Initially, industry respondents complete a ques-
tionnaire that includes pairwise comparisons of criteria and sub-criteria, adhering to 
a TFN scale like that described in Table 3. For example, ãij = 2 in important scale, 
which is mean ãij = (1, 2, 3). Subsequently, the data gathered from the question-
naire informs the calculation of weights and relative importance for each criterion 
and sub-criterion. Here are the FAHP’s several key steps: 

• Hierarchy Structuring: The problem is structured into a hierarchy, breaking down 
the decision into criteria and sub-criteria.

• Pairwise Comparisons: Criteria and sub-criteria are compared in pairs using 
linguistic scales, which are converted into TFNs.

• Fuzzy Synthesis: Fuzzy numbers are aggregated to determine fuzzy weights for 
each criterion and sub-criterion.

• Defuzzification: The fuzzy weights are converted to crisp values using methods 
such as the centroid method to rank the criteria.

• Consistency Check: The consistency ratio is computed to ensure the reliability of 
the judgments using Saaty’s consistency ratio (CR) in the following manner: 

CR = CI/RI (1)

Table 3 The fuzzy AHP conversion scale 

Importance scale Linguistic value TFN 

1 Both criteria are equally important (1, 1, 1)  

2 One criterion is slightly more important than the other (1, 2, 3)  

3 One criterion is clearly more important than the other (2, 3, 4)  

4 One criterion is strongly more important than the other (3, 4, 5)  

5 One criterion is overwhelmingly more important than the other (5, 5, 5)



Solving Sustainable Supplier Selection Problems Based on FAHP … 209

CI = (λmax− n)/(n −1) (2) 

where CR is consistency ratio, RI is random index, CI is consistency index, 
λmax is the max eigenvalue of the comparison matrix, and n is the number of 
criteria. Readers intrigued by the procedural intricacies of the FAHP calculation 
process are encouraged to check out Liu et al. [22] for further elucidation. 

2.4 Fuzzy TOPSIS Method 

The TOPSIS stands as a widely embraced method within MCDM. Renowned for 
its user-friendly nature, computational efficiency, and robust mathematical frame-
work, TOPSIS has become a favored approach across diverse decision-making 
domains. FTOPSIS emerges as a natural extension of the conventional method, inte-
grating fuzzy logic to accommodate uncertainty and imprecision prevalent in MCDM 
contexts. By harnessing fuzzy numbers and linguistic variables, FTOPSIS endeavors 
to capture the subtle nuances of subjective judgments and preferences, thus enriching 
the decision-making process [23, 24]. 

After the respondents answered the pairwise comparison questionnaire, they were 
asked again to answer the questionnaire to rate the performance of 5 suppliers based 
on the 18 sub-criteria using a scale of 1–5 as depicted in Table 4. For example, xij = 2 
in performance scale, it means xij = (1, 2, 3). Using the weight derived from the 
FAHP, the performance of alternative suppliers will be calculated using FTOPSIS. 
Here is the FTOPSIS process: 

• Constructing the Decision Matrix: Alternatives are evaluated across criteria, with 
performance ratings expressed as fuzzy numbers.

• Normalizing the Decision Matrix: Performance ratings are normalized for 
comparability.

• Weighting the Normalized Matrix: The normalized ratings are multiplied by the 
FAHP-derived weights.

• Determining Ideal and Negative-Ideal Solutions: The ideal solution represents the 
best performance, while the negative-ideal solution represents the worst.

Table 4 The fuzzy TOPSIS conversion scale 

Performance scale Linguistic value TFN 

1 Very poor: does not meet criteria/severe problem (1, 1, 1)  

2 Poor: below average performance (1, 2, 3)  

3 Average: standard performance (2, 3, 4)  

4 Good: good performance, few areas need improvement (3, 4, 5)  

5 Very good: meets/exceeds criteria, outstanding performance (5, 5, 5)
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• Calculating the Distance to Ideal Solutions: The distance of each alternative from 
the ideal and negative-ideal solutions is calculated using fuzzy distance measures.

• Closeness Coefficient Calculation: The closeness coefficient is computed for each 
alternative to determine its ranking. 

Readers intrigued by the procedural intricacies of the FTOPSIS calculation 
process are referred to NǍdǍban et al. [23] for further elucidation. The conclu-
sive phase of the FTOPSIS method relies on the closeness coefficient. The alter-
native exhibiting the highest closeness coefficient is deemed the optimal supplier 
alternative. 

3 Experiment Result 

3.1 Respondents Demographics 

This paper encompasses 31 participants from 22 companies within the yarn spin-
ning industry, embodying a spectrum of roles and departments. Their roles span 6 
managers, 17 supervisors, and 8 staff members, highlighting a diverse professional 
landscape. Educationally, participants range from high school diplomas to master’s 
degrees, blending practical expertise with academic depth. Experience-wise, they 
range from under five years to over twenty, offering a comprehensive perspective on 
SSS practices. This demographic breadth enhances the research’s applicability and 
relevance across diverse facets of the textile industry. 

3.2 FAHP Result and Analysis 

As depicted in Table 5, the FAHP analysis identified economic criteria as the most 
significant factor in sustainable supplier selection for Indonesia’s yarn spinning 
industry, with a weight of 0.451. Product quality and competitive pricing are the top 
sub-criteria within this category, with local weights of 0.246 and 0.245, respectively. 
This prioritization underscores the industry’s focus on cost-effectiveness and main-
taining high-quality standards, reflecting the importance of these factors in global 
supply chain management as highlighted in previous studies by Wang et al. [8] and 
Rahman et al. [9]. The emphasis on economic criteria indicates the industry’s need 
to balance competitive pricing with superior product quality to remain viable and 
competitive in the market.

Environmental criteria follow closely with a weight of 0.302, demonstrating a 
strong commitment to sustainability. Key sub-criteria include environmental stan-
dards compliance and waste management, with local weights of 0.232 and 0.184, 
respectively, highlighting efforts to minimize environmental impact. This aligns with
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Table 5 Overall ranking of sub-criteria 

Criteria Sub-criteria Criteria 
weight 

Local 
weight 

Local 
rank 

Global 
weight 

Global 
rank 

Economy Competitive 
pricing and 
logistics costs 

0.451 0.245 2 0.11152 2 

Product quality 0.246 1 0.11153 1 

Delivery 
reliability 

0.157 3 0.07069 3 

Order flexibility 0.123 5 0.05532 9 

Payment method 
flexibility 

0.126 4 0.05648 6 

Supplier financial 
stability 

0.103 6 0.04585 11 

Environment Environment 
standards 
compliance 

0.302 0.232 1 0.07005 4 

Pollution 
reduction 

0.183 3 0.05532 8 

Waste 
management 

0.184 2 0.05548 7 

Energy and 
resource efficiency 

0.161 4 0.04870 10 

Contribution to 
environmental 
conservation 

0.123 5 0.03727 14 

Innovation in 
sustainability 

0.116 6 0.03501 15 

Social Work welfare and 
safety 

0.247 0.246 1 0.06003 5 

Fair labor 
practices 

0.179 2 0.04398 12 

Human resources 
development 

0.169 3 0.04179 13 

Stakeholder 
relationship 
management 

0.139 4 0.03465 16 

Responsiveness to 
stakeholders 

0.133 5 0.03319 17 

Social 
responsibility 

0.124 6 0.03120 18
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Table 6 Ranking of suppliers 

Supplier D+ D− CCI Rank 

Supplier A 0.5362 0.0048 0.0088 5 

Supplier B 0.0002 0.4948 0.9995 1 

Supplier C 0.0538 0.2399 0.8169 4 

Supplier D 0.0534 0.2972 0.8477 2 

Supplier E 0.0537 0.2610 0.8295 3 

global trends toward environmentally responsible practices, as noted by Yang and 
Wang [20]. Social criteria rank third with a weight of 0.247, emphasizing work 
welfare and safety as the most critical social sub-criterion, with a local weight 
of 0.246. Among all sub-criteria, product quality has the highest global weight at 
0.11153, while social responsibility ranks lowest at 0.03120. These results indicate 
the industry’s prioritization of economic and environmental factors, with a signifi-
cant yet lesser emphasis on social aspects. The low consistency ratio (CR) of 0.026 
confirms the reliability of these assessments. These results also underscore the need 
for a balanced approach in supplier selection to achieve sustainability. 

3.3 FTOPSIS Result and Analysis 

Employing FTOPSIS, the study assesses five raw material suppliers within 
Indonesia’s yarn spinning industry using 18 sub-criteria to determine the optimal 
sustainable supplier. The results are detailed in Table 6. 

The results show that Supplier B is the top performer, with a closeness coefficient 
index (CCI) of 0.9995, indicating its strong alignment with the ideal supplier profile. 
This makes Supplier B the optimal choice for raw material supply in Indonesia’s yarn 
spinning industry. In contrast, Supplier A is the worst performer, with the lowest CCI 
of 0.0088. 

4 Conclusion and Future Research 

This study evaluates sustainable supplier selection (SSS) in Indonesia’s textile 
industry using FAHP and FTOPSIS methodologies. Economic criteria are paramount, 
with a weight of 0.451, emphasizing product quality and competitive pricing. Envi-
ronmental criteria, weighted at 0.302, underscore the commitment to sustainability 
through compliance and waste management. Social criteria, though less emphasized 
at 0.247, prioritize work welfare and safety. FTOPSIS analysis ranks Supplier B 
as the most ideal supplier with a CCI of 0.9995, indicating strong alignment with 
sustainable practices. Supplier A ranks lowest, highlighting areas for improvement.
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This study offers a comprehensive SSS framework for the yarn spinning industry, 
providing a structured approach to sustainable supplier selection. The findings high-
light the industry’s prioritization of economic and environmental criteria while 
underscoring the need for greater attention to social factors. Future research should 
compare SSS criteria across different textile sectors, such as weaving, knitting, and 
dyeing, to develop a comprehensive framework and make a case study to evaluate the 
whole textile industry. Another direction is to identify barriers to implementing SSS 
practices within the textile industry and propose strategies to enhance sustainability 
and supply chain resilience. 
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Vendor Managed Inventory Model 
Considering Degree of Component 
Commonality and Quality Inspection 
Policies 

Yosi Agustina Hidayat and Nadin Fadilla 

Abstract In this paper, Vendor Managed Inventory (VMI) model is combined with 
quality inspection policy according to defect fraction. This condition is found in a 
product with degree of component commonality of its raw materials. Calculation of 
optimal inventory policy will be carried out by considering the degree of common-
ality of the component and the presence of defective fractions in the ordering lot. 
We develop 5 (five) inventory policy models that represent the raw material quality 
inspection methods: (a) without inspection; (b) 100% inspection with replacement 
of defective raw materials; (c) 100% inspection without replacement; (d) acceptance 
sampling with replacement; and (e) acceptance sampling without replacement. The 
objective function of the five models is to minimize the combined total cost of VMI 
inventory and quality inspection. Based on the result, the optimum policy is the 
acceptance sampling without replacement. This policy results in 20.90% holding-
cost saving, 57.51% shortage-cost saving, 53.08% quality inspection-cost saving, 
and 98.26% ordering-cost increasing compared to existing costs. This cost saving is 
obtained because the VMI supply chain system considers the component common-
ality, which is possible for a shorter lead time to occur which reduces inventory costs 
in the form of decreasing the cost of safety stock and the possibility of shortages of 
raw materials. 

Keywords VMI · Component commonality strategy · Quality inspection policy ·
Defect fraction
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1 Introduction 

The intensity of market competition in the globalization era brings a challenge for 
a company to manage its own supply chain (SC) system. This transformation and 
uncertainty regarding the state of market development become essential and the 
company’s focus to clearly understand its procurement system. In recent years, 
firms in many industries have experienced the need to offer increasing levels of 
product variety [1]. While the length of the product life cycle during which profits 
can be earned is becoming shorter due to rapid technological advances [2], the cost 
of developing and offering products has been rising sharply due to the increasing 
complexity of product variety. One major source of complexity faced by firms is the 
proliferation of components and component suppliers, which leads to higher product 
development and component quality costs. Besides, a different production system 
(i.e., made to order (MTO) or made to stock (MTS)) has different supplier selec-
tion criteria [3]. The more complicated the SC network is, the more combination 
of MTO and MTS strategy should be considered [3]. The production system has an 
impact on the supplier selection, and the existing suppliers can affect the selection 
of the production system reciprocally. The supplier with a long delivery time may 
change the production mode from MTO to MTS since the supplier cannot quickly 
respond to the market. Due to this situation, Wang et al. [4] investigated coordination 
mechanisms for cases in which the SC is decentralized. One of the decentralization 
strategies is Vendor Managed Inventory (VMI). 

In this paper, the product studied is solar water heater (SWH) produced by renew-
able energy company. SWH is an energy-based product by utilizing sunlight as energy 
source. This product was chosen because it provides the largest percentage of product 
sales to the company. The company experienced a decrease in sales of this product. 
As a solution, the company’s engineering division develops the raw material of SWH 
panels by considering the strategy of using common components in the structure of 
the raw material for the product, known as the component commonality concept. 
The company also experienced problems related to the arrival of raw materials by 
suppliers. Even though the inspection process has been conducted, there are still 
defective fractions of components that are passed in the production process, so that 
the quality of the final product does not meet company standards, and it can reduce 
customer satisfaction. 

One approach to solve the problem is through coordination within SC using VMI. 
According to [5], VMI represents a strategy in SC that have short replenishment time 
with frequency and on-time delivery so that it can reduce the delivery cost. VMI has a 
role in reducing inventory cost and simultaneously ensuring the availability inventory 
level [6]. In the VMI system, buyer inventory is monitored and controlled by supplier. 
Suppliers will be responsible for making the raw material delivery with the right 
amount and at the right time to prevent stock out that can impact on customer service 
level at buyer level. The successful implementation of VMI can be achieved with
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good collaboration between the two parties as well as trust to share information with 
each other. In this paper, VMI model is combined with quality inspection policy 
according to defect fraction in a product with component commonality of its raw 
materials. 

2 Literature Study and Model Development 

VMI is one form of relationship between two companies with different echelons 
(buyer and seller). VMI was developed in the late 1980s and is currently one of 
the most popular models to improve the SC integration [7]. VMI becomes complex 
because there is acquisition in reorder and inventory management by the vendor. In 
other words, to determine when the purchasing order is being issued by the vendor 
and how much the amount is based on the material usage history. For VMI to run 
smoothly, buyers should share the information about their procurement business 
process and material usage history, while the vendor should share their information 
about procurement and how they do the material delivery. 

The component commonality concept is a strategy for using the same component 
in producing a variety of products. Commonality is an approach where two or more 
different components for different final products are replaced by common component 
that can perform the function it replaces [8]. This strategy can be applied in the 
company’s SC to face business challenges, especially to fulfill customer preferences 
that are growing more complex. These challenges encourage the company to become 
more innovative in designing product development strategies (product proliferation) 
to provide a variety of products with efficient cost. 

In this paper, there is also quality inspection for raw materials to produce product 
SWH. The VMI will be implemented to overcome uncertainty from suppliers, such 
as delays in the arrival of raw materials and the quality of raw materials provided by 
suppliers. The VMI will also consider the concept of component commonality. Too 
many variations tend to have a negative impact on production operations because 
they increase complexity and production costs and have an impact on the difficulty 
of estimating fluctuations in demand and controlling inventory. 

The characteristics of demand for raw materials are uncertain and there are fluc-
tuations in demand for raw materials production. In this paper, the lead time is 
considered as a decision variable to determine the optimum time for procuring raw 
materials. The characteristics of the raw material inventory obtained from suppliers 
also contain a defective fraction in each lot that arrives, so an inspection process needs 
to be carried out before the raw materials are used in the production process. The size 
of the defect fraction in each lot is uncertain, where the distribution pattern of the 
defect fraction will be determined based on the company’s historical data. Quality 
inspection policy in the form of the type of quality inspection is also a decision 
variable.
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There are several recent studies that prove the success of VMI approach. Salas-
Navarro et al. [9] proposed a joint optimization model considering VMI for deteri-
orating items at three level SC (multiple suppliers, manufacturers, and retailers) in 
dairy industry. Aligned with this paper which uses uncertainty demand, their model 
can reduce the deterioration rates and generate more profit for the SC. Their model 
also uses the cost of quality inspection which in this paper we use this cost compo-
nent to calculate total cost. With the same objective, that is cost minimization, study 
by Golpîra [10] and Khatun et al. [11] shows that the implementation of VMI can 
reduce the total cost. 

Model development was carried out with the aim of accommodating study systems 
that do not yet exist in the reference model. The reference model used is a combi-
nation of model development between [12] which accommodates the determination 
of quality inspection policies and model development in [13] and complemented by 
model development by Hidayat et al. [14] in accommodating the calculation of the 
optimum degree of commonality of components. The model formulated in [13] have  
not been able to fully answer several problems faced by companies such as the need 
for a more responsive SC so that it can be mutually beneficial, the development of 
raw materials for product SWH that consider the degree of component commonality, 
and the presence of a defect fraction in the order lot size. The model in [13] did  
not accommodate the optimum quality inspection policy in their inventory policy 
calculations, so development was carried out by adding a quality inspection cost 
component to the cost component. 

The reference model related to quality inspection policies used is the model formu-
lated in [12] which integrates optimal inventory and quality inspection policy selec-
tion models. In the reference model, the components of quality costs are the costs of 
receiving defective products, replacement costs, and inspection costs, all of which 
are expenses that must be borne by the buyer. However, in the model developed, 
with the VMI inventory system there is a division of responsibility for the compo-
nents of quality inspection costs, namely replacement costs are the responsibility of 
the supplier, inspection costs and receiving defective products are the responsibility 
of the buyer. Apart from that, the reference model also does not consider the costs 
that arise because of the inspection without replacement policy, that is the costs of 
disposing of defective raw materials. 

2.1 Model Notation 

All notations are provided from Tables 1, 2, 3 and 4.
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Table 1 Index notation of the developed model 

Notation Description Unit 

i The number of final product produced (i = A, B, …,  N) Unit 

j The total number of components (unique and common) ( j = a, b, c, …,  n) Unit 

jun The number of unique component (jun = a, c, …,  nun) Unit 

jcom The number of common component (jcom = b, …,  ncom) Unit 

Table 2 Parameter notation of the developed model 

Notation Description Unit 

Di The average buyer demand for final product i Unit 

Si The standard deviation buyer demand for final product i Unit 

Pij The order per unit of component j for final product i IDR/unit 

ASij The supplier’s ordering cost of component j for final product i IDR/order 

ABij The buyer’s ordering cost of component j for final product i IDR/order 

hij The buyer’s holding cost of component j for final product i IDR/ 
unit-time 

πij The shortage cost of component j for final product i IDR/unit 

αij The proportion of component j for final product i that remains unmet 
from the VMI supply chain stock 

% 

Ci The inspection cost per unit IDR/unit 

Cd The cost of accepting defect product IDR/unit 

Cr The cost of replacing defect product IDR/unit 

p The average fraction of defects in product % 

Table 3 Variable notation of the developed model 

Notation Description Unit 

ssij The safety stock of component j for final product i Unit 

Nij The expected inventory shortage of component j for final product i Unit 

TC ′ The total inventory cost in VMI supply chain IDR/time 

KB′ The buyer’s inventory cost IDR/time 

KS ′ The supplier’s inventory cost IDR/time 

Ob The cost of purchasing component j for final product i IDR/time 

Op The cost of ordering component j for final product i IDR/time 

Os The supplier’s holding cost of component j for final product i IDR/time 

Ok The shortage cost of component j for final product i IDR/time 

Oss The supplier’s set-up cost of component j for final product i IDR/time 

OQ The expected quality cost over the planning horizon IDR/time
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Table 4 Decision variable of the developed model 

Notation Description Unit 

e′
ijun 

The degree of commonality, i.e., the percentage of unique component jun for 
final product i produced using common component 

– 

Q′
ij The order lot size of component j for final product i Unit 

L′
ij The lead time of component j for final product i Time 

r′ij The reorder point of component j for final product i Unit 

2.2 Model Formulation 

By combining the VMI inventory system and the five choices of quality inspec-
tion methods, there are five developed model, namely the VMI inventory model (a) 
without inspection; (b) 100% inspection with replacement of defective raw materials; 
(c) 100% inspection without replacement; (d) acceptance sampling with replace-
ment; and (e) acceptance sampling without replacement. The performance measure 
of this inventory system is minimizing the combined expected total cost of inventory 
and quality inspection. The expected total cost is obtained by totalizing the buyer’s 
inventory cost and supplier’s inventory cost as shown in Eq. (1). 

TC ′ = KB′ + KS ′ = 
N∑

i=1

(
Obi + Opi + Osi + Ok i + Ossi + Oqi

)
(1) 

Without Inspection. In this model, there is no inspection carried out when all the 
raw materials are received by the buyer. Therefore, the components of quality costs 
that will be borne by the buyer are the costs of receiving defective products and 
disposal costs. 

TC ′ = 
N∑

i=1

[
Pijun

(
1 − eijun

)
Di + PijcomeijunDi + Cdijun

(
1 − eijun

)
Dip 

+CdijcomeijunDip + Cbijun

(
1 − eijun

)
Dip + CbijcomeijunDip

]
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+ 
N∑

i=1 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ 

ABijun

(
1 − eijun

)
Di 

Q′
ijun 

+ 
ABijcomeijunDi 

Q′
ijcom 

+hijun

{
1 

2 
Q′

ijun + ZαSi
(
1 − eijun

)√
L′
ijun

}

+hijcom

{
1 

2 
Q′

ijcom + ZαSieijun 
√
L′
ijcom

}

+ 
πijun

(
1 − eijun

)2 
DiSiβ

√
L′
ijun 

Q′
ijun 

+ 
πijcom

(
eijun

)2 
DiSiβ 

√
L′
ijcom 

Q′
ijcom 

+ 
ASijun

(
1 − eijun

)
Di 

Q′
ijun 

+ 
ASijcomeijunDi 

Q′
ijcom 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ 

(2) 

With 100% Inspection and Replacement. The raw materials received will be 
completely inspected by the buyer and when defective raw materials are found, 
the supplier must replace them with new raw materials of good quality. Therefore, 
the quality costs in this model consist of inspection costs and replacement costs. 
Inspection costs are the responsibility of the buyer and replacement costs are the 
responsibility of the supplier. 

TC′ = 
N∑

i=1

[
Pijun

(
1 − eijun

)
Di + Pijcom eijun Di + Ciijun

(
1 − eijun

)
Di + Ciijcom eijun Di

]

+ 
N∑

i=1

[
ABijun

(
1 − eijun

)
Di 

Q′
ijun 

+ 
ABijcom eijun Di 

Q′
ijcom

]

+
[
hijun

{
1 

2 
Q′
ijun + ZαSi

(
1 − eijun

)√
L′
ijun

}
+ hijcom

{
1 

2 
Q′
ijcom + ZαSieijun 

√
L′
ijcom

}]

+ 

⎡ 

⎣ 
πijun

(
1 − eijun

)2 DiSiβ 
√
L′
ijun 

Q′
ijun 

+ 
πijcom

(
eijun

)2 DiSiβ
√
L′
ijcom 

Q′
ijcom 

⎤ 

⎦ 

+
[
ASijun

(
1 − eijun

)
Di 

Q′
ijun 

+ 
ASijcom eijun Di 

Q′
ijcom

]
+ Crijun

(
1 − eijun

)
Dip̄ + Crijcom eijun Dip̄ (3) 

100% Inspection and without Replacement. In this model, the quality inspection 
policy is used to inspect all raw materials received by the company, but any raw 
materials found to be defective will not be replaced with good quality raw materials. 
This policy will cause a difference between the number of raw materials stored 
temporarily before the production process takes place and the raw materials ordered. 
The magnitude of this difference is influenced by the average fraction of defects 
found in the order lot when the inspection is carried out. The quality inspection 
policy for this model is the responsibility of the buyer.
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TC ′ = 
N∑

i=1

[
Pijun

(
1 − eijun

)
Di + PijcomeijunDi + 

Ciijun

(
1 − eijun

)
Di 

1 − p̄
+ 

CiijcomeijunDi 

1 − p̄ 

+ 
Cbijun

(
1 − eijun

)
Dip̄ 

1 − p̄
+ 

CbijcomeijunDip̄ 

1 − p̄

]

+ 
N∑

i=1

[
ABijun

(
1 − eijun

)
Di 

Q′
ijun (1 − p̄)

+ 
ABijcomeijunDi 

Q′
ijcom (1 − p̄)

]

+
[
hijun

{
1 

2 
Q′

ijun (1 − p̄) + ZαSi
(
1 − eijun

)√
L′
ijun

}

+hijcom

{
1 

2 
Q′

ijcom (1 − p̄) + ZαSieijun 
√
L′
ijcom

}]

+ 

⎡ 

⎣ 
πijun

(
1 − eijun

)2 
DiSiβ 

√
L′
ijun 

Q′
ijun (1 − p̄)

+ 
πijcom

(
eijun

)2 
DiSiβ 

√
L′
ijcom 

Q′
ijcom (1 − p̄) 

⎤ 

⎦ 

+
[
ASijun

(
1 − eijun

)
Di 

Q′
ijun (1 − p̄)

+ 
ASijcomeijunDi 

Q′
ijcom (1 − p̄)

]
(4) 

Sampling Inspection with Replacement. In this model, n items of raw materials 
received will be taken for inspection by the buyer and when defective raw materials 
are found, the supplier must replace them with new raw materials of good quality. 
Inspection costs and costs for receiving defective products are the responsibility of 
the buyer and costs for replacing defective products are the responsibility of the 
supplier. 

TC′ = 
N∑

i=1

[
Pijun

(
1 − eijun

)
Di + Pijcom eijun Di + Di

(
1 − eijun

)
[
Ciijun + ϕ(n, c) − 

nϕ(n, c) 
Q′
ijun

]

+Dieijcom

[
Ciijcom + ϕ(n, c) − 

nϕ(n, c) 
Q′
ijcom

]]

+ 
N∑

i=1

[
ABijun

(
1 − eijun

)
Di 

Q′
ijun 

+ 
ABijcom eijun Di 

Q′
ijcom

]

+
[
hijun

{
1 

2 
Q′
ijun + ZαSi

(
1 − eijun

)√
L′
ijun

}
+ hijcom

{
1 

2 
Q′
ijcom + ZαSieijun 

√
L′
ijcom

}]

+ 

⎡ 

⎣ 
πijun

(
1 − eijun

)2 DiSiβ 
√
L′
ijun 

Q′
ijun 

+ 
πijcom

(
eijun

)2 DiSiβ 
√
L′
ijcom 

Q′
ijcom 

⎤ 

⎦ 

+
[
ASijun

(
1 − eijun

)
Di 

Q′
ijun 

+ 
ASijcom eijun Di 

Q′
ijcom

]

+ Di
(
1 − eijun

)
⎡ 

⎣Crijun p̄ − 
c∑

y=0 

Crijun mn(y)Pn(y)

(
1 − n 

Q′
ijun

)⎤ 

⎦
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+ Dieijun 

⎡ 

⎣Crijcom p̄ − 
c∑

y=0 

Crijcom mn(y)Pn(y)

(
1 − n 

Q′
ijcom

)⎤ 

⎦ (5) 

Sampling Inspection without Replacement. Every lot that comes from the supplier 
will be sampled for inspection and there will be two conditions. If an order lot is 
accepted, it means that the number of defective products in the sample does not 
exceed the acceptance limit. There remains the possibility of the lot still containing 
defective raw materials. Therefore, it is possible to have costs for receiving defects 
from the lot that is not inspected. If an order lot is rejected, it means that the number 
of defective products in the sample exceeds the acceptance limit so that a 100% 
inspection of the lot size will then be carried out. 

TC′ = 
N∑

i=1

[
Pijun

(
1 − eijun

)
Di + Pijcom eijun Di

]

+ 
Di

(
1 − eijun

)[
Q′
ijun

(
Ciijun + Cbijun p + ϕ(n, c)

) − nϕ(n,c) 
Q′
ijun

]

Q′
ijun

[
1 − p + λ(n, c)

] − nλ(n, c) 

+ 
Dieijcom

[
Q′
ijcom

(
Ciijcom + Cbijcom p + ϕ(n, c)

) − nϕ(n,c) 
Q′
ijcom

]

Q′
ijcom

[
1 − p + λ(n, c)

] − nλ(n, c) 

+ 
N∑

i=1

[
ABijun

(
1 − eijun

)
Di 

Q′
ijun 

(1 − p + λ(n, c)) − nλ(n, c) 
+ ABijcom eijun Di 

Q′
ijcom 

(1 − p + λ(n, c)) − nλ(n, c)

]

+
[
hijun

{
Q′
ijun 

(1 − p + λ(n, c)) 
2

− nλ(n, c) + ZαSi
(
1 − eijun

)√
L′
ijun

}

+hijcom

{
Q′
ijun 

(1 − p + λ(n, c)) 
2

− nλ(n, c) + ZαSieijun 

√
L′
ijcom

}]

+ 

⎡ 

⎣ 
πijun

(
1 − eijun

)2 DiSiβ 
√
L′
ijun 

Q′
ijun 

(1 − p + λ(n, c)) − nλ(n, c) 
+ 

πijcom
(
eijun

)2 DiSiβ 
√
L′
ijcom 

Q′
ijcom 

(1 − p + λ(n, c)) − nλ(n, c) 

⎤ 

⎦ 

+
[

ASijun
(
1 − eijun

)
Di 

Q′
ijun 

(1 − p + λ(n, c)) − nλ(n, c) 
+ ASijcom eijun Di 

Q′
ijcom 

(1 − p + λ(n, c)) − nλ(n, c)

]
(6) 

3 Results and Analysis 

There are three types of raw materials that compose the SWH product (panel glass, 
pipe rise, and seal glass). Based on Table 5, the acceptance sampling inspection model 
without replacement provides the cheapest total costs based on components of SWH 
product. Therefore, this model is then proposed as selected model. The differences 
between ordering costs, holding costs, shortage costs and supplier set-up costs are
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Table 5 Comparison of total inventory cost in IDR 

VMI inventory policy Panel glass Pipe riser Seal glass 

Without inspection 2,705,578,524 4,904,817,847 1,710,772,457 

100% inspection with replacement 2,721,963,370 4,993,389,989 1,703,879,594 

100% inpection without replacement 2,670,038,102 4,904,817,777 1,682,377,221 

Sampling inspection with replacement 2,718,102,993 4,879,995,739 1,699,819,361 

Sampling inspection without replacement 2,660,518,007 4,752,545,526 1,667,139,980 

Table 6 Improvement to proposed policy model 

Cost component Existing policy Proposed policy Improvement (%) 

Ordering cost IDR 14,166,279 IDR 28,086,000 −98.26 

Holding cost IDR 132,273,880 IDR 104,633,297 20.90 

Shortage cost IDR 59,053,798 IDR 25,091,898 57.51 

Quality cost IDR 697,946,260 IDR 327,484,693 53.08 

not significantly different from one model to another. So, it can be concluded that the 
difference in total costs between one model and another is caused by costs related to 
the quality of the raw materials. 

The implementation of VMI has resulted in a shift in cost components that were 
originally the responsibility of the buyer and are now the responsibility of the supplier. 
These cost components are ordering costs, holding costs, shortage costs, and quality 
costs. In this section, the performance evaluation of the proposed model and existing 
conditions will be reviewed only on the four cost components presented in Table 6. 
As  shown in Table  6, the proposed policy model will result in an increase in the 
ordering cost. This happens because the proposed model orders are made for 2 (two) 
types of components (unique and common components). The increase in the number 
of raw materials ordered will be directly proportional to the ordering costs incurred. 
Increasing the frequency of orders means that ordering costs also increase. 

On the other hand, there are significant savings in other cost components. Savings 
in the holding cost occur because in the VMI SC system, procurement lead times 
will be sorter and even possible there will be no lead time. Short lead times have an 
impact on the small amount of safety stock that must be stored, which then causes 
a decrease in the resulting holding costs. This result can validate the literature that 
VMI provides a solution to the inefficiencies caused by long delivery times in a 
decentralized supply chain by improving inventory management and reducing lead 
times, which enables companies to better balance the trade-offs between MTO and 
MTS. For the same condition, shortage cost also can be improved because the shorter 
lead time, the higher the replenishment rate that occurs so that the expected amount 
of raw material shortages that may occur is small. Quality cost also can be improved, 
considering that in the VMI supply chain suppliers have an obligation to provide raw
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materials of good quality to buyers. With good trust between the two actors, the cost 
components in the quality inspection policy can be minimized. 

4 Conclusion 

VMI inventory policy is determined for the raw materials that composed the product 
SWH using a mathematical model that considers the optimum degree of commonality 
of components and considers defective fractions. Based on the result, the optimum 
policy is the acceptance sampling without replacement. This policy results in 20.90% 
holding-cost saving, 57.51% shortage-cost saving, 53.08% quality inspection-cost 
saving, and 98.26% ordering-cost increasing compared to existing costs. The imple-
mentation of a VMI, as one of decentralization strategies in procurement systems, 
causes a shift in responsibility for quality inspection components. The shift in respon-
sibility occurs in the inventory cost components, such as holding costs, ordering costs 
and shortage costs that become the responsibility of the supplier. Overall, the VMI 
system considering commonality component and defect fraction will create good 
coordination between the company and suppliers in the SC so that it can reduce 
total inventory costs. For further research, this study can be extended by (1) consid-
ering product deterioration and probabilistic demand with lead time acceleration or 
lead time decision within VMI system. By accelerating lead time, the company can 
reduce the risk of deterioration and balance the trade-offs between MTO and MTS, 
especially in industries where product quality and shelf life are critical. (2) The inte-
grated work in this paper can be improved computationally by designing a decision 
support system that can accommodate the VMI-based inventory model that has been 
developed. 
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A Hybrid Multi-Criteria 
Decision-Making Model for Evaluating 
Energy Efficiency Practices 
in Indonesia’s Textile Industry 
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and Dradjad Irianto 

Abstract Energy plays a crucial role in the socioeconomic development of nations, 
especially in manufacturing sectors like the textile industry. Energy consumption 
directly impacts production costs and market competitiveness, making energy effi-
ciency essential. However, selecting and implementing the most appropriate energy 
efficiency measures are complex management problems due to numerous influencing 
factors should be considered. This study aims to develop a framework for evalu-
ating energy efficiency in the textile industry by establishing criteria and using a 
hybrid multi-criteria decision-making (MCDM) model that considers the interre-
lationships among these criteria. Expert opinions were gathered using the Delphi 
method to validate criteria from literature. Furthermore, a hybrid MCDM model 
by combining Decision-Making Trial and Evaluation Laboratory (DEMATEL) and 
Analytic Network Process (ANP) to identify interrelationships and assigned weights 
of the criteria. The study found that technical and economic factors are most critical. 
Key technical criteria include ‘Technical applicability’ and ‘Technology accessi-
bility,’ while ‘Potential of economic savings’ is the most critical economic factor. 
Other important economic criteria are ‘Implementation cost’ and ‘Operation and 
maintenance cost.’ This framework can be applied as a decision-making tool across 
various sectors, with the advantage of accounting for interrelationships among 
criteria, enhancing practical applicability.
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1 Introduction 

Energy is crucial for socioeconomic development of the nation, especially in manu-
facturing sectors like the textile industry. Energy costs can significantly affect product 
prices and competitiveness, ranging from 5 to 10% of total operating expenses 
in countries such as Brazil, China, India, Italy, Korea, Turkey, and the USA. 
In Indonesia, these costs are higher at 15–45% [1]. Implementing energy-saving 
measures in textile industry can reduce energy consumption and emissions up to 
35% [2]. 

Selecting the most appropriate energy efficiency practices are complex manage-
ment problems involving multiple factors such as social, technological, economic, 
and environmental. Multi-Criteria Decision-Making (MCDM) methods can be effec-
tive for integrating benefits, costs, and stakeholder perspectives, making them useful 
for energy planning and evaluating efficiency practices in manufacturing [3]. 

Previous studies have applied MCDM methods across industries. Ozturk et al. 
used a mix of CWM, WSM, and SRM for selecting techniques in the woolen textile 
industry [2]. Richter et al. applied PROMETHEE II to prioritize energy efficiency 
measures [3]. Banadkouki used Entropy Weight Method (EWM) and fuzzy TOPSIS 
for selecting strategies in the ceramic industry [4]. Mokhtar et al. combined AHP 
and TOPSIS for selecting measures in cement production [5]. Demirel et al. used 
PROMETHEE for selecting energy-saving measures in steam boilers [6]. 

Classical MCDM methods have their strengths but often struggle in complex 
scenarios. Combining these methods can overcome their limitations, enhancing 
decision-making efficiency [7]. A powerful hybrid approach is integrating the 
Decision-Making Trial and Evaluation Laboratory (DEMATEL) with the Analytic 
Network Process (ANP), forming DANP. DEMATEL helps in weighing interrelated 
criteria by visualizing and analyzing complex causal relationships, identifying crit-
ical factors within a system. When paired with ANP, this method effectively addresses 
weighting challenges involving interdependent criteria. DANP has been successfully 
applied in fields such as energy system analysis and low-carbon energy planning, 
showcasing its effectiveness in complex decision-making situations [8].
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2 Methods 

The framework of this study consists of three stages. First, developing evalu-
ation criteria by literature review and expert judgement using Delphi method. 
Second, determining interrelationship and influence among the criteria by using the 
DEMATEL method. Finally, generating the weights of the criteria by integrating the 
DEMATEL and ANP method. 

2.1 Delphi Method 

This study involved a panel of five experts from three textile industries in Indonesia, 
utilizing a two-round Delphi method to validate evaluation criteria for energy effi-
ciency practices [9]. In the first round, experts were given a questionnaire to rate 
each criterion on a 5-point Likert scale, from “1 = very irrelevant” to “5 = very 
relevant” [10], and were also encouraged to suggest additional criteria not listed in 
the questionnaire. The results from the first round were recorded and incorporated 
into the second-round questionnaire. In the second round, experts re-evaluated the 
criteria based on the feedback from the first round, including any newly suggested 
criteria. This process aimed to refine expert opinions and achieve consensus among 
the panel. In this study, consensus was defined as having an average expert rating of 
at least 4, or 80% agreement, for each criterion. This threshold was set to screen and 
validate the criteria effectively [11]. 

2.2 Integrating DEMATEL-ANP 

DEMATEL 

The DEMATEL method is applied to observe the interrelations between criteria [12]. 
The DEMATEL process can be outlined in the following steps: 

1st step—Determine the average direct influence matrix. 

The average direct influence matrix is used to capture the consensus among experts 
about the direct influences between criteria. Each expert evaluates the direct influence 
of one criterion on another using a rating system from ‘0 = no influence’ to ‘4 = 
very high influence [13]. This matrix is derived by averaging the evaluations of 
multiple experts, providing a balanced view of the direct relationships. These values 
are aggregated into an average matrix A, as shown in the following equations:
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A = 

⎡ 

⎢⎢⎢⎢⎢⎢⎣ 

a11 · · ·  a1j · · ·  a1n 
... 

... 
... 

ai1 · · ·  aij · · ·  ain 
... 

... 
... 

an1 · · ·  anj · · ·  ann 

⎤ 

⎥⎥⎥⎥⎥⎥⎦ 
(1) 

2nd Step, Determine the initial influence matrix. 

Normalize the average matrix A by computing the aggregate all rows and columns 
in the initial average matrix, then identify the maximum sum value among all rows 
and columns. Finally, divide each element in the matrix by the maximum sum value 
to obtain the normalized direct-relation matrix X using Eqs. 2 and 3, ensuring that 
all diagonal elements are set to zero. 

X = s · A (2) 

s = min 

⎡ 

⎣1/maxi 

n∑
j=1 

aij,1/maxi 

n∑
i=1

∣∣aij
∣∣
⎤ 

⎦. (3) 

3rd step—Generate the total influence matrix. 

The total influence matrix is derived from the normalized direct-relation matrix. The 
total influence matrix T is calculated using the formula: 

T = +X 2 +  · · ·  +  X k = X (I − X )−1 (4) 

where X is the normalized direct-relation matrix and I is the identity matrix. 
Then, a threshold value is set to screen out negligible influences. Only values 

above this threshold are considered significant relationship. 

4th step—Obtain the impact relation digraph. 

By calculating sum of row and sum of column for the total matrix T, then obtain the 
impact relation digraph of the cluster and criteria. 

R = (Ri)n×1 = 

⎡ 

⎣ 
n∑

j=1 

tij 

⎤ 

⎦. (5) 

C = (Ci)n×1 =
(
Cj

)
1×n′ =

[
n∑

i=1 

tij

]

1×n

′. (6)
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Ri denotes the sum of the ith row of matrix T, representing the total direct and 
indirect impact that criterion i has on other criteria. Similarly, Ci represents the 
sum of the jth column of matrix T, showing the total direct and indirect impact 
received by criterion j from other criteria. When i =j, the combined value of (Ri + 
Ci) serves as an index of the total influence a criterion exerts and receives, indicating 
its central importance in the network. If (Ri -Ci) is positive, it suggests that factor i 
is predominantly influenced by other factors. 

Analytic Network Process (ANP) 

ANP method as an extension of the Analytical Hierarchy Process (AHP) designed 
to overcome the limitations of a strict hierarchical structure in MCDM. The method 
would be explained as followed. 

5th step—Determine the unweighted supermatrix of ANP. 

The experts asked to rate the pairwise comparison matrix using a scale from “1 
= equal importance” to “9 = extremely importance” [14], to determine the rela-
tive importance values among the criteria. The expert judgments aggregated into 
geometric mean by using Microsoft Excel. The geometric mean values input into the 
ANP network design based on total influence matrix of DEMATEL by using Super 
Decision software to generate the unweighted supermatrix of ANP as illustrated 
in Eq. 7. The consistency ratio (C.R.) of all the pairwise comparison also checked 
with Super Decision software and the results is below than 0.1 indicting consistent 
judgment. 

W = 

⎡ 

⎢⎢⎢⎢⎢⎢⎣ 

W11 W12 · · · W1n 

W12 
... 

Wn1 

W22 
... 

Wn2 

· · ·  
... 
... 
... 

· · ·  

W2n 
... 

Wnn 

⎤ 

⎥⎥⎥⎥⎥⎥⎦ 
(7) 

Integrating DEMATEL-ANP 

6th step—Determine the weighted supermatrix of DEMATEL. 

In this study, the α-cut matrix is generated by applying a threshold value α to the 
total influence matrix T . The threshold α is calculated by averaging all elements of 
matrix T . Elements in matrix T that are below α are set to zero, indicating a reduced 
influence on other criteria. The resulting matrix is known as the α-cut matrix of the 
total influence matrix Tα, as illustrated in Eq. 8.
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Tα = 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎣ 

tα 
11 · · ·  

... 

tα 
ij · · ·  
... 

tα 
1n 
... 

tα 
i1 · · ·  
... 

tα 
ij · · ·  
... 

tα 
in 
... 

tα 
n1 · · ·  tα 

nj · · ·  tα 
nn 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎦ 

(8) 

where if tij < α,  then tα 
ij = 0, or else tα 

ij = tij, and tij within the total influence matrix, 
T . Then, normalize the α-cut total influence matrix, Tα , by dividing by Eq.  9. 

di = 
n∑

j=1 

tα 
ij . (9) 

Thus, the α-cut total-influence matrix could be normalized and represented as Ts. 

Ts = 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎣ 

tα 
11/d1 · · ·  

... 

tα 
ij /d1 · · ·  

... 

tα 
1n/d1 

... 
tα 
i1/di · · ·  

... 

tα 
ij /di · · ·  

... 

tα 
in/di 
... 

tα 
n1/dn · · ·  tα 

nj/dn · · ·  tα 
nn/dn 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎦ 

= 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎣ 

ts 11 · · ·  
... 

ts ij · · ·  
... 

ts 1n 
... 

ts i1 · · ·  
... 

ts ij · · ·  
... 

ts in 
... 

ts n1 · · ·  ts nj · · ·  ts nn 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎦ 

. (10) 

This research employs the normalized α-cut total-influence matrix, Ts, and the 
unweighted supermatrix W in conjunction with Eq. 11, to obtain the weighted 
supermatrix Ww. 

Ww = 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎣ 

ts 11 × W11 ts 21 × W12 

ts 12 × W21 ts 22 × W22 

· · ·  · · ·  
... 

ts n1 × W1n 
... 

... · · · ts ji × Wij · · ·  ts ni × Win 

... 
ts 1n × Wn1 ts 2n × Wn2 

... 
· · ·  · · ·  

... 
ts nn × Wnn 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎦ 

. (11) 

7th step—Limiting the supermatrix. 

Raise the weighted supermatrix to successive powers until the matrix stabilizes and 
changes between iterations become negligible using Eq. 12. This process captures the 
long-term influences among elements. Then, the global priority vectors, also known 
as weights are generated. 

lim 
k→∞ 

W k w . (12)
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3 Results 

3.1 The Expert Panel 

This study involves five selected experts with extensive knowledge and experience 
in implementing energy efficiency practices in Indonesia’s textile industry. These 
experts work at three different textile companies in Bandung, West Java. Profile of 
the experts can be shown I Table 1. 

Table 1 Profile of the experts 

No Position Education Experience Company 

1 Energy manager Diploma degree More than 20 years Integrated textile 
company 
– Fiber making 
– Yarn spinning 
– Fabric making 
(weaving, non-woven, 
knitting, dyeing and 
finishing) 

2 Compliance manager Master degree More than 15 years 

3 Manager of 
environment, social, & 
governance (ESG) 
department 

Bachelor degree More than 25 years Fabric making textile 
company 
– Weaving 
– Dyeing and finishing 

4 Manager of 
engineering 
department 

Bachelor degree More than 20 years 

5 Manager of utility and 
maintenance 
department 

Bachelor degree More than 10 years Textile company 
– Dyeing and finishing 
fabric 

– Garment
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3.2 Evaluation Criteria 

The evaluation criteria based on two rounds Delphi method are shown in Table 2. 

Table 2 Evaluation criteria for evaluating energy efficiency practices 

Cluster Criteria References 

A. Energy A1. Potential energy savings [3, 5, 6] 

A2. Energy consumption reduction [2, 4] 

B. Economy B1. Potential of economic saving [2, 6] 

B2. Implementation cost [2–6] 

B3. Operation and maintenance cost [3, 6] 

B4. Payback period [3, 5, 6] 

B5. Energy price Expert opinion 

C. Environmental C1. Reduction of emission [3] 

C2. Reduction of waste [3] 

C3. Environmental benefit [3] 

D. Technical D1. Technical applicability [2, 3, 5, 6] 

D2. Technology accessibility [6] 

D3. Adjustment level with existing equipment [4, 5] 

D4. Implementation time [4, 5] 

D5. Monitoring system Expert opinion 

3.3 Interrelationship Among the Criteria 

Impact Relation Diagraph 
Based on Fig. 1, which shows the causal-effect relationships between clusters, the 

energy and technical clusters are the causing clusters with positive (Ri − Ci) values. 
On the other hand, the economy and environmental clusters are the affected clusters 
with negative (Ri − Ci) values. Figure 2 shows that technology accessibility (D3) and 
implementation time (D4) are the main causing criteria, while potential economic 
savings (B1), implementation/investment cost (B2), and payback period (B4) are the 
most affected criteria.
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Fig. 1 Impact relation digraph of cluster 

Fig. 2 Impact relation digraph of criteria 

3.4 Weights of the Criteria 

The weights of the criteria generated by integrating DEMATEL-ANP method as 
shown in Table 3. The results show a detailed prioritization of the clusters and 
criteria within an assessment framework. Technical factors emerge as the most crit-
ical, commanding the highest cluster weight of 0.3830. Among the technical criteria, 
‘Technical applicability,’ ‘Technology accessibility,’ and ‘Implementation time’ are 
notably significant, ranking sixth, fifth, and fourth overall, respectively. Economic 
factors follow closely, with a cluster weight of 0.3340, underscoring their substantial
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Table 3 The weights of cluster and criteria 

Cluster Weight Criteria Weight 

A. Energy 0.1629 A1. Potential of energy savings 0.08148 

A2. Energy consumption reduction 0.08138 

B. Economy 0.3340 B1. Potential of economic savings 0.08099 

B2. Implementation cost 0.07707 

B3. Operation and maintenance cost 0.07180 

B4. Payback period 0.06406 

B5. Energy price 0.04004 

C. Environmental 0.1202 C1. Reduction of emission 0.04016 

C2. Reduction of waste 0.04004 

C3. Environmental benefit 0.03995 

D. Technical 0.3830 D1. Applicability 0.07702 

D2. Adjustment level 0.07585 

D3. Technology accessibility 0.07902 

D4. Implementation time 0.07926 

D5. Monitoring system 0.07188 

influence. Within this cluster, the ‘Potential of economic savings’ stands out as the 
most critical economic criterion and the third most important overall. 

4 Discussion 

The results highlight the weights of clusters and criteria within the assessment frame-
work, identifying technical and economic factors as the most critical, with weights 
of 0.3830 and 0.3340, respectively. Key technical criteria include ‘Technical appli-
cability,’ ‘Technology accessibility,’ and ‘Implementation time,’ underscoring the 
importance of robust technical capabilities and innovations for enhancing energy 
efficiency. Economic factors also play a significant role, with ‘Potential of economic 
savings’ being the most critical criterion, followed by ‘Implementation cost’ and 
‘Operation and maintenance cost,’ emphasizing the financial aspects of adopting 
energy efficiency practices. 

These findings align with Richter et al. (2023), who also identified economy 
and technical aspects as significant factors, highlighting ‘payback period’ and ‘cost 
of implementation’ as crucial economic criteria, and ‘ease of implementation’ and 
‘probability of success/acceptance’ as key technical criteria [3]. Similarly, Banadk-
ouki (2023) found that the ‘cost of implementation’ is essential for energy efficiency 
measures [4]. Given the high importance of technical and economic factors, there 
is a clear need for government support. Policies and incentives, such as funding for



A Hybrid Multi-Criteria Decision-Making Model for Evaluating Energy … 237

research and development, subsidies for energy-efficient technologies, and finan-
cial incentives for companies achieving significant energy savings, can facilitate the 
implementation of energy efficiency measures. 

5 Conclusions 

Evaluating energy efficiency practices in the industry is a complex challenge due 
to multi-dimensional and often conflicting criteria. This study identified common 
evaluation criteria from literature, and through expert judgment using the Delphi 
method, a final list of 15 criteria was developed, providing decision-makers in the 
textile industry with a comprehensive and validated tool to enhance energy efficiency. 

The study also explored the interrelationships among these criteria using expert 
perceptions to reflect real-world scenarios. By employing the DEMATEL method, 
the study mapped the relationships and influences among the criteria, creating a 
network relation map. Criteria within the clusters of energy, economy, and tech-
nical aspects showed significant interrelations and feedback, while the environmental 
cluster mainly interacted with the energy cluster, influencing potential energy savings 
in the economy cluster but not significantly interacting with the technical cluster. 

In the final step, the study aimed to generate weights for the criteria to iden-
tify the most critical factors for implementing energy efficiency practices in the 
textile industry. By integrating DEMATEL and ANP methods, the relative impor-
tance of each criterion was determined based on expert judgments. The results high-
lighted that the potential for energy savings, reduction in energy consumption, and 
economic savings were the top three most important criteria, while energy price, 
waste reduction, and environmental benefits were the least important. 

6 Future Research 

Despite the rigorous methods used in this study, some limitations should be addressed 
in future research. Firstly, the expert panel was composed of professionals with prac-
tical experience in energy efficiency within the textile industry. Including a more 
diverse panel with members from academia, research institutions, or energy conser-
vation consultancy could broaden perspectives and enhance evaluation objectivity. 
Secondly, the study heavily relied on expert opinions, which can be influenced by 
incomplete information and inherent uncertainty. Future research could incorpo-
rate fuzzy concepts or a fuzzy linguistic scale to better capture and represent this 
subjective uncertainty.
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Abstract Adopting Industry 4.0 technology is anticipated to enhance industry effi-
ciency, productivity, and product customization. Nevertheless, this transition may 
induce significant alterations to corporate systems, presenting numerous challenges 
that industries must navigate during implementation, especially for small-to-medium 
industries. Hence, this study examines the interrelationships among barriers and iden-
tify the critical obstacles to implementing Industry 4.0 in small-to-medium indus-
tries within the food and beverage sector in Indonesia. To achieve this, an integrated 
methodology combining the Delphi Method, Interpretive Structural Modeling (ISM), 
and Matrix Impact with Cross Multiplication Applied to Classification (MICMAC) 
analysis is employed. The barriers to Industry 4.0 implementation are conceptual-
ized using the Technology-Organization-Environment (TOE) framework. This study 
found that the MICMAC analysis supports the model derived from the ISM results. 
Insufficient government support, the need for investment, insufficient Industry 4.0 
training, and insufficient standardization efforts are critical barriers that are located 
in the independent cluster according to the MICMAC analysis and are positioned at 
high levels in the ISM model. 
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1 Introduction 

The Indonesian government has prioritized enhancing industrial productivity and effi-
ciency by adopting Industry 4.0 technologies. To this end, Indonesia has formulated 
a strategic initiative known as “Making Indonesia 4.0,” which serves as a comprehen-
sive roadmap for navigating the complexities of the Fourth Industrial Revolution [1]. 
This initiative aims to equip Indonesia with the capabilities necessary to leverage the 
transformative opportunities of Industry 4.0. Notably, the food and beverage sector, 
predominantly comprising small-to-medium industries, is identified as a key priority 
sector for the implementation of Industry 4.0 technologies. However, this sector 
encounters significant challenges, including elevated logistics costs and inadequate 
cold chain infrastructure, which contribute to food spoilage and loss [1]. Moreover, 
the industry is burdened by the short shelf life of raw materials and products and is 
highly vulnerable to hygiene-related issues during production processes [1]. 

Implementing Industry 4.0 has the potential to significantly improve produc-
tivity, maintain competitive value, enhance knowledge, facilitate work collaboration, 
improve cost-effectiveness, preserve flexibility and speed, and uphold or enhance 
quality [2]. Nonetheless, its application will lead to significant alterations in the 
industry’s operational systems. As a result, industries will encounter numerous chal-
lenges during its implementation especially for small-to-medium industries. Small-
to-medium industries struggle to implement Industry 4.0 because of the challenges 
in complexity for combining human workers and these new technologies effectively 
[3]. Lack of stakeholder support and inadequate managerial support are significant 
factors overlooked by small-to-medium industries in India [4]. 

Previous studies have provided empirical evidence regarding the challenges that 
hinder the adoption of Industry 4.0 technologies in small-to-medium industries [5]. 
However, the reliance on a narrow methodological framework, particularly the use of 
Focus Group Discussions, may introduce biases. These biases can arise from the influ-
ence exerted by the moderator or the dominance of certain participants, potentially 
leading to skewed findings. Furthermore, the intricate interrelationships among the 
factors impeding Industry 4.0 adoption have not been thoroughly explored. Although 
several studies have attempted to establish hierarchical relationships within the Indian 
manufacturing sector [6, 7], they often fail to distinguish between large industries 
and small-to-medium industries, which may result in different obstacles being iden-
tified. Moreover, these studies are not industry-specific, limiting the generalizability 
of their findings to other environmental contexts [8]. 

Further studies have explored the integration of sustainability and Industry 4.0 
within barrier and interaction models for small-to-medium industries in the auto-
motive industry [9]. However, these studies did not employ a comprehensive adop-
tion theory framework, such as the Technology-Organization-Environment (TOE) 
framework. Consequently, the systematic examination of technological, organiza-
tional, and environmental factors influencing the adoption of Industry 4.0 may 
be constrained. Traditional adoption models, such as the Technology Acceptance 
Model (TAM) and the Theory of Reasoned Action (TRA), predominantly focus on
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the technological factors affecting an organization’s structure and behavior [10]. 
In contrast, the TOE framework underscores the significance of social and environ-
mental factors, providing a more holistic perspective that enhances the understanding 
of an organization’s overall context and technological attributes [11]. 

Therefore, this research is designed to identify the interrelationships among the 
barriers and determine the critical barrier to Industry 4.0 implementation for small-
to-medium industries in the food and beverage sector, utilizing the TOE framework. 
In this study, integration of multi criteria decision-making methods such as the Delphi 
method, ISM method (Interpretive Structural Modeling) and MICMAC (Matrix 
Impact of Cross Multiplication Applied to Classification) analysis are employed. 

2 Literature Review 

2.1 Technology Adoption Using TOE Framework 

Adoption theory framework provides comprehensive perspective on the challenges 
and factors affecting an organization’s adoption processes by including envi-
ronmental constructs. Technology-Organization-Environment framework (TOE) is 
aimed at studying technological innovation in the context of organizations [10]. The 
technological context refers to the technological advancements that are significant 
for industry, including the technologies that are already available in the market. The 
organizational context refers to the internal characteristics and resources of a firm. 
Environmental context encompasses the external factors that have the potential to 
influence the firm’s adoption of technology. 

2.2 Barrier Model Development 

Barrier is defined as a significant obstacle that hinders or obstructs the process of 
technology adoption to the extent that it significantly hampers or disrupts it [12]. 
Barrier factors from Elhusseiny and Crispim work [13], Senna et al. work [10] are  
utilized to determine the barriers for this research. The barrier factors from Elhusseiny 
and Crispim work [13] are included as basic model because it represents small-to-
medium industries barriers to implementing Industry 4.0 in developing countries 
using PRISMA for a systematic review of quantitative information. The additional 
barrier factors from Senna et al. work [10] are utilized because to their thorough 
coverage of environmental barriers and some extra barriers that are not addressed in 
other models. Additionally, Portugal Industries are dominated by small-to-medium 
industries, which is similar to the manufacturing condition in Indonesia.
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3 Research Methodology 

The methodology employed to examine the obstacles to Industry 4.0 adoption in 
manufacturing organizations involves several distinct stages, as illustrated in Fig. 1. 
The study employed a two-stage questionnaire process. The first stage, using the 
Delphi method in two iterations, aimed to identify and refine the barrier factors. The 
second stage focused on determining the interrelationships and identifying critical 
barrier factors through ISM-MICMAC analysis. 

3.1 Data Collection 

Experts selected for the Delphi method and ISM-MICMAC analysis were required 
to have a minimum of five years of experience in the manufacturing sector and

Fig. 1 Research methodology 
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substantial knowledge of Industry 4.0 concepts, demonstrated through engagement 
in seminars, research, or other relevant activities. The Delphi method involved 7 
experts, while the ISM-MICMAC analysis included 11 experts, representing small-
to-medium food and beverage industries, government, and technology consultants. 

3.2 Delphi Method for Determining Barrier Factors 

The Delphi method, a structured group technique, was chosen for its ability to 
achieve consensus among diverse experts. This approach involves anonymous feed-
back, multiple rounds of questioning, and the option for participants to revise their 
opinions based on the input of others [14]. 

Initially, 19 barrier factors for implementing Industry 4.0 are chosen for this 
research. Moreover, some experts were done to verify the relevance level of barrier 
factors using 5 Likert scale. Furthermore, they were allowed to add or remove some 
barrier whom they thought did not relate to the study. Barrier with more than 80% 
on the 5-Point Likert scale in the top two measures (relevant and very relevant) is 
considered to have consensus, warranting further discussion in the second phase of 
the Interpretive Structural Modeling (ISM) questionnaire [15]. 

According to the Delphi method results, 12 barriers were identified as follows:

• Technological barrier include insufficient knowledge of management systems and 
data knowledge (B1), risks to cybersecurity in industry 4.0 deployments (B2), 
inadequate incorporation and compatibility of technologies (B3).

• Organizational barrier include lack of qualified talent (B4), need for investment 
(B5), absence of a digital roadmap (B6), insufficient research and improvement 
efforts (B7), insufficient industry 4.0 training (B8).

• Environmental barrier include insufficient Government support (B9), insufficient 
standardization effort (B10), insufficient digital infrastructure (B11), insufficient 
legal and contractual guarantees (B12). 

3.3 ISM-MICMAC Methodology for Determining 
the Interrelation Among Barrier and Critical Barrier 

Interpretive Structural Modeling (ISM) is a tool that help visualize the connections 
between different factors involved in a complex issue [10]. The process includes 
the following steps based on Senna work [10]. Final Reachability Matrix shown in 
Table 1.

Examining a set of factors or elements based on their driving and dependency 
strengths is typically conducted using MICMAC (Matrix Impact of Cross Multipli-
cation Applied to Classification) analysis [10]. A driving-dependency power chart 
is created based on Final Reachability Matrix and classify barrier factors into four
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Table 1 Final Reachability Matrix (FRM) 

B[j] Driving 
power12 11 10 9 8 7 6 5 4 3 2 1 

B[i] 1 1* 1* 0 0 0 1 1 0 1* 1* 1* 1 8 

2 0 0 0 0 0 0 0 0 0 0 1 0 1 

3 0 0 0 0 0 1 1* 0 0 1 0 1 4 

4 1* 1* 0 0 0 1 1 0 1 1 1 1 8 

5 1 1 1 0 1 1 1 1 1 1 1 1 11 

6 1 1 0 0 0 1 1 0 1 1 1 1 8 

7 0 0 0 0 0 1 0 0 0 0 0 0 1 

8 1 1* 0 0 1 1 1 0 1 1 1 1 9 

9 1 1 1 1 1 1 1 1 1 1 1 1 12 

10 1 1 1 0 0 1 1 0 1* 1 1 1 9 

11 1* 1 0 0 0 1 1 0 1* 1 1 1 8 

12 1 1* 0 0 0 1 1 0 1* 1 1 1* 8 

Dependence 
power 

9 9 3 1 3 11 10 2 9 10 10 10 87

distinct groups, which are represented by the autonomous, dependent, linkage, and 
independent groups. The autonomous group and the dependent group typically mani-
fest at a low level in the model of ISM. Conversely, the linkage and independent 
groups typically arise at the high level from model of ISM. 

4 Result and Discussion 

The ISM-based model was formed by organizing the 12 barriers based on the findings 
of level partitioning and linking them according to the Final Reachability Matrix. 
Figure 2 describes the barriers at different levels in the ISM model, offering valuable 
insights into their influence on the adoption of Industry 4.0 technology. The model 
of ISM consists of six distinct levels of obstacles. Barrier factors at lower levels 
represent outcomes that are impacted by various factors identified at higher levels. 
Some of the barriers in the environment group are situated at higher levels which have 
higher importance and relevance to the implementation of Industry 4.0 technologies. 
Barriers from the organization group are present at almost every level except level 
6, indicating that the organizational barrier significantly influences this ISM model. 
Barriers from the technology group are positioned at lower levels, specifically at 
levels 1 and 2, indicating a high dependence on other barriers.

Based on the ISM model, the insufficient government support (B9), which is an 
environmental barrier, is significant in terms of its influence on drive and dependency 
power. This finding supports previous research [10], which indicates that barriers
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Fig. 2 ISM’s model of barriers on adopting Industry 4.0 technologies

from the environment group hold the highest importance due to their low dependency 
and high driving power. The barrier factor at the highest level, which is level 6, needs 
to be solved first. Following this, the barrier factors in level 5, which represent 
the need for investment (B5), and level 4, which represent insufficient industry 4.0 
training (B8) and insufficient standardization effort (B10), also need to be addressed 
as they are at high levels. To identify the critical barrier that needs to be prioritized and 
addressed initially in the implementation of Industry 4.0 technologies, the MICMAC 
analysis chart was created based on Final Reachability Matrix as shown in Fig. 3.
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Fig. 3 MICMAC analysis chart result 

There are no barriers present within the autonomous group which is distinguished 
by its low driving and dependence power. This suggests that all barriers have a 
substantial impact on one another, and none exist in isolation inside the system. 
This finding also strengthens the Delphi method’s results, which identify relevant 
barriers for Industry 4.0 implementation. There are four barriers in an indepen-
dent group which are considered as critical barriers. Based on the ISM-MICMAC 
methodology, MICMAC analysis results support the model from ISM result. Insuf-
ficient government support (B9), need for investment (B5), insufficient Industry 4.0 
training (B8), and insufficient standardization effort (B10) are critical barriers, that 
are in the independent group (high driving power, low dependency) in cluster diagram 
from MICMAC analysis and positioned at high levels (level 6, level 5, level 4) in the 
ISM model. The study contributed to the existing body of literature by enhancing and 
expanding the understanding of the emerging role of Industry 4.0 within small-to-
medium industries, through the development of a framework addressing the adoption 
barriers of Industry 4.0 technologies [4, 9, 10, 16]. 

Government support such as incentive and policy plays a crucial role as barrier 
for small-to-medium industries toward Industry 4.0. In a similar vein, the insuffi-
cient governmental assistance as a significant obstacle hindering the India small-to-
medium industries ability to embrace Industry 4.0 in a sustainable manner [4, 9]. This 
finding aligns with research from Rahman [16], which concluded that high invest-
ment costs have significantly hindered the adoption of Industry 4.0 technologies in 
the food and beverage industry in Bangladesh. The adoption of Industry 4.0 technolo-
gies by small-to-medium industries is heavily dependent on the availability of funds 
to invest in new technologies, conduct research and development in digitalization,
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and educate individuals with digital skills [16]. Insufficient training highlights the 
need for management to carefully develop, implement, and plan strategies that guide 
decisions related to workforce resources and hiring, in order to support the digital 
transformation of small-to-medium industries. This conclusion aligns with previous 
studies by Kumar [9]. Regarding to insufficient of standardization, small-to-medium 
food and beverage industries face challenges due to insufficient preparation in infor-
mation technology and operations technology, specifically in terms of the absence 
of standardized information technology and operational technology systems, as well 
as the absence of integrated back-end systems [10]. 

According to the ISM-MICMAC results, several recommendations have been 
developed to overcome barriers to implementing Industry 4.0 technologies for small-
to-medium industries in the food and beverage sector in Indonesia. The recom-
mendations are specifically for Ministry of Industry of Republic of Indonesia as 
follows:

• Providing incentives for small-to-medium industries (such as tax reduction, 
technology subsidy) and facilitate digital infrastructure improvements.

• Collaborating with academic institutions to enhance education and research 
initiatives tailored specifically for small-to-medium industries.

• Promoting the establishment of standards for Industry 4.0 technologies by 
involving industries and third parties or technical bodies, such as consultants 
or technology providers. 

5 Conclusion and Future Research 

The findings of this study conclude that strategic priorities for small-to-medium 
industries food and beverage industries in Indonesia, particularly those facing envi-
ronmental barriers such as inadequate government support and insufficient standard-
ization efforts, as well as organizational barriers like the need for greater investment 
and training in Industry 4.0, are crucial for effectively overcoming technological 
challenges. However, this study specifically focuses on small-to-medium industries, 
and the barriers identified may differ from those encountered in other sectors. The 
scope of this study could be extended to explore the feasibility of implementing 
Structural Equation Modeling with an increased sample size within the Indonesian 
context, thus statistically validating the developed model. 
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Study of Sintering Effects on Grain Size 
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Abstract The advancement of thermoelectric materials is vital for efficient energy 
conversion. However, reducing thermal conductivity and maintaining the electrical 
properties is still challenging and limits the overall thermoelectric material’s effi-
ciency. This study investigates the impact of the sintering effect on the grain size of 
Al-doped ZnO/Graphene nanoparticles via the microwave-assisted sol–gel method. 
The composition of the materials was confirmed using X-ray diffraction (XRD) and 
energy-dispersive X-ray spectroscopy (EDX), including the successful integration 
of Graphene. Field emission scanning electron microscopy (FESEM) revealed the 
critical role of sintering at 1100 °C, which reduced the particle sizes of Zinc Oxide to 
392.987 nm and Aluminum to 48.57 nm. This reduction in particle size is essential 
for decreasing thermal conductivity and optimizing the figure of merit (ZT) values. 
Furthermore, this approach not only enhances thermoelectric properties but also 
preserves the stable morphology of Graphene, ensuring consistent electrical conduc-
tivity. These findings suggest that this method promises improved performance and 
higher ZT values, marking a significant step forward in thermoelectric material devel-
opment. Future applications may benefit from these enhanced properties, leading to 
more efficient energy conversion systems. 
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1 Introduction 

Thermoelectric materials represent a pivotal technology in the realm of sustainable 
energy, enabling the direct conversion of waste heat into electrical power—a process 
vital for reducing energy losses and enhancing overall efficiency in various indus-
trial and domestic applications. Central to the functionality of these materials is the 
dimensionless figure of merit, ZT, which quantifies their thermoelectric efficiency 
[1]. 

However, several challenges hinder thermoelectric performance, including mate-
rial development, structural improvements, temperature management, heat transfer 
efficiency, contact resistance, and geometric constraints [2, 3]. Current technologies, 
such as electrochemical supercapacitors, struggle with low specific surface area and 
inadequate electrical conductivity of materials like zinc oxide, limiting their effec-
tiveness in thermoelectric applications. Additional hurdles include low efficiency, 
high production costs, thermal limitations, toxicity concerns, and resource scarcity 
[3]. 

While abundant and economical, zinc oxide (ZnO) has historically exhibited limi-
tations in achieving high thermoelectric efficiencies, typically falling below 0.52 at 
1100 K [1]. To overcome these challenges, recent research has focused on enhancing 
ZnO by doping it with aluminium [4] and integrating graphene [1], strategies aimed 
at boosting its ZT value. Aluminium doping optimises the charge carrier concentra-
tion and mobility within the material, thereby enhancing its electrical conductivity 
and thermoelectric efficiency [5]. Meanwhile, the incorporation of graphene not 
only stabilizes the material’s structure but also contributes to improved thermal and 
electrical transport properties, increases electron density and reduces lattice thermal 
conductivity [1, 6, 7]. 

Nanostructuring and doping are effective strategies for enhancing the thermo-
electric properties of ZnO materials by manipulating their crystalline structure 
and particle size. Reducing the grain size through nanostructuring techniques can 
reduce thermal conductivity by increasing phonon scattering at grain boundaries 
[8]. Doping techniques, particularly aluminium enhance thermoelectric materials 
by increasing electrical conductivity and reducing thermal conductivity [8, 9]. This 
approach involves application introducing impurities into the material lattice to alter 
its electronic properties. These approaches collectively optimise ZnO-based mate-
rials for efficient thermoelectric applications, particularly in high-temperature waste 
heat recovery [9, 10]. 

The sintering process is a crucial step in fabricating Al-doped ZnO/graphene bulk 
samples. This step enhances the relative density, increases electrical conductivity, 
decreases thermal conductivity and reduces porosity [1]. Proper sintering conditions 
ensure a finer and denser material that improves the charge carrier mobility and 
reduces phonon scattering, leading to higher ZT values [11]. 

This study specifically investigates the synthesis and sintering effects of Al-doped 
ZnO/graphene nanoparticles to enhance thermoelectric performance. This study aims 
to synthesize Al-doped ZnO/graphene nanostructures using microwave irradiation
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and calcination conditions to achieve high crystallinity and phase purity. Investi-
gations continue to assess the impact of sintering temperature and duration on the 
microstructure, densification, and phase stability of the synthesized composites. This 
research aims to provide valuable insights for enhancing ZnO-based thermoelectric 
materials, thereby advancing the development of more efficient energy conversion 
technologies. 

2 Experimental Methods 

The study aims to enhance the thermoelectric properties of zinc oxide (ZnO) by 
incorporating 0.02 at% aluminium and 1.5 wt% graphenes. The synthesis method 
involves a sol–gel process followed by microwave irradiation heating, calcination and 
sintering process. Zinc acetate dihydrate was dissolved in ethanol under continuous 
stirring at room temperature. Next, aluminium acetate is added to the solution and 
stirred until dissolved. Sodium hydroxide is added to adjust pH 6–6.5, aiding in 
the formation of thick gels. These gels were irradiated at 800 W for 2 min to form 
a precursor powder. The resulting powder was crushed, sieved and calcinated at 
800 °C for 1 h. After that, Al-doped ZnO powder was pelletized and sintered at 
temperatures 950, 1100, and 1150 °C. Figure 1 shows the schematic diagram of 
the synthesis procedure and the properties of the materials used are summarized in 
Table 1. The synthesized Al-doped ZnO/Graphene powders were characterized using 
X-ray Diffraction (XRD), Field Emission Scanning Electron Microscopy (FESEM) 
and Energy-Dispersive X-ray Spectroscopy (EDX). 

The hydrolysis and condensation of zinc acetate dihydrate, aluminium acetate 
and sodium hydroxide to form Al-doped ZnO is shown in Eq. (1). Zinc acetate dihy-
drate and aluminium acetate reacts with sodium hydroxide to form zinc hydroxide 
and aluminium hydroxide which decomposes into zinc oxide and aluminium oxide

Fig. 1 Schematic illustration of synthesis of Al-doped ZnO/graphene powder by a microwave-
assisted sol–gel method
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Table 1 Properties of materials 

Materials Function Chemical formula Molecular 
weight (g/mol) 

Melting point 
(°C) 

Zinc acetate 
dihydrate 

Precursor Zn 
(CH3COO)22H2O 

219.51 237 

Aluminum 
acetate 

Dopant C4H7AlO5 162.08 >200 

Graphene 
nanoplatelets 

Dopant C 12.01 318 

Sodium 
hydroxide 

Reducing agent NaOH 40.00 3652–3697 

Ethanol Solvent C2H5OH 46.07 −114.1

upon heating. Equation (2) shows the combination of Al-doped ZnO with graphene 
nanoplatelets to form Al-doped ZnO/graphenes nanocomposites. 

2Zn(CH3COO)2 · 2H2O + 2C4H7AlO5 + 12NaOH + C2H5OH 

→ 2ZnO + 2AlO + 12NaCH3COO + 11H2O (1) 

ZnO + Graphene → Al - doped ZnO/Graphene (2) 

3 Results 

This section presents a comprehensive analysis of the structural, morphological, and 
compositional characteristics of Al-doped ZnO/Graphene composites synthesized 
via a sol–gel method and subjected to varying sintering temperatures. The results from 
X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), 
and energy dispersive X-ray spectroscopy (EDX) provide critical insights into the 
impact of sintering conditions on the properties of these materials. Specifically, the 
discussion focuses on the crystallinity, grain size evolution, morphological changes, 
and elemental composition of the composites, highlighting their implications for 
thermoelectric applications. 

3.1 XRD Analysis 

The X-ray diffraction (XRD) patterns of Al-doped ZnO/Graphene composites, 
sintered at different temperatures (950, 1100, and 1150 °C), are shown in Fig. 2. 
Each pattern corresponds to a specific sintering temperature: 950 °C (Red line),
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1100 °C (Blue line), 1150 °C (Green line), and no sintering (Black line). The peaks 
in the XRD patterns confirm the presence of distinct crystalline structures: zinc oxide 
(ZnO) exhibits characteristic peaks at 2θ values of 31.7°, 34.4°, 36.2°, 47.5°, 56.5°, 
62.8°, and 67.9°, corresponding to the (100), (002), (101), (102), (110), (103), and 
(112) planes, respectively. Graphene is identified by a peak around 26°, attributed 
to the (002) plane, while aluminium (Al) peaks appear at 2θ values of 38.4°, 44.5°, 
and 65°, corresponding to the (111), (200), and (220) planes of its face-centred cubic 
(FCC) crystal structure. The average grain size obtained from the XRD analysis for 
no sintering is 128.167 nm, at 950 °C is 1295.46 nm, 1100 °C is 203.719 nm, and 
1150 °C is 256.95 nm. 

Analysis of the XRD patterns reveals that increasing sintering temperatures lead 
to enhanced crystallinity and larger grain sizes. At 950 °C, moderate crystallinity 
is observed, with clear peaks for ZnO and graphene, albeit with lower intensity 
for aluminium. Sintering at 1100 °C results in sharper and more intense peaks, 
indicating improved crystallinity and larger grain sizes. The highest crystallinity is 
achieved at 1150 °C, where peaks are sharpest and most intense, with a slight shift 
indicating lattice strain due to high-temperature exposure. The stability and presence 
of aluminium and graphene in the samples are also confirmed by these observations.

Fig. 2 XRD analysis Al-doped ZnO/graphene 
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The calculated crystallite sizes using the Scherrer equation show a direct corre-
lation with sintering temperature, where higher temperatures result in larger grain 
sizes. This enhancement in crystallinity and grain size suggests fewer grain bound-
aries, potentially leading to improved electrical conductivity—a significant benefit 
for thermoelectric (TE) materials. 

3.2 FESEM Analysis 

Field emission scanning electron microscopy (FESEM) was utilized to examine the 
morphology and particle sizes of the Al-doped ZnO/graphene samples sintered at 
different temperatures (950, 1100, and 1150 °C). 

From the FESEM images (Fig. 3), Sample A exhibits uniformly distributed parti-
cles with spherical shapes for both ZnO and Al, while graphene appears as layered 
structures. As the sintering temperature increases, the morphology evolves: Sample 
B maintains spherical ZnO particles but shows changes in shape in Sample C, where 
ZnO adopts a hexagonal morphology before returning to spherical in Sample D. 
Aluminum particles remain spherical across all samples, while graphene retains its 
layered structure throughout. 

Particle size analysis using ImageJ software reveals that increasing sintering 
temperature results in larger particle sizes for ZnO, Al, and graphene. With increasing 
sintering temperature (950 °C < 1100 °C < 1150 °C), particle size and shape of Zinc 
Oxide B (983.275 nm, spherical), C (392.987 nm, Hexagonal), D (4168 nm, spher-
ical) and Aluminum B (165.776 nm, spherical), C (48.57 nm, spherical), D (1459 nm, 
sperical) increases. These size increases are attributed to diffusion mechanisms at 
higher temperatures, where increased kinetic energy promotes particle growth and

Fig. 3 Morphology of Al-doped ZnO/graphene a, b 950 °C, c 1100 °C, d 1150 °C 
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aggregation. The uniformity and stability of particle distribution across all samples 
underscore the effectiveness of the sol–gel method in synthesizing well-defined 
composite materials. 

3.3 EDX Analysis 

Energy dispersive X-ray spectroscopy (EDX) was employed to quantify the elemental 
composition of the Al-doped ZnO/Graphene samples sintered at 1100 °C for 2 h 
(Fig. 4). The EDX results confirm the presence of Carbon (C), Oxygen (O), 
Aluminum (Al), and Zinc (Zn). Specifically, Carbon comprises 15.02% by weight 
and 26.36% by atomic percentage, Oxygen 45.70% by weight and 60.21% by atomic 
percentage, Aluminum 1.65% by weight and 1.29% by atomic percentage, and Zinc 
37.63% by weight and 12.13% by atomic percentage. 

4 Discussion 

The results obtained from X-ray diffraction (XRD), field emission scanning electron 
microscopy (FESEM), and energy dispersive X-ray spectroscopy (EDX) provide 
valuable insights into the structural, morphological, and compositional characteris-
tics of Al-doped ZnO/graphene composites synthesized via the sol–gel method and 
sintered at different temperatures.

Fig. 4 EDX results of Al-doped ZnO/graphene a, b 950 °C, c 1100 °C, d 1150 °C 
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4.1 Effect of Sintering Temperature on Crystallinity 
and Grain Size 

The XRD analysis revealed significant changes in crystallinity and grain size with 
varying sintering temperatures. At 950 °C, the composite exhibited moderate crys-
tallinity, with discernible peaks for ZnO and graphene, albeit with lower intensity 
for aluminium. As the sintering temperature increased to 1100 °C, the peaks became 
sharper and more intense, indicating improved crystallinity and larger grain sizes. 
This trend was further pronounced at 1150 °C, where the peaks were the sharpest 
and most intense, suggesting the highest crystallinity and largest grain size achieved 
in this study. The observed shift in peak positions at higher temperatures indicates 
lattice strain, likely due to thermal expansion and increased mobility of atoms during 
sintering. 

The calculated crystallite sizes using the Scherrer equation corroborate these find-
ings, showing a clear increase in grain size with increasing sintering temperature. 
Larger grain sizes are advantageous for thermoelectric applications as they reduce 
grain boundary scattering, thereby enhancing electrical conductivity—a critical 
factor for efficient thermoelectric performance. 

4.2 Morphological Changes and Particle Size Distribution 

FESEM analysis provided insights into the morphological evolution of the composite 
particles as a function of sintering temperature. Samples sintered at lower temper-
atures (950 °C) exhibited uniformly distributed spherical particles of ZnO and 
aluminium, with graphene displaying a layered structure. As the temperature 
increased, particularly at 1100 °C and 1150 °C, ZnO particles transitioned from spher-
ical to hexagonal shapes and then back to spherical, indicative of temperature-induced 
phase transformations. Aluminium particles maintained their spherical morphology 
across all samples, while graphene retained its layered structure throughout. 

Particle size analysis using ImageJ software confirmed the trend observed in 
FESEM images, showing an increase in particle size with higher sintering temper-
atures for all components—ZnO, aluminium, and graphene. This size increase is 
attributed to enhanced diffusion and particle aggregation at elevated temperatures, 
driven by increased thermal energy. 

4.3 Elemental Composition and Homogeneity 

EDX analysis provided quantitative data on the elemental composition of the compos-
ites, confirming the presence of Carbon (C), Oxygen (O), Aluminum (Al), and Zinc 
(Zn). The elemental distribution was consistent across all samples sintered at 1100 °C,
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indicating uniform dispersion of elements within the composite matrix. The observed 
weight percentages and atomic percentages align with expectations based on the 
synthesis method and sintering conditions. 

5 Conclusion 

The integration of nanostructuring and doping approaches has significantly advanced 
the thermoelectric capabilities of Al-doped ZnO/graphene composites. Objective 1 
confirmed the structural integrity of the materials, including graphene. Objective 2 
highlighted the critical role of sintering at 1100 °C, resulting in reduced particle 
sizes (Zinc Oxide: 392.987 nm, Aluminum: 48.57 nm). This reduction is pivotal 
for minimizing thermal conductivity and optimizing ZT values, thereby enhancing 
thermoelectric properties while maintaining stable graphene morphology for consis-
tent electrical conductivity. These advancements promise improved performance and 
higher ZT values in thermoelectric applications. 
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Pavithran Selvaraju, Risshidaran Nair Kumar, 
and Muhammad Amirul Abdullah 

Abstract The increasing demand for innovative indoor sports training solutions 
necessitates the development of effective techniques for action detection in sports. 
This study presents a novel method for classifying tennis strokes using machine 
learning algorithms. By leveraging motion sensors such as accelerometers and gyro-
scopes, the system accurately identifies various tennis strokes, including serves, 
volleys, backhands, and forehands. Data was collected from multiple participants 
and annotated for training and testing the models. The Support Vector Machine 
(SVM) algorithm demonstrated superior performance, achieving an accuracy of 
93%, outperforming other classifiers such as Random Forest and k-Nearest Neigh-
bors. This research highlights the potential for integrating advanced sensor tech-
nology and machine learning to enhance tennis training, providing real-time feedback 
and improving player performance. The findings suggest promising applications for 
indoor sports simulations and coaching tools. 

Keywords Classification · Tennis ·Machine learning 

1 Introduction 

Tennis is a widely popular sport in Malaysia, with the nation striving to enhance 
its performance in international competitions. Despite active participation in global 
tournaments, Malaysian players often encounter challenges related to stroke tech-
niques, necessitating both technical and physical improvements. Players frequently 
struggle with consistency, power, and precision in their strokes. The advent of micro-
electromechanical systems (MEMS) has revolutionized various industries, including
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sports, by enabling the miniaturization of electronics. MEMS devices, such as wear-
able bracelets, watches, or rings, interact seamlessly with the body and other devices. 
The MEMS market, valued at $14.32 billion in 2021, is projected to grow at a CAGR 
of 18.01%, reaching $75 billion by 2032 [1]. 

Machine learning methods offer significant potential in enhancing tennis stroke 
analysis by identifying patterns in stroke effectiveness through large datasets, such 
as match videos or photos [2]. Understanding the biomechanics of successful 
strokes can optimize techniques for improved performance [3]. Real-time feed-
back from machine learning models can provide immediate analysis and feedback 
during training sessions or matches [4]. The choice of machine learning method 
for tennis stroke analysis depends on the problem and available data. Common 
methods in sports analytics include Convolutional Neural Networks (CNNs), Recur-
rent Neural Networks (RNNs), and Support Vector Machines (SVMs). SVMs are 
particularly effective for classifying tennis strokes based on motion data features 
due to their ability to handle non-linear decision boundaries and perform well in 
high-dimensional spaces [5]. 

2 Related Work 

The advancement of Bluetooth Low Energy (BLE) technology and MEMS has 
enabled the capture and transmission of long-term motion data using compact devices 
with extended battery life. Learning proper motions for specific athletic activities can 
significantly benefit amateurs aiming to improve their skills [6]. We introduce a novel 
and “smart” racquet action identification and skill assessment system based on a low-
power MEMS IMU with Bluetooth connectivity, using tennis as an example. This 
system demonstrates how Bluetooth connectivity can enhance sports training for 
next-generation racquets by classifying different tennis activities [7]. 

3 Methodology 

The sections prior outline the general modules that need to be developed, most 
of which are hardware-based, along with their connections. The general software 
flowchart, which is thought to be a component of the device development, is not 
comprised of these blocks. As such, it is supplied here. The code initiates an unlimited 
while loop after activation. To guarantee the accuracy of calculations based on data, 
data is sampled at a rate set by a timer interrupt. The accelerometer is the first 
component, while the gyroscope defines the X, Y, and Z axes. The kind of stroke 
being made will determine which axis the sensor reads for acceleration. Next, the 
recorded data is sent to a mobile app for a Bluetooth serial terminal so that it can be 
recorded. Subsequently, the information is converted into a dataset within an Excel 
document and submitted to the Orange workflow for processing through machine
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learning. This technology uses an IMU sensor, which consists of an accelerometer 
and gyroscope, to capture data from all three axes (X, Y, and Z) with accuracy. 

Following Bluetooth transmission, the data is transformed into a dataset and 
subjected to machine learning methods for the classification of tennis strokes [8]. 
The general flowchart of the methodology used for the classification of tennis strokes 
is illustrated in Fig. 1. 

Fig. 1 Methodology flowchart
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4 Experimental Setup 

In order to be analyzed for this project, the stroke acceleration data is transferred 
and kept in a database. As seen in Fig. 2, Bluetooth transfers the data from IMU 
sensors to the Bluetooth Serial Terminal or Putty application. Three axes are used 
to record acceleration and gyroscope data: X, Y, and Z. Every stroke is recorded 
for data gathering at a 30 ms rate. To reduce noise, the IMU sensor data are simply 
averaged. 

The project in question makes use of Bluetooth technology for tennis stroke classi-
fication through machine learning. The development circuit, shown in Fig. 3, includes 
an Arduino Pro mini, an IMU sensor module (accelerometer and gyroscope), an HC-
05 Bluetooth module, and a 1300 mAh battery. After initialization, the Arduino 
Pro mini and IMU sensor sample data at a specified rate. The IMU sensor reads 
acceleration along the X, Y, and Z axes based on the stroke applied. This data is 
transmitted via the HC-05 Bluetooth module to a Bluetooth Serial Terminal mobile 
app. The collected data is then converted into an Excel dataset and uploaded to 
the Orange workflow for machine learning processing. This setup ensures accurate 
data collection and transmission, turning raw sensor data into actionable insights for 
tennis stroke classification. The overall circuit architecture designed for this system 
is shown in Fig. 4.

Fig. 2 Experimental setup 
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Fig. 3 Circuit diagram 

Fig. 4 Circuit architecture 

Based on the dimensions of a standard tennis racquet, a custom-designed instru-
mented tennis racquet grip case was created for the circuit. The 3D printing process is 
used in the production of the racquet grip case. The 3D-printed polylactic acid (PLA) 
utilized to manufacture the racquet is lightweight and durable enough to withstand 
drops and rapid swings. In addition, the parts of the racquet grip that are arranged so 
that each component of hardware is in the exact center of gravity correspond with
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Fig. 5 3D design of tennis racquet 

those of real racquet grips, giving the grip an appearance that is more genuine than 
a tennis racquet. But compared to real racquet grips that give swing sensation, the 
racquet grip is much lighter as presented in Figs. 5 and 6. 

Fig. 6 a Fabricated 3D 
printed tennis racquet. 
b Assembled tennis racquet

(a). Fabricated 3D printed tennis racquet 

(b). Assembled tennis racquet 
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5 Results and Discussion 

Figures 7 and 8 display the evaluation results of three classifiers and confusion 
matrices of train set and test set using orange data mining. The dataset set divided 
into 60% (180) for train the model and 40% (120) to evaluate the model perfor-
mance which shown by the confusion matrix for the test set, confirming the model 
robustness, as detailed in Fig. 9. 

Fig. 7 Significant features from the time-domain signals acquired using orange 

Fig. 8 Confusion matrix for train set
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Fig. 9 Confusion matrix for test set 

6 Conclusion 

This paper has achieved the ability to identify the different types of strokes used in 
proper tennis formation. The first two objective of this project had been accomplished 
that to design an instrumented IMU for data acquisition of 5 different types of strokes 
and identify significant features from the timely feedback and signals acquired. For 
final year project 2, 5 different experienced players were employed to perform 5 
different strokes which are forehand, backhand, serve, slice, and volley. Each of them 
performed each stroke 20 times for data collection process. Statistical features were 
obtained such as min, max, and median to get better information and visualization 
on the dataset and filtered through feature extraction to machine learning models [9]. 
With an accuracy of almost 93% on the training set, the SVM model demonstrated 
the best performance and more generalization potential. By contrast, the accuracy of 
both Random Forest and KNN was 82%, indicating that they may be having similar 
problems with classification. The high accuracy of SVM indicates that it is able 
to capture the relationships in the training data efficiently, and it performs well in 
high-dimensional spaces with distinct margin separation [10]. 
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of Sustainability Assessment 
in the Mining Industry: A Perspective 
of Manufacturing Performance 
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and Mohd Yazid Abu 

Abstract Climate change is a natural phenomenon that cannot be avoided. However, 
this phenomenon is accelerating because it is triggered by various industrial activities 
that do not adhere to environmentally friendly principles. According to Indonesia’s 
Energy Flow Balance and Greenhouse Gas Emission Balance, the intensity of CO2 
emissions from the mining and quarrying sector increased by 84% during 2017– 
2021. It is necessary to implement environmentally friendly principles and formu-
late a system for measuring the level of sustainability in this industry, to see the 
level of application of ecological principles in the mining industry and connec-
tion with various efforts to achieve net zero emissions to control the acceleration of 
climate change. This paper will discuss studies related to sustainability for the mining 
industry from a manufacturing performance perspective using the PRISMA method. 
It shows that from 543 publications, there were only 28 studies that were related to the 
sustainability area in the mining industry. Moreover, these studies covered only some 
environmentally friendly dimensions, such as social, environmental, and economic, 
and still used a conventional modeling pattern without implementing technolog-
ical innovation and Artificial Intelligence-based models. By providing a systematic 
mapping study of literature covering the sustainable mining industry over the last 
seven years, this paper shows an essential contribution in demonstrating the growing 
number of studies on this topic while highlighting gaps for new research, especially
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in implementing technological innovation and AI approaches in model development 
and calculations. 

Keywords Carbon emission · Climate change · Assessment · Sustainable mining 
industry 

1 Introduction 

The mining industry is closely related to the exploitation of nature and resources. 
Therefore, many controversies arise from environmental and economic points of view 
regarding the operation of the mining industry. In a fluctuating economic dynamic, the 
development of the mining industry follows the rhythm of economic development; 
It sometimes increases and sometimes decreases. If the economy is growing, the 
mining industry will grow in line with the development of other industries as it is an 
upstream industry. Thus, the demand for minerals and mining materials will continue 
to exist [1]. 

The need for mining products will grow in line with the increase in product 
demand. A decrease in mining industry activity usually accompanies a decrease in 
environmental damage, on the other hand, as mining exploitation increases, envi-
ronmental pollution will also increase. Environmental protection principles are now 
being applied to the mining industry to overcome this. For example, implementing 
recycled materials and renewable energy in the mining operations. However, this 
effort has not been fully implemented. Therefore, there is a growing need to design a 
system for measuring the mining process’s sustainability level. Through this system, 
the level of application of environmentally friendly principles for the mining industry 
can be monitored so that improvements can be made according to the conditions of 
the measurement results. 

Integrating technological innovation and artificial intelligence is widely recom-
mended to achieve environmentally friendly and sustainable mining practices [2, 3]. 
Though many interesting studies related to the sustainability of the mining industry, a 
few have discussed the role of artificial intelligence in the sustainability of the mining 
industry comprehensively from a manufacturing performance perspective. Some of 
the literature discusses mapping studies in the mining industry, [4] proposes a frame-
work of mining impacts and related mitigation measures based on literature mapping 
and [5] conducted literature mapping, which aims to examine how the conceptual 
framework in stakeholder engagement and corporate social responsibility works. To 
link existing techniques and methods with previous research, this study will map 
various kinds of literature on sustainability in the mining industry to recommend a 
structure and classification of existing research as well as different techniques and 
methods on the sustainable performance of the mining industry and its relationship to 
technology. This systematic mapping study will also aim to identify state-of-the-art 
gaps and future research directions.
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An important contribution of this article is to provide a thorough analysis of the 
literature on the sustainable mining industry over the last seven years, demonstrating 
the growth in the number of research on this topic. This analysis will also sharpen 
researchers’ understanding of the subject of the sustainable mining industry, making 
it easier for researchers to obtain useful data on this topic. This article also aims to 
show trends related to sustainable mining industry performance studies. It makes it 
easier for researchers to identify a large amount of information in various pieces of 
literature. 

2 Methodology 

To map previous studies regarding the sustainability of the mining industry, the 
literature review method used was Preferred Reporting Items for Systematic Reviews 
and Meta-Analysis (PRISMA) as can be seen in Fig. 1. In the literature selection 
process, the criteria used focus on three dimensions related to the mining industry: 
environmental, economic, and social. To define the scope of the mapping, criteria 
for exclusion of study materials were carried out. The criteria were set to exclude 
review results, conference papers, papers not written in English, publications before 
2014, duplicates, non-open access, non-Q1 journal accreditation, and unspecified 
publication status. This exclusion was done to ensure the relevance, quality, and 
suitability of the literature that will be used as study material. The database was taken 
from the Publish or Perish v8, which includes literature from Google Scholar and 
Science Direct databases. These search conditions were applied to the title, abstract 
and keywords. The combinations of search terms are: “sustainability” and “mining 
industry” or “indicator” or “index”. The scope of this study includes publications 
from 2018 to 2024.

There were 532 titles and abstracts, which were screened manually to identify 
relevant studies. A total of 504 were not included in the literature review used for 
this study. From the screening process using the PRISMA method, there are still a 
small number of studies that comprehensively discuss the sustainability indicators 
and sustainability index as well as their application in the mining industry in detail. 

3 Result 

From the selection result using the PRISMA method, 28 publications met the require-
ments for further study. Figure 2 shows that the selected articles were published 
between 2018 and 2024. The figure shows that the most articles related to the sustain-
able mining industry were published in 2023 and 2024, with a total of 9 and 11 articles, 
respectively. The jump in number shows that concern about sustainability in mining 
industry practices is increasing.
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Fig. 1 PRISMA flowchart
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Fig. 3 Keywords co-occurrence 

The co-occurrence keywords were mapped to find the trend in the studies 
discussing sustainability indicators and index. In Fig. 3, the keywords co-occurrence 
show that the keywords “mining” highlighted in red are closely related to “sustain-
ability”, “life cycle assessment”, and “innovation”. However, no clear connection is 
shown for the formulation of indicators. If we look at the literature review carried out, 
this could be because there are not many studies that discuss sustainability indicators 
in the mining industry in detail, so there are still not many “sustainability indicators” 
or “sustainability index” keywords appearing. Therefore, further study is required to 
identify crucial indicators for measuring sustainability in the mining industry. 

4 Discussion 

The 28 studies obtained from the selection result were further mapped based on the 
sustainability area discussed, as can be seen in Table 1; 18 studies have a sustain-
able manufacturing phase, only 5 studies have sustainability indicators, and only 1 
study has a sustainability index. Table 1 also shows that only 3 studies highlighted 
the implementation of technological innovation, and only 2 studies used AI, which 
is mainly used in mining machines and transportation to conduct predictive mainte-
nance and install sensors for mining transportation. It proved that important variables 
in sustainability haven’t been discussed comprehensively yet, but it’s critical things 
to do in measuring sustainability and formulating a sustainability index.

To further understand the factors related to sustainability in the mining industry 
area, the first step that needs to be done is identifying and finding out which indicators 
are crucial in the social, economic, and environmental dimensions. Seeing the lack of
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comprehensive and detailed studies related to sustainability indicators and sustain-
ability index, it is necessary to carry out further analysis by integrating the selection 
of relevant indicators with the creation of assessment tools until a sustainability index 
is achieved. 

The mapping of sustainability measurement indicators, classified in the manufac-
turing sustainability phase, is also carried out to determine indicator specifications. In 
the input phase, the indicators include Employment of the local workforce [6], social 
acceptability, capital cost and policy support, legislation and regulation [7], commu-
nity engagement and impact [8], public acceptance, efficient use of ore, technology 
investment cost, and employment opportunities [9]. 

Meanwhile, in the process phase, the indicators include: fixed price, energy and 
fuel, health and safety, air pollution, water pollution, soil pollution, noise [6], opera-
tion and maintenance cost, energy consumption lifting per tonnage mineral, produc-
tion rate, proven technology, technology reliability, technology availability, turbidity 
of ocean water, total organic carbon content and sedimentation rate [7], worker 
rights and safety [6], time efficiency, maintenance cost, energy consumption, risk in 
workplace safety, environmental pollution, noise, CO2 emission [9]. 

For the output phase, the indicators include: Changes in land cover and land use 
[10], forest protection [6], sedimentation thickness, investment recovery period, gross 
income, severity of ill effect [7], cultural and heritage preservation, local economy 
impact, economic sustainability [8]. 

Figure 4 is a proposed framework for selecting relevant indicators and measuring 
the sustainability index. A pilot study is important because we need to see the fitness 
of the questionnaire that has been validated by experts in, to get feedback and find 
preliminary indicators that are appropriate for measuring sustainability performance. 
By using the EFA and PLS-SEM methods to test the structure of the new model and 
weighting the selected indicators using ANP, a model was created for measuring the 
sustainability index, which is applicable to the manufacturing performance in the 
mining industry.

As seen in Fig. 4, sustainable performance assessment tools and model is built and 
integrated with AI to help the mining industry do self-assessment easily and predict 
their sustainability index in the future.. 

5 Conclusion 

From the systematic mapping study conducted above, it can be concluded that 
measuring sustainable performance in the mining industry is important, considering 
that there are still very few studies that state indicators in detail by producing a 
sustainability index. Moreover, the implementation of technological innovation and 
AI-based models are still lacking in the mining industry since most still rely on using 
a conventional modelling pattern. Mining is an activity that can damage nature, but 
on the other hand, it is a necessity that cannot be avoided in line with increasing 
demand from the market, so the use of technology in its integration with the mining
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Fig. 4 Proposed sustainability index framework

industry is one way that can be used to improve mining activities and automate 
mining machines to achieve sustainable conditions. 

Further studies can be carried out regarding sustainable mining and the application 
of technology to measure the sustainable performance of the mining industry. By 
further developing appropriate performance measurement indicators and integrating 
technology in the performance measurement system as proposed above, the mining 
industry can carry out independent measurements and find out the sustainability 
index in a sustainable manner. 
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Experimental Study of Parameters 
Effects on Dimensional Accuracy 
and Surface Integrity of the HDPE 
Substrate Using the Hot Embossing 
Process 

Muhammad Syahrir, Ahmad Rosli Bin Abdul Manaf, Wan Hamdi, 
and Khair Khalil 

Abstract This study explores the fabrication of a micro-dimple substrate using 
the Hot embossing (HE) technique with High-Density Polyethylene (HDPE) as the 
material. In this paper, various experiment parameters were chosen, varying tempera-
ture, force, and holding time. The Response Surface Methodology (RSM) with three 
parameters was employed to analyze and evaluate the relevant linkage of HE param-
eters to the dimensional accuracy and surface roughness of the micro-dimple profile. 
The findings indicated that HE force is the primary factor in maintaining dimen-
sional accuracy and surface quality. This result proved that HE is a reliable process 
for fabricating high-accuracy HDPE micro dimple substrates with high dimensional 
accuracy and surface finish. 

Keywords Hot embossing · HDPE · Response Surface Methodology (RSM) 

1 Introduction 

In the present era, every manufacturing industry worldwide strives to attain optimal 
productivity and profitability for their products. Maximizing the output of compo-
nents within a limited timeframe contributes to enhanced productivity and prof-
itability. Industrial operations often rely on HE (Hot Embossing) procedures as their 
primary method. HE is a production technique that employs heat and pressure to 
reproduce intricate patterns or microstructures onto a surface. Historically, ancient
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civilizations utilized the embossing technique to create coins, bypassing the need 
for heating. Subsequently, other researchers and innovators made advancements in 
the development of embossing technology [1, 2]. Hot embossing is extremely bene-
ficial for producing micro-scale features because of its precision, scalability, and 
cost-effectiveness in comparison to alternative techniques like photolithography or 
laser ablation. 

High-Density Polyethylene (HDPE) is a thermoplastic polymer that is extensively 
utilised due to its exceptional mechanical qualities, resistance to chemicals, and 
adaptability [3]. Hot embossing is a highly utilised technique in industries such 
as microelectronics, optics, and microfluidics. It is favoured for its versatility, cost 
efficiency in large-scale manufacturing, and ability to work with different types 
of thermoplastic materials [4, 5]. An emerging field of study focuses on replacing 
Germanium and silicon with HDPE to incorporate micro-scale characteristics that can 
improve functional attributes and reduce cost, especially in IR camera technology. 
Now, HE is recognized as a precise and simple way to shape micro features, HE 
addresses the growing demand for cost-effective and time-efficient manufacturing 
of micro-components. Hot Embossing stands out as the best replication technique 
for mass-producing micro-components. In Hot Embossing, mostly polymers like 
PMMA, PC, etc. are mainly used as the work material [2]. Surprisingly, HDPE 
exhibits pliability when subjected to the embossing process, since it may be shaped 
by the mould under pressure due to its melting point ranging from 120 to 130 °C. 
The crystallisation temperature is dependent on the material quality and molecular 
weight, often ranging from 110 to 130 °C. The surface finish achieved through HDPE 
hot embossing is remarkably sleek and lustrous, making it suitable for applications 
that prioritise aesthetics [4, 6]. 

2 Experimental Procedure 

2.1 Substrate Design (Mould Insert) 

The selected shape of the substrate is in a micro dimple profile. Micro dimples 
refer to minuscule, systematically arranged indentations on the surface of a material. 
These characteristics can have a substantial impact on the analysis of the material’s 
performance and dimensional accuracy in this research. The chosen tool diameter 
(ball nose HSS endmill) for the dimple is 1.5 mm, and it will be plunged to a depth 
of 0.3 mm. The design pattern is most likely a honeycomb shape. Figure 1 displays 
a schematic depiction of the insert, illustrating the dimensions of the micro dimples. 
The substrate has a thickness of 2 mm, and the HDPE material has been chosen for 
it.

The substrate weight is 0.1489 g. To ensure complete filling of the material in a 
mould area, the weight of the HDPE material should exceed 0.1489 g.
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Fig. 1 Detail drawing of micro dimple’s substrate

2.2 Mold Fabrication 

The micro dimple mould insert was fabricated by machining the Aluminium 6061 
material using a lathe and CNC milling machine. The mould insert initially turns 
with a diameter of 30 mm and a height of 27 mm. Next, the micro dimples’ 
profile was fabricated using the CNC milling machine at a constant spindle speed of 
3000 rpm. The CATIA P3 V5 R20 software was utilized to create G code programs 
for machining, which were subsequently transfer into a program by Mastercam for 
machine control. The 1.5 mm ball nose endmill, made of high-speed steel (HSS) is 
used to cut dimple profiles at a feed rate of 0.5 mm per minute. The machined mould 
insert is shown in Fig. 2. Subsequently, a layer of PTFE (polytetrafluoroethylene) was 
applied to the whole surface of the microdimples with around 60 µm thickness. This 
coating possesses non-stick capabilities, which effectively prevents the embossed 
material from sticking to the die [7, 8]. Figure 3 displays the mould insert that has 
been coated with PTFE. 

Fig. 2 Uncoated mould 
insert 

Fig. 3 Coated mould insert 
(PTFE)
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Fig. 4 Experiment setup for HE processes 

Table 1 Denote a lift of hot 
embossing input variables 
and levels 

Embossing parameters Level 1 Level 2 Level 3 

Embossing temperature (°C) 155 160 165 

Embossing pressure (KN/s) 5 10 15 

Embossing time (s) 100 150 200 

2.3 Experiment Setup 

The hot embossing process is carried out using an in-house hot embossing setup, 
as depicted in Fig. 4. The HE tooling is equipped with thermocouples, a heater, a 
locking mechanism, and a temperature controller [6]. The HE mould was attached 
to a Universal Testing Machine (UTM) to perform the He process. The compression 
parameters of UTM were set according to the experiment parameters as shown in 
Table 1. The thermal controller configures a set of heaters and thermocouples to 
generate heat on the upper and lower moulds, commencing the procedure by heating 
the moulds to the required temperature. 

Three distinct experimental factors played a crucial role in determining the 
accuracy and surface roughness of the responses in this investigation. The criteria 
considered were the temperature, the force, and the length of holding. The overall 
experiment parameters are shown in Table 1. 

2.4 Substrate Evaluation 

Once the demoulding process was finished, the microstructure of the substrates 
was examined using a three-dimensional (3D) laser microscope known as LEXT 
OLS5000 Olympus. To evaluate the precision of replication and the integrity of 
the surface, we conducted measurements of the Sag height and diameter for each 
microdimple and documented the data for every sample. The research identified
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differences between the height of the mould Sag and the Sag height of the replicated 
substrate. These differences were recognized as shrinkage that occurred during the 
cooling process and the presence of trapped air during the pressing process. 

3 Results and Discussion 

This research study utilises two primary statistical techniques: Analysis of Variance 
(ANOVA) and Response Surface Methodology (RSM). The Design Expert v13 soft-
ware is utilised as a statistical tool to assess the differences between two or more 
means [9, 10]. ANOVA is used to assess if there are statistically significant differ-
ences between the means. With the FCD approach, there are three (3) responses (n 
= 3) and six (6) central points (n0 = 6), the total number of runs generated is 20. 

An investigation was carried out to assess the impact of temperature, force, and 
holding time on the dimensional accuracy and surface roughness. Table 1 demon-
strates that the temperature, force, and holding time have a substantial effect on the 
dimensional accuracy and surface roughness of the HDPE substrate. Equation 1 is 
utilised to compute the replication accuracy of an embossed microchannel. 

Replication Accuracy = Size of micro dimples substrate 
Size micro dimples insert 

× 100 (1) 

3.1 Data Analysis—Normality Test 

These results are subsequently employed to formulate an equation representing the 
responses. The normal probability plot must be measured and evaluated for range of 
residuals that should be near or close to the mean line for any ANOVA analysis [9, 
10]. To validate the outcomes, a normality test is conducted to determine if a data 
set is well-modelled by a normal distribution and the results are presented in Fig. 5a 
and Fig. 5b as a normal probability plot. This graphical representation facilitates a 
comparison between the predicted and achieved values for the design matrix. Refer-
ring to Fig. 5a and b, it can be observed that the mean line, which represents the 
average responses of this experiment fits well with all the responses. This alignment 
indicates that the residuals, which are the discrepancies between anticipated and 
actual values, are minor and closely match the mean line. This approach is designed 
to ensure that the experimental findings are reliable and accurate.
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Fig. 5 Normal probability plot. a Accuracy, b roughness 

3.2 Impact of Hot Embossing Parameters on Dimensional 
Accuracy 

The analysis of variance (ANOVA) for dimensional accuracy and surface roughness, 
as well as the predicted regression coefficients, are shown in Tables 2 and 3, respec-
tively. The model selection is determined by the presence of insignificant lack of fits. 
The Design Expert software suggests using a linear model for analysis during this 
test [1]. 

The ANOVA findings for the reduced quadratic model (Table 2) indicate that there 
is a statistically significant overall effect on Accuracy as the response variable, with an

Table 2 Summary ANOVA of result accuracy response in the reduced quadratic model 

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

Model 26.01 7 3.72 3.22 0.0365 Significant 

A-temperature 3.10 1 3.10 2.69 0.1270 

B-force 3.71 1 3.71 3.21 0.0982 

C-time 1.76 1 1.76 1.53 0.2399 

AB 3.25 1 3.25 2.82 0.1191 

AC 4.29 1 4.29 3.72 0.0777 

BC 4.84 1 4.84 4.19 0.0632 

A2 5.05 1 5.05 4.38 0.0584 

Residual 13.85 12 1.15 

Lack of fit 8.00 7 1.14 0.9761 0.5299 Not significant 

Pure error 5.85 5 1.17 

Cor total 39.85 19
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Table 3 Summary ANOVA of result surface roughness response in the reduced quadratic model 

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

Model 19,967.60 10 1996.76 15.78 0.0002 Significant 

A-temperature 1368.90 1 1368.90 10.82 0.0094 

B-force 1464.10 1 1464.10 11.57 0.0079 

C-time 5382.40 1 5382.40 42.53 0.0001 

AB 3003.13 1 3003.13 23.73 0.0009 

AC 2485.13 1 2485.13 19.64 0.0016 

BC 1830.13 1 1830.13 14.46 0.0042 

A2 8.20 1 8.20 0.0648 0.8047 

B2 164.20 1 164.20 1.30 0.2841 

C2 481.14 1 481.14 3.80 0.0830 

ABC 2415.13 1 2415.13 19.08 0.0018 

Residual 1138.95 9 126.55 

Lack of fit 760.11 4 190.03 2.51 0.1703 Not significant 

Pure error 378.83 5 75.77 

Cor total 21,106.55 19

F-value of 3.22 and a p-value of 0.0365. Nevertheless, upon examining the individual 
predictor variables (A-Temperature, B-Force, C-Time, AB, AC, BC, and A2), none 
of them exhibit a significant impact on explaining the variability in Accuracy (all 
p-values > 0.05). The Lack of Fit analysis demonstrates that the model fits well. 
While the model is generally significant, a more streamlined version may offer a 
more meaningful representation of the relationship between predictor variables and 
Accuracy. 

The ANOVA findings indicate that the predictor variable “B-Force” has a p-value 
of 0.0982, which is slightly below the customary significance level of 0.05. However, 
this result is not sufficient to establish statistical significance. When comparing the 
two variables, “A-Temperature” has a p-value of 0.1270 and “C-Time” has a p-value 
of 0.2399. While the p-value of “B-Force” is lower compared to the other variables, 
it does not definitively prove statistical significance. Thus, one may tentatively argue 
that “B-Force” appears to be more suggestive of importance when compared to 
“A-Temperature” and “C-Time”. 

The analysis of variance (ANOVA) reveals a significant interaction between 
specific parameters and the temperature during hot embossing. Figure 6a and b 
demonstrates the effects of hot embossing temperature and force on the accuracy 
of the micro-dimple’s substrate [11]. The accuracy of the micro-dimple profile is 
enhanced when the hot embossing temperature is increased within the range of 150– 
170 °C, and similarly when the force is increased between 5 and 15 kilonewtons. 
As a result, the accuracy value increases from 97.12 to 105.29%. The improvement 
is due to the reduction in the viscosity of the polymer material as the temperature 
increases, resulting in better filling of the HDPE material into the cavities.
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Fig. 6 Graph of temperature versus force on accuracy of HDPE substrate. a 3D surface, b contour 
plot 

3.3 Impact of Hot Embossing Parameters on Surface 
Integrity 

The ANOVA findings for the Reduced Cubic model (Table 3) demonstrate that the 
model successfully accounts for variations in Roughness. The Model F-value of 15.78 
and the low p-value of 0.0002 indicate that there is a very low probability (0.02%) that 
the observed results are affected by random noise. The variables A (Temperature), B 
(Force), and C (Time), along with their interactions, have a considerable impact on 
Roughness. However, the squared values of A, B, and C (A2, B2, and C2) do not have 
a significant impact on Roughness. The Lack of Fit analysis reveals a statistically 
insignificant lack of fit (F-value 2.51, p-value 0.1703), suggesting that the model 
adequately fits the data. The residual analysis (Residual Sum of Squares 1138.95, 
9 degrees of freedom) provides insights into unexplained variability. In summary, 
the results guide interpretation, emphasizing significant factors affecting Roughness 
and suggesting potential model improvement by identifying non-significant terms. 
Factor Coding and Type III—Partial Sum of Squares enhance understanding of how 
factors are represented in the analysis. 

The significance of Temperature, Force, and Time factors in our Analysis of 
Variance (ANOVA) can be gauged through their p-values. A lower p-value indicates 
stronger evidence against the null hypothesis, highlighting greater significance. In our 
analysis, Temperature, Force, and Time have p-values of 0.0094, 0.0079, and 0.0001, 
respectively. Among these factors, Time (C) is the most impactful on Roughness, 
with the smallest p-value. This suggests a high level of confidence that Time’s effects 
on Roughness are not random. Consequently, in the Reduced Cubic model, HE time 
appears to be the most influential factor in determining the Roughness response, 
followed by force, and then temperature.
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Fig. 7 Graph of temperature and force on roughness of HDPE substrate. a 3D surface, b contour 
plot 

According to the analysis of variance (ANOVA), there is a significant inter-
acting effect observed between the hot embossing temperature and the other factors. 
As the temperature for hot embossing increases, the value of surface roughness 
decreases, eventually matching or even reaching the roughness of the mould surface. 
The primary cause of this phenomenon is the influential function of temperature 
in determining surface roughness during hot embossing. An increase in tempera-
ture during the procedure leads to a decrease in surface roughness (Ra) [12]. The 
elevated temperature also amplifies the viscosity of the mould [13, 14]. The correla-
tion between temperature, force, and surface roughness is represented in Fig. 7. The  
curvature of the graphs in Fig. 7a indicates the interplay among these factors. An 
increase in temperature and force results in a significant decrease in surface rough-
ness. Optimal temperature conditions enhance the flow of polymer material, allowing 
it to effectively fill gaps or imperfections in the mould, resulting in a more polished 
surface [15]. 

4 Conclusion 

In summary, this research has effectively designed a hot embossing technology 
specifically for producing micro dimples in HDPE. Consequently, the investigation 
reaches the following conclusion: 

1. The study found that temperature, force, and embossing time have a substantial 
impact on the quality of the microdimples. 

2. From analysis we can conclude that the force is the primary factor that influenced 
the dimensional accuracy of the micro-dimpled HDPE substrate structure, and 
the holding time is the primary factor that influenced the surface roughness of 
the micro-dimpled HDPE substrate structure.
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3. The contour plot for ANOVA demonstrates that the precision in dimensions of 
micro dimples on HDPE substrate rises from 97.12 to 105.29 with an elevation 
in hot embossing temperature, moving from 150 to 170 °C. 

4. The surface roughness percentage experienced a decline from 225 to 104 as 
the temperature rose from 150 to 170 °C. This reduction in surface roughness 
percentage indicates an improvement in the substrate’s surface quality. 
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Sustainable Value Stream Mapping 
Application in the Furnace Process 
at a Large Nickle Company 

Cristin Angel , Cucuk Nur Rosyidi , and Wakhid Ahmad Jauhari 

Abstract This study aims to improve productivity in the skimming furnace process 
of a Large Nickle Company by applying the Sustainable Value Stream Mapping (Sus-
VSM) method. This company focuses on the exploration and processing of nickel ore 
in Indonesia with an average production of 75,000 tonnes per year. By considering 
environmental, social, and economic aspects, the research aims to identify and elim-
inate waste that becomes a bottleneck in the production of nickel matte. The research 
used the American Productivity Center (APC) method to measure current produc-
tivity, while the Line Balance Ratio (LBR) assessed production imbalance. The cause 
of the problem was analyzed using fishbone analysis, and waste was corrected using 
the lean concept. The results show that the application of Sus-VSM can increase the 
productivity and efficiency of the furnace skimming process by reducing the duration 
of NVA (Non-Value Added) in the close to open skimming process by 21.27 min, 
determining the standard time to perform close to open skimming work for 164 min, 
improving operator working conditions by implementing the use of ear protection 
devices in the form of helmet mounted earmuffs, and designing modifications to 
the automatic rosebud tool equipped with hydraulic. Thus, the Sus-VSM method 
can be a sustainable solution to improve productivity and production balance in the 
nickel mining industry. The proposed improvements depicted in the future contin-
uous value stream mapping can increase the time efficiency of the close to open 
skimming process by 5%. 
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1 Introduction 

The rapid development of the mining industry and the high demand for nickel 
encourage companies to increase productivity and competitiveness, one of which 
is through the application of lean manufacturing concepts. Lean manufacturing is 
a systematic approach that aims to eliminate waste and improve efficiency in the 
production process [1]. Its philosophy focuses on continuous improvement and elim-
inating non-value-added activities. The implementation of lean manufacturing in 
various industries has been proven effective, one of which is in a timing belt supplier 
company that experienced a 19.1% increase in productivity through a cycle time 
study [2], as well as a garment company that recorded a productivity increase of 
16.66% [3]. 

This research focuses on the implementation of sustainable lean manufacturing 
with the Sustainable Value Stream Mapping (Sus-VSM) method at Nickel Company, 
which is the largest multinational company in nickel production in Indonesia. The 
production process at Nickel Company includes dryer, reduction furnace, smelting 
in electric furnace, and refining in converter. Based on observations, in the nickel ore 
processing process there is a problem in the form of accumulation of matte and slag 
products in the furnace (bottleneck). This problem is caused by inefficient use of time 
in the close to open skimming work process, resulting in non-value-added activities 
in the form of waiting time of 21.27 min. This causes the furnace process to not run 
efficiently and effectively, which will have an impact on the amount of production 
output and productivity. In addition, current global issues such as employee health 
and welfare and environmental sustainability are also behind this research. Thus, 
companies are required to care and be responsible for the environment and social. 
This is in accordance with the rules set by the government in Law No. 32 of 2009 
and Law No. 46 of 2007 regarding social and environmental responsibility that must 
be implemented by companies. 

This research extends the use of traditional VSM by incorporating sustainability 
metrics to create Sus-VSM, which has proven effective in various manufacturing 
case studies. As such, this research makes a significant contribution to the imple-
mentation of sustainable lean manufacturing in the mining industry, specifically in 
order to improve the productivity and long-term efficiency of the nickel production 
process at Nickel Company. This research aims to produce improvement proposals 
in the form of Future Sus-VSM on environmental, social, and economic aspects, 
which can be used to increase productivity in the skimming furnace process at Large 
Nickel Company. The proposed improvements are obtained from the results of waste 
elimination, noise control, workload minimization, and potential hazards that exist 
in the skimming furnace process environment.
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2 Research Methodology 

The research method used in this study is sustainable value stream mapping to 
improve productivity. This method considers the assessment of three important 
aspects including environmental, social, and economic. The aspect assessment is 
based on the sustainable value stream mapping matrix [4]. The selection of the 
assessment metrics is done by observation, interview, and document study. Thus, the 
assessment metrics for environmental aspects are noise measurements. The noise 
measurement metric aims to determine the noise level that exists in the furnace 
process, namely whether it is in the noise threshold range or not. The assessment 
metrics for social aspects are Physical Load Index (PLI) and Work Environment 
Risk. This metrics aims to determine the workload and potential hazards that exist 
in the furnace station work environment that can affect productivity. The assess-
ment metrics for economic aspects are waste identification and elimination at close 
to open skimming process used kaizen [5] and time motion study [6]. This metric 
aims to increase time efficiency in order to increase productivity. In an effort to 
increase productivity, the American Productivity Center model is used to calculate 
the company’s current productivity level, while the line balance rate (LBR) method 
is used to calculate the balance value of the production line. 

3 Results and Discussion 

3.1 American Productivity Center (APC) Calculation 

APC is used to determine the current productivity level based on the productivity 
index, profitability index, and price improvement index [7]. The productivity level 
can be calculated using Eq. 1. 

IPF = IP × IPH (1) 

This calculation uses the company’s output and input data in 2022 and 2023. 
The results of the productivity index calculation in Fig. 1 show that in 2023 the 
company’s productivity increased by 10% because the amount of output increase was 
greater than the amount of input. The input that has the greatest influence is labor by 
24%, so it is concluded that the company is able to increase labor productivity. The 
calculation of the profitability index in Fig. 2 shows that the company’s profitability 
has decreased by 8% with the smallest profitability index being capital input. This 
happened because in 2023 the capital profitability index decreased by 23% due to 
the addition of quite a lot of fixed assets in that period. The calculation of the price 
improvement index in Fig. 3 shows that the highest price improvement index is 
energy at 0.937%. Meanwhile, the lowest price improvement index is capital input 
at 0.699%. Based on Eq. (1), the profitability index is directly proportional to the
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productivity index but inversely proportional to the price improvement index. The 
higher the price improvement, the lower the profitability. Meanwhile, the higher the 
productivity development, the higher the profitability. Therefore, in this condition, 
increasing profitability can be done by improving the productivity of the company 
by focusing on improving labor input, capital input, and raw material input. 

3.2 Line Balance Rate (LBR) Calculation 

Line balance ratio is used to calculate the current level of balance in the nickel ore 
processing process [8]. The data used in this study are production output data and 
operating time of each work station. The calculation results in Fig. 4 show that the 
furnace process station has the lowest output amount with the highest total operating
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time, so it is concluded that there is a buildup of material (bottleneck) in the furnace 
process which causes unbalanced production. 

3.3 Economic Metrics 

Assessment of economic metrics of sustainable value stream mapping in the form 
of waste identification. Waste identification is carried out using the time and motion 
study method in the close to open skimming furnace process. Current Sus-VSM can 
help the waste identification process at the process station shown in Table 1. Shows the 
results of the time and motion study that consists of value-added (VA), necessary-non-
value-added (NNVA) and non-value-added (NVA) activities that hinder the efficiency 
and effectiveness of the skimming and tapping process. Therefore, improvements are 
given to eliminate the non-value added.

3.4 Social Metrics 

Social metrics explain the workload using the physical load index (PLI) and the work 
environment hazards to operators using work environment risk [9]. The workload is 
obtained from the results of the PLI questionnaire and interviews conducted in all 
furnace processes on shifts 1 and 2 shown in Table 2. The total PLI in the furnace 
process is 85.66. Based on the workload assessment range, this value represents 
that the work in the furnace process provides an average load with the strength of 
the pressure having a moderate impact on the operator. The work environment risk 
measurement shown in Table 3 produces three hazard factors that have the highest 
value, namely electrical systems, the use of chemicals and materials, and pressurized 
systems. Proposed improvements to social metrics are shown in Table 6.
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Table 1 The results of time and motion study 

Activity Description Average duration (min) 

Close skimming VA 1.05 

Waiting for the haulmaster NVA 3.70 

Preparing the ladle (water pot) VA 1.52 

Picking up and positioning the hose NVA 1.63 

Flushing the launder VA 4.12 

Picking up the jack hummer NVA 1.02 

Cleaning the tilting VA 12.64 

Cleaning the launder VA 35.40 

Waiting for the loader NVA 13.42 

Moving the ladle (water pot) NNVA 6.48 

Waiting for CRO (Control Room Operator) NNVA 77.50 

Initial drilling on skimming VA 9.74 

Picking up and positioning the bar NVA 0.90 

Picking up and positioning the rosebud NVA 0.60 

Open skimming VA 1.64

3.5 Environmental Metrics 

The environmental metric assessment of sustainable value stream mapping is the 
measurement of the noise level in the furnace process. The results of the noise 
level calculation shown in Table 3 were measured using a sound level meter at 
each measurement point. The selection of measurement points considers areas that 
are representative of noise sources and affected areas. Based on the measurement 
results, measurement points 1 and 2 have noise levels above the threshold with a 
maximum exposure of 3.03 and 1.62 h. If workers do not use APT when exceeding 
the maximum exposure limit, it will cause hearing loss, so noise control needs to be 
done (Table 4).

3.6 Current Value Stream Mapping (Sus-VSM) 

Curren value stream mapping describes the current business process based on data 
collection conducted at the company. Figure 5 shows the information flow, material 
flow, lead time and cycle time created using Lucidchart software. The maximum 
lead time is found in the furnace process in the form of the calsine material melting 
process. Based on the results of the time and motion study, the total NVA in the 
furnace skimming process is 21.27 min, the total NNVA is 83.98 min, and the total 
VA is 66.10 min. In addition, the current Sus-VSM figure also explains the results
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Table 2 Physical Load Index (PLI) 

Activity Workload PLI 
score 

Description 

Body position Slight hunchback 4 Operator close 
skimmng 

Hunchbacked once 0.4 Pick up and 
operate toolsEntangled 0 

Hunchback picking up 0.3 Picking up tools  

Arms One arm above 
shoulder 

2 Lift bar 

Both arms above the 
shoulder 

0 

Feet Squat 3 Flushing the 
laundererKneel 0 

Walk 4 Doing work 

A load that is lifted/brought down 
perpendicularly 

Light load (<10) 1 Pick up 
equipmentMedium load 

(10–20 kg) 
0 

Heavy load (>20 kg) 0 

Loads that are lifted/brought down in a 
bent manner 

Light load (<10) 0 

Medium load 
(10–20 kg) 

0 

Heavy load (>20 kg) 4 Remove 
rosebuds and 
bars 

Total PLI 18.66 

Table 3 Work environment 
risk Hazard factors Value 

Electrical system (E) 3 

Chemical/Material usage (H) 3 

Pressurized system (P) 3 

High-speed component (S) 1

Table 4 Calculation result of noise level in furnace process 

Measurement Point Noise level (dB) Maximum exposure limit (h) 

Point 1 (skimming) 89.2 3.03 

Point 2 feedbin) 84.1 9.62 

Point 3 (transformer) 91.9 1.62
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Fig. 5 Recommendations for proposed improvements to social aspects 

of measuring the noise level in the furnace process. measurement point 1 has a noise 
level of 89 db, point 2 is 84 db, and point 3 is 90 db. This can have a negative impact 
on the operator’s health because the noise level exceeds the threshold. In addition to 
the noise level, workload and potential risks of the work environment can also affect 
the comfort and safety of operators while working. According to the image that the 
total PLI value has a value of 19 and the total average work environment value of 3 
means that the strength and risk has the medium impact for worker. 

3.7 Improvement Recommendation 

See Table 5 and 6. 

Table 5 Recommendations for proposed improvements in economic aspects 

No. Waste Recommendation proposal economic aspects 

1 Waiting for 
haulmaster and 
loader 

Improving the communication system between operators and 
operations management 

2 Waiting for hose 
collection 

Set up hose storage tools, prepare equipment to be used before close 
skimming 

3 Waiting for jack 
hammer retrieval 

Designing a tool storage layout that is close to Launder and Tilting 

4 Waiting for bar 
and rosebud 
positioning 

Prepare the rosebud and bar tools to be used before open skimming. 
Store the tools in an organized manner after use 

5 Waiting for CRO 
command to open 
skimming 

Improve equipment maintenance system, using a drying system or the 
use of hot air to speed up the drying process drying, and training on 
proper equipment operation for operators
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Table 6 Recommendations for proposed improvements in environmental and social aspects 

Proposed 
improvements 
for 
enviromental 
aspects 

Proposed improvements for social aspects 

Engineering 
control by 
designing a 
silencer 

Controlling hazards caused by electrical systems by providing warning signs 
on each insulating equipment, using rubberized coatings on electrical cables in 
the metal floor area, testing and inspecting insulation and equipment, and using 
standard personal protective equipment from electrical hazards 

Administrative 
control by 
creating a work 
rotation system 

Control hazards caused by the use of chemicals by providing warning signs in 
the area, and using standard personal protective equipment regularly 

Use of moulted 
earmuff helmet 

Control hazards caused by system pressure by conducting regular inspection 
and maintenance of machines, providing safety training such as safe use of 
machines, and using standard personal protective equipment that has been set 

3.8 Future Value Stream Mapping 

Future value stream mapping represents the results of proposed improvements to 
increase productivity in nickel ore processing. Proposed improvements include waste 
elimination, use of personal protective equipment, tool design and modification. The 
proposed Future Sus-VSM is shown in Fig. 7. The implementation of the proposed 
improvements results in time efficiency to complete the close to open skimming 
process of 164 min with a noise level minimization of 30 db (Fig. 6).

4 Conclusions 

This research applies the Sustainable Value Stream Mapping (Sus-VSM) method 
to improve productivity, efficiency, and operator welfare in the skimming furnace 
process at Nicle Company. Through the elimination of wastes such as delays and tool 
inefficiencies, the process time was cut from 171 to 164 min, increasing efficiency of 
the close to open skimming process by 5%. Social aspects were improved by reducing 
physical workload and hazard risk through modification of laundering tools and 
design of auxiliary tools to support worker safety and comfort. Environmental aspects 
were improved by controlling the impact of noise using ear protection equipment 
in the form of moulted earmuff helmets. The results of these improvements allow 
operators to work more safely and comfortably, supporting increased productivity 
and profitability of the company as well as operator welfare. For future research, it 
is recommended to cover the entire nickel processing process, and consider various 
environmental aspects.
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Fig. 6 Current sustainable value stream mapping 

Fig. 7 Future sustainable value stream mapping
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Abstract Environmental sustainability has emerged as a critical global concern 
driven by climate change, biodiversity loss, and pollution. Small and Medium Enter-
prises (SMEs), which constitute approximately 90% of businesses and over 50% 
of jobs worldwide, encounter significant challenges in implementing sustainable 
practices due to limited resources and knowledge. This study investigates how 
SMEs can integrate green strategies and innovative practices to achieve sustainability 
goals within the Sustainable Development Goals (SDGs) framework. Therefore, The 
research aims to develop a conceptual model that combines green business strate-
gies, green competencies, green innovation, and green manufacturing practices to 
enhance SMEs’ sustainable performance. The study employs an exploratory–descrip-
tive approach, analyzing literature to identify key themes and relationships between 
variables. The proposed model highlights the importance of green competencies, 
including knowledge, skills, and attitudes, in fostering green innovation and manu-
facturing practices. The findings suggest that green strategies can improve SMEs’ 
operational efficiency, reduce environmental impacts, and enhance competitiveness. 
This research contributes to the literature by focusing on SMEs’ role as change 
agents in achieving global sustainability and offers practical recommendations for 
implementing green strategies effectively. 
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1 Introduction 

Environmental sustainability has become a pressing global issue due to climate 
change, biodiversity decline, and pollution [1, 2]. Industries face pressure to reduce 
their ecological footprint while maintaining profitability. Sustainability entails the 
ability to fulfill present needs without compromising future generations’ ability 
to fulfill their own needs [2, 3]. This highlights the importance of sustainability-
focused business strategies. Small and Medium-sized Enterprises (SMEs) signifi-
cantly contribute to the global economy but often lack the resources to implement 
sustainable practices [3]. This is exacerbated by rising consumer expectations for 
environmentally friendly products and services, creating an urgent need for inno-
vative approaches to help SMEs become sustainable and competitive [3–5]. SMEs 
make up about 90% of businesses and over 50% of jobs worldwide [6]. They face 
challenges like limited access to financial resources, technology, and knowledge for 
sustainable practices. In developing countries, SMEs are vital to local economies, and 
their adoption of sustainability principles has broad implications for economic and 
social development [3, 7]. This study examines how SMEs can integrate green strate-
gies and innovative practices to achieve sustainability goals. Within the framework 
of the Sustainable Development Goals (SDGs), particularly goals 8 (decent work and 
economic growth), 9 (industry, innovation, and infrastructure), and 12 (responsible 
consumption and production), it is crucial to develop policies that support envi-
ronmental sustainability. Sustainable practices in SMEs can reduce environmental 
impacts and enhance their global market position. Integrating SDG principles into 
SME operations is essential for inclusive and sustainable development, supporting 
long-term economic resilience and societal well-being. 

SMEs contribute significantly to economic development but also cause consid-
erable environmental problems, generating about 70% of global pollution. In Asia, 
SMEs exacerbate resource consumption and environmental issues, leading to climate 
change and frequent natural disasters. The raw material used per GDP unit in Asia is 
double that of other regions, causing significant environmental impacts and resource 
scarcity. Despite recognizing sustainability’s importance, SMEs face obstacles in 
implementing green strategies, primarily due to a lack of understanding and skills 
in practical sustainability. Caldera et al. [8] highlight that many SMEs prioritize 
short-term profits over long-term sustainable benefits. Structural barriers, like limited 
access to green technologies and financial support, along with regulatory limitations, 
further hinder SMEs’ sustainability efforts [9, 10]. These challenges necessitate 
improved resource utilization to align economic development with environmental 
preservation [11, 12]. 

In facing the challenges of implementing green strategies, several key factors can 
influence the success of SMEs in adopting sustainable practices. One of them is the 
development of green competencies, which include the knowledge, skills, and atti-
tudes needed to implement environmentally friendly business practices [11]. In addi-
tion, adopting a green business strategy that is integrated with the organization’s goals 
is also an essential factor. This strategy should improve operational efficiency, reduce



Green Strategy Implementation and Innovativeness in SMEs … 307

waste, and minimize environmental impacts while focusing on profitability. Green 
technology and product innovation also play a crucial role in supporting sustainable 
practices [5]. These technologies not only help reduce emissions and waste but also 
increase the competitiveness of products and services in the market [12–14]. Another 
influencing factor is support from external stakeholders, including the government, 
consumers, and local communities. This support can be through financial incentives, 
establishing a supportive regulatory framework, and increasing consumer awareness 
and demand for green products. By identifying and utilizing these factors, SMEs can 
more easily transition to sustainable business practices. 

Previous research [7, 12, 14–16] has shown that implementing green strategies can 
provide significant benefits to organizations, including improved reputation, reduced 
operating costs, and improved environmental performance. Adopting green tech-
nologies can improve energy efficiency, reduce greenhouse gas emissions, and help 
companies cope with pressure from regulators and consumers to adopt sustainable 
practices. However, these studies often focus on large companies, while SMEs are 
often overlooked. In the context of SMEs, limited resources and knowledge are signif-
icant barriers to adopting sustainable practices, but support from the government and 
community can help overcome these challenges. This study aims to fill the literature 
gap by focusing on SMEs’ role in implementing green strategies and innovation. 
This study focuses on SMEs as change agents in achieving the Sustainable Devel-
opment Goals. By highlighting the role of SMEs, this study offers a new perspective 
on the contribution of small organizations to global sustainability. This study aims 
to develop a model that integrates green strategy, green manufacturing practice, and 
green innovation to support SMEs’ sustainability. This study aims to identify and 
analyze the factors that influence the adoption of green strategies and innovation 
in SMEs and their impacts on business performance, the environment, and society. 
This study also provides practical recommendations for SMEs in implementing green 
strategies effectively, with the hope of making significant contributions to academic 
literature and industry practices and facilitating SDG achievement through innovative 
and sustainable approaches. 

2 Method  

This study aims to design a new conceptual model related to the role of green busi-
ness strategy and green competencies towards green innovation and the role of green 
innovation towards green manufacturing practice, which ultimately impacts sustain-
able performance in SMEs. This model seeks to provide an overview for SMEs on 
how they can develop green strategies, the capabilities needed for successful green 
manufacturing practices, and how synergies between strategies and capabilities can 
drive SME innovation for green manufacturing and lead to sustainability. This study 
uses an exploratory, descriptive approach to develop a model based on a literature 
review. The relationship between the exploratory descriptive research method and 
the theoretical analytical approach can be described in Fig. 1.
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Fig. 1 Research steps 

The data obtained from the literature review were analyzed qualitatively to identify 
key themes and relationships between the variables studied. The results of the analysis 
were used to develop a comprehensive and in-depth model. The research model built 
in this study consists of five main variables: green business strategy, green compe-
tencies, green innovation, green manufacturing practice, and SMEs sustainability 
performance. 

3 Result and Discussion 

SMEs are one sector that contributes greatly to extraordinary resource consump-
tion, waste and environmental problems, so discussions regarding the achievement 
of sustainability performance in the context of SMEs need to be carried out. Sustain-
ability in SMEs is considered a critical topic that requires great efforts to achieve. This 
research proposes a conceptual model that integrates green strategy, green manufac-
turing practice, and green innovation in encouraging sustainability in SMEs. Simul-
taneously with the development of the conceptual model, this research also proposes 
4 hypotheses. The proposed conceptual model is shown in Fig. 2. 

Fig. 2 Proposed conceptual model
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Table 1 Definition of variable 

Variable Definition 

Green competencies Set of abilities, skills, knowledge, and commitment, which enable an 
organization to work efficiently 

Green business 
strategy 

The proactive integration of environmental concerns into the strategic 
plans of various departments within a firm 

Green innovation Ability to develop ideas, products, and processes that can minimize the 
environmental impact generated by the company’s operational processes 

Green 
manufacturing 
Practice 

An approach aimed at minimizing the negative environmental 
consequences of production by reducing toxics, waste, pollution, and 
optimizing use of raw material and energy 

SMEs sustainable 
performance 

The ability of SMEs to be able to meet current needs and at the same time 
strive to ensure that future generations can continue to meet their needs 
by balancing the achievement of economic performance with 
environmental and social aspects 

The designed research model includes all relevant variables and relationships. 
Table 1 defines the concepts used in this study. 

3.1 SME Sustainability 

The terms sustainable, sustainable development, and sustainability are often used 
interchangeably, with all three terms emphasizing the relationship between social 
justice, economic productivity, and environmental quality. Sustainable development 
is rooted in environmental awareness, which emerged in the 1970s. The concepts 
of sustainability and sustainable development began to be recognized and became 
the starting point for discussions by various parties since the World Commission on 
Environment and Development (WCED) held a conference in Brussels and published 
a Report entitled Our Common Future [16]. Several researchers have shown various 
interpretations of sustainability, so there is no universally accepted and agreed defini-
tion of sustainability [17, 18]. In the context of organizations, most discussions about 
sustainability focus on the triple bottom line (TBL) concept introduced by Elking-
tons in 1997, which consists of economic, environmental, and social dimensions [11, 
17]. SMEs still have difficulty understanding and implementing sustainable practices 
due to the complexity of sustainability issues, limited understanding of sustainability, 
and limited resources [11]. Several previous studies have attempted to study sustain-
ability for SMEs in general [11], manufacturing SMEs [12], and service SMEs [3]. In 
general, these studies emphasize the importance of competence, innovation, strategy, 
green practice, green culture, and the role of stakeholders in realizing sustainability 
in SMEs.
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3.2 Green Manufacturing Practice and SME Sustainability 

Green manufacturing is defined as an approach aimed at minimizing the negative 
environmental consequences of production by reducing toxics, waste, pollution, and 
optimising use of raw material and energi [19, 20]. The term green manufacturing 
was created to represent the emerging manufacturing approach that incorporates a 
range of green strategies in order to enhance ecological efficiency. Green manufac-
turing practice assists organization, including small, medium, and large enterprises, 
to understand what has to be done to mitigate the negative impacts of manufacturing 
processes on the environment. Green manufacturing practice encompass the develop-
ment of goods and systems that minimize the consumption of materials and energy, 
substituting non-toxic materials for toxic ones, using renewable materials instead 
of non-renewable ones, decreasing unwanted outpus, and transforming outputs into 
usable inputs through recycling [20]. Green manufacturing practice has significant 
potential for reducing emissions, managing energy, and improving resource effi-
ciency [19]. Green manufacturing practice consists of practice related to reduce, 
reuse, recover, redesign, remanufacture, recycle and lean manufacturing practices 
[12]. Green practice can be applied in all manufacturing stream such as green procure-
ment practice, green design, green process, green packaging, green marketing, green 
transportation, and reverse logistic [20]. Green manufacturing practice play a crucial 
role in providing guidance to both small and large enterprises on how to effectively 
address and mitigate their negative environmental consequence [21]. responsible for 
developing environmentally sustainable products that have no negative impact on 
the environment at any point of their life cycle, including manufacturing, usage, and 
disposal [21]. Organizations are forced to shift from traditional to environmentally-
friendly practices in order to adapt and thrive in response to the increasing environ-
mental issues. Organizations can attain sustainable performance by implementing 
green practices [7]. Green practice, such as green supply chain management prac-
tices enables firms to effectively meet their economic and environmental objectives 
and promote sustainability [7]. Organization that prioritize green supply chain goals 
consistently emphasize the need of their suppliers adopting environmentally friendly 
practices in order to achieve their performance-related objectives. Thus, this study 
propose the following hypotheses: 

H1: Green manufacturing positively influences SME sustainability performance. 

3.3 Green Innovation and Green Manufacturing Practice 

Green innovation or technology innovation are two terms often used interchange-
ably, referring to a company’s ability to develop ideas, products, and processes that 
can reduce the environmental consequences produced by the company’s operational 
activities [12]. Green innovation includes adopting innovations in technology, prod-
ucts, processes, organizational structures, or management methods carried out by 
companies to achieve sustainable development [12]. Green innovation is related 
to reducing pollution, resource efficiency, minimizing waste, and reducing waste
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[22]. Green innovation is generally categorized into two types: process innovation 
and product innovation [14]. Green product innovation involves a comprehensive 
approach to the product life cycle, from manufacturing to disposal, focusing on 
improvements in product durability, reducing and selecting environmentally healthier 
raw material, and eliminating hazardous substances, thereby promoting sustainability 
[14]. Meanwhile, green process innovation seeks to minimize energy usage in the 
manufacturing process and the conversion of waste into a valuable product. Green 
innovation allows enterprises to reduce the negative environmental impacts of their 
operations and gain a competitive advantage [23]. It can promote new manufacturing 
process and products that are less harmful to the ecosystem and natural environment 
[23]. Thus, this study propose the following hypotheses: 

H2: Green innovation positively influences green manufacturing. 

3.4 Green Competencies and Green Innovation 

Competencies are the set of abilities, skills, knowledge, and commitment, which 
enable an organization to work efficiently [15, 24]. Green competencies refer to 
knowledge, abilities, and attitudes necessary to enable the minimization of negative 
impacts on the environment as well as initiating and implement action in accor-
dance with the principles of sustainable development [25]. It is important for orga-
nization to possess basic knowledge of the environment, demonstrate awareness 
of environmental concerns, and have the necessary skills in order to address envi-
ronmental challenges [15]. Green competences have been previously characterized 
as the combination of green knowledge, green awareness, green skills, and green 
abilities [15]. Beside those four factors, Cabral & Dhar, [24] added green attitude 
and green behavior as the components of green competencies. Green knowledge 
refers to the understanding of the facts, concepts, and linkages associated with the 
natural environment and the entire ecosystem [15, 24]. Green knowledge focuses 
on acquiring knowledge about environmental challenges and solution to address 
these issues by promoting environmentally friendly attitudes and behaviors [24]. 
Green awareness refer to the consciousness or perception of environmental issues 
and challenges caused by the organisation [26]. Green awareness allows organiza-
tions to assess the consequences of their actions to the environment and encour-
ages organizations to be mindful of environmental degradation, leading to reduced 
energy consumption and improved energy efficiency [26]. Green skill refer to the 
specific skill needed to perform environmentally strategy and create green products 
and services [15]. Green skills are crucial for promoting sustainable development 
and enhancing pro-environmental initiatives, ensuring the positive effects of estab-
lishing an environmental management system [24]. Green abilities refer to capacity 
to combine theoretical knowledge and practical expertise in the natural environment 
to address real environmental issues, either naturally or acquired [24]. Organiza-
tion can achieve green innovation by effectively acquiring, integrating, and imple-
menting environmental knowledge, which enhances their ability to address the envi-
ronmental challenges [15]. Previous study indicates that green competences are a 
crucial requirement for achieving green innovation [15]. Competencies serve as the
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fundamental basis of motivation and capacity for firms to engage in innovation. The 
success of product or process innovation is mostly determined by the role played by 
competencies. Therefore, green competencies have become an essential aspect to of 
organizations’ green innovation. Thus, this study propose the following hypotheses: 

H3: Green competencies positively influences green innovation. 

3.5 Green Business Strategy and Green Innovation 

In today business, implementing a green business strategy is widely recognized as a 
good approach to attain financial expansion and mitigate environmental degradation 
[27]. Green Business Strategy, refers to the proactive integration of environmental 
concerns into the strategic plans of various departments within a firm [15]. This 
term defined as the acknowledgment and integration of environmental issues into 
the development of company strategies across all functional areas, including human 
resource management, supply chain, manufacturing, marketing, and finance [27]. 
The implementation of green business strategy become essential due to a growing 
need and pressure from various stakeholder for businesses to protect the environment 
[27]. Companies that actively pursue green strategy can reap numerous advantages 
beyond financial gains [28]. Companies that lack a well-defined green strategy in their 
business will face difficulties to fulfill their environmental commitments, resulting to 
become uncompetitive and unresponsive to ecological well-being [27]. According to 
Yasir et al. [28], the generic strategic planning process consists of six step including: 
(1) setting the mission and goals; (2) situation analysis; (3) strategi choice; (4) strategy 
formulation; (5) implementation; and (6) evaluation. Implementing green business 
strategy enables the firm to comprehend and acknowledge innovative ideas, hence 
facilitating the alignment of strategies with the development of environmentally 
friendly products, services, and overall company expansion [29]. Green Business 
Strategies significantly impact an organization’s creative side, aiding in the develop-
ment of new green products and services. However, the success of these strategies 
depends on aligning green innovation strategies with the firm’s strategic plans [15]. 
Thus, this study propose the following hypotheses: 

H4: Green business strategy positively influences green innovation. 
Our conceptual model offers a more holistic and integrated approach than previous 

models, which often focus on a single aspect like green innovation or manufac-
turing practices. This model uniquely combines green competencies, innovation, 
and manufacturing practices into one comprehensive framework. Notably, it high-
lights the often-overlooked role of green competencies as a foundational element 
influencing the effectiveness of green strategies. Additionally, it emphasizes the 
direct link between green manufacturing practices and sustainability performance, 
including economic, social, and environmental outcomes for SMEs.
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4 Conclusion 

This study highlights the importance of implementing green strategies and inno-
vation in SMEs to achieve environmental sustainability. SMEs play a vital role in 
the global economy but need more resources and knowledge to adopt sustainable 
practices. By developing a conceptual model that integrates green business strate-
gies, green competencies, and green innovation, this study shows that SMEs can 
improve their sustainability performance. Green competencies, which include the 
knowledge, skills, and attitudes required to carry out environmentally friendly busi-
ness practices, are shown to be critical in driving green innovation and manufacturing 
practices. The results show that implementing green strategies improves operational 
efficiency, reduces environmental impacts, and enhances SMEs’ competitiveness in 
the global market. In addition, support from external stakeholders, including govern-
ment, consumers, and local communities, plays a significant role in facilitating SMEs’ 
transition to sustainable practices. This study makes a significant contribution to the 
literature by highlighting the role of SMEs as agents of change in achieving sustain-
able development goals. SMEs contribute significantly to the SDGs, as they are often 
more innovative in sustainable practices than large industries, although resource 
constraints can limit their impact. However, their contribution remains vital, espe-
cially in local communities and developing regions. The findings of this study are 
enlightening, offering practical recommendations for SMEs in implementing green 
strategies effectively. Thus, this study is expected to encourage policies that support 
environmental sustainability and improve economic and social welfare in the long 
term. 
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Development Model of Organizational 
Learning, Innovation and Performance: 
A Case Study on Disabled MSMEs 
in Bandung 

Hanifah Widyarani Sinatrya, Luciana Andrawina, and Sri Martini 

Abstract This study examines the development model of organizational learning, 
innovation, and performance within Micro, Small, and Medium Enterprises 
(MSMEs) owned by individuals with disabilities in Bandung. MSMEs play a vital 
role in economic growth and social inclusion, yet disabled MSMEs face unique 
challenges that hinder their development. Utilizing a mixed-methods approach, 
including qualitative interviews and quantitative data analysis through PLS-SEM, 
the research reveals that organizational learning positively influences innovation 
and performance, with path coefficients of 0.566 and 0.357, respectively. Further-
more, the study highlights the critical roles of government, academic institutions, 
and associations in supporting disabled MSMEs by providing resources, training, 
and collaborative opportunities. The findings emphasize the necessity for targeted 
interventions and strategic support to enhance the sustainability and competitiveness 
of disabled MSMEs, ultimately contributing to broader goals of economic equity and 
social inclusion. This research aims to provide actionable insights for policymakers, 
educators, and stakeholders to foster a more inclusive entrepreneurial landscape for 
individuals with disabilities. 

Keywords Organizational learning · Innovation · Performance · Disabled MSMEs 

1 Introduction 

Micro, Small, and Medium Enterprises (MSMEs) play a vital role in driving 
economic growth and innovation globally, particularly in Indonesia, where they 
account for 99% of all enterprises and contribute over 61% to the national GDP [1]. 
Among these, disabled MSMEs, which are owned or operated by individuals with 
disabilities, are essential for promoting social and economic inclusion. There are
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271,000 disabled MSME actors in West Java alone [2], reflecting a significant poten-
tial for economic contribution. However, these businesses face various challenges, 
such as social stigma, marketing, resources, limited access to capital, bureaucratic 
hurdles, and inadequate business knowledge [3, 4]. Despite the growth of MSMEs, 
the employment rate among persons with disabilities remains low, with only 55.5% 
employed as of August 2020 [5]. Therefore, interventions are needed to scale up 
their businesses and foster a more inclusive economic environment. 

This study explores the relationship between organizational learning, innovation, 
and performance in disabled MSMEs, emphasizing the need for tailored support to 
address their specific challenges and opportunities. By collaborating with govern-
ment, academics, and associations, this study aims to develop an actionable model 
to improve the performance and sustainability of disabled MSMEs, ultimately 
contributing to broader economic growth and social equality goals, as well as ensuring 
no one is left behind in the pursuit of sustainable development. The developed model 
can contribute to the achievement of SDGS 8 by increasing productivity and inno-
vation among disabled MSMEs. By improving their access to new knowledge and 
skills, disabled MSMEs can develop more competitive products and services, thereby 
increasing their income and creating new jobs. 

2 Literature Review 

2.1 Person with Disabilities 

There are various terms used to refer to individuals with disabilities, among which 
“persons with disabilities” and “differently abled” are commonly used. Disabili-
ties are individuals with physical, intellectual, mental, and sensory limitations for 
an extended period and experience obstacles and difficulties to participate fully 
and effectively with other citizens based on equal rights but can still do things in 
different ways [6, 7]. Disabilities can include physical health impairments, sensory 
impairments, cognitive impairments, and mental health conditions [8, 9]. 

2.2 Disabled MSMEs 

Micro, Small, and Medium Enterprises (MSMEs) are businesses operated by indi-
viduals, groups, small enterprises, or households. As a developing country, Indonesia 
views MSMEs as the foundation of the economic sector, fostering self-sufficiency 
in community economic growth [10]. Disabled MSMEs are businesses that involve 
individuals with disabilities, whether as owners, workers, or partners. They have 
at least two employees, including at least one person with a disability. These busi-
nesses operate across various sectors, such as fashion, crafts, culinary, and services,
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and cater to individuals with diverse disabilities, including physical, mental, sensory, 
and intellectual impairments. 

2.3 Learning Organization 

Learning organizations refer to a type of organization, whereas organizational 
learning is the activity or process of learning within the organization. Therefore, 
learning organizations require effort, while organizational learning can occur without 
deliberate effort [11]. Organizational learning is the process by which organizations 
acquire, retain, and transfer knowledge to enhance performance and competitive 
advantage. This involves creating, preserving, and disseminating knowledge within 
the organization, enabling entities to adapt and innovate based on past experiences 
and insights [12]. The model of organizational learning represents a concept of contin-
uous learning processes undertaken by organizations to create positive changes in 
performance and adaptation to their environment [13–15]. This process involves 
changes in the organizational model that allow the organization to maintain and 
improve its performance [13]. The concept underscores the importance of organiza-
tions continually learning independently to respond to changes quickly and effec-
tively [15]. In organizational learning, developing new knowledge and insights from 
the experiences of individuals within the organization can influence behavior and 
enhance the company’s capabilities [16]. 

2.4 Innovation 

Innovation in organizational learning is a crucial driver of organizational success 
and adaptability. It involves implementing new learning methods, such as different 
learning models, using technology in education, or developing innovative learning 
strategies [17]. Innovation can also be linked to the development of organizational 
innovation as a mediator between organizational learning and organizational perfor-
mance [18]. In MSMEs, innovation can be measured through three main dimensions: 
product innovation, process innovation, and management system innovation [19]. 
Product innovation includes developing new products or improvements to existing 
products to meet evolving market needs, while process innovation focuses on changes 
in how MSMEs conduct operational or production activities to enhance efficiency and 
quality. Management system innovation encompasses the management of resources, 
business processes, and strategies to achieve better business objectives. MSMEs 
actors must be capable of innovating to adapt to changes in the business environment 
[19].
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2.5 Performance 

Performance is a crucial indicator for achieving business success and objectives, 
encompassing various factors such as financial inclusion, financial literacy, finan-
cial management, human resource competence, marketing strategies, and market 
orientation [20–24]. The measurement of MSME’s performance can include finan-
cial and non-financial aspects, such as innovation, employee management, customer 
relations, and return on investment [20, 21]. Financial literacy, organizational 
culture, and risk management practices can significantly influence MSMEs’ effi-
ciency and overall performance [25]. Furthermore, social capital, knowledge transfer, 
and organizational learning capabilities contribute to organizational performance 
[26, 27]. 

2.6 Government, Academic, and Associations 

MSMEs play a vital role in economic growth and job creation, particularly for individ-
uals with disabilities. The government significantly contributes to MSME develop-
ment by providing policies, resources, and support to help these enterprises navigate 
various challenges. Research indicates that government support positively influences 
innovation and performance among MSMEs, enhancing their overall impact on the 
national economy and employment rates [28]. Academic also play a crucial role 
in strengthening MSMEs through innovation, business consulting, and establishing 
business incubators. Their contributions enhance the competitiveness of MSMEs by 
providing essential training and financial guidance, especially for those operated by 
individuals with disabilities [29]. 

Additionally, academic institutions can facilitate community partnership 
programs that improve the capacities of these enterprises, ensuring they are better 
equipped to thrive in the marketplace [3]. Associations further support MSMEs by 
serving as platforms for knowledge sharing, legal protection, and advocacy. These 
organizations help disabled entrepreneurs develop their businesses by providing 
motivation, guidance, and networking opportunities, which are crucial for accessing 
broader markets and enhancing product competitiveness [4, 30]. 

3 Research Method 

This research uses a qualitative-quantitative method with qualitative data collection 
techniques in the form of interviews with disabled MSMEs, Sentra Wyata Guna, 
and CidCo (Creative Business of Disabled Community). In contrast, quantitative 
data collection is carried out by distributing questionnaires to disabled MSMEs in 
Bandung. Determining the number of respondents with a minimum sample of 5–10
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times the dimension. This study has 9 dimensions and uses a minimum sample of 
6 times the dimension, so a minimum of 54 respondents is required. This research 
aims to determine the relationship between variables based on previous research. This 
research is designed as cross-sectional, which means that data is collected within a 
certain period and analyzed, and conclusions are drawn based on the data. 

The research methodology is structured into four key stages. The introductory 
stage begins with identifying the background of the problem, focusing on MSMEs 
run by individuals with disabilities in Bandung. This involves literature studies and 
observations to gather relevant data, theories, and insights. Based on these findings, 
the research problem is formulated, leading to the establishment of objectives and 
defining the scope of the study, which centers on three variables: organizational 
learning, innovation, and performance. Next, the research model is developed in 
the data collection and processing stage, and hypotheses are formulated based on 
previous studies. Data collection involves primary data obtained through question-
naires and secondary data from existing literature and reports. The data is processed 
using PLS-SEM, which includes creating a model construct, conducting validity 
and reliability tests, and ensuring the accuracy and consistency of the collected 
data. Structural model testing follows, allowing for an examination of the relation-
ships among the identified constructs. Finally, during the analysis stage, the results 
from the model testing are interpreted to derive hypothesis testing outcomes. This 
stage culminates in the closing stage, where conclusions are drawn, the overall 
analysis results are summarized, and recommendations are provided to enhance 
future research endeavors. This comprehensive methodology ensures a thorough 
exploration of the interplay between organizational learning, innovation, and the 
performance of MSMEs operated by individuals with disabilities. 

4 Results and Discussion 

The research sample consists of 57 respondents who are owners or workers of 27 
disabled MSMEs in Bandung, covering various types of disabilities such as phys-
ical, intellectual, and sensory, at least 17 years old, and come from multiple busi-
ness sectors such as fashion, culinary, and craft. There are both disabled and non-
disabled respondents because not all owners or workers of disabled MSMEs are 
disabled. Reliability and AVE (Average Variance Extracted) can be seen in Table 1, 
the research instrument shows good reliability. The Cronbach’s Alpha value of all 
items is above 0.6 and Composite Reliability is above 0.7. In addition, the AVE value 
for all constructs is greater than 0.5. These results indicate that the research instru-
ment can measure constructs reliably and validly. Furthermore, the path coefficients 
can be seen in Table 2, there is a positive and statistically significant relationship 
between the research variables.
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Table 1 Reliability and AVE 

Cronbach’s alpha rho_A Composite reliability AVE 

Efficiency 0.674 0.679 0.859 0.754 

Experiment 0.833 1.267 0.878 0.646 

Innovation 0.817 0.834 0.873 0.581 

Product innovation 0.792 0.806 0.865 0.617 

Process innovation 0.662 0.834 0.802 0.579 

Interaction 0.677 0.726 0.815 0.597 

Knowledge interpretation 0.800 0.834 0.908 0.832 

Finance 0.881 0.886 0.914 0.680 

Performance 0.859 0.868 0.894 0.553 

Operational 0.688 0.698 0.827 0.615 

Organizational learning 0.790 0.799 0.858 0.551 

Risk taking 0.677 0.794 0.854 0.746 

Table 2 Path coefficients 

Original 
sample 

Sample 
mean 

Standard 
deviation 

T statistics P values  

Innovation → performance 0.292 0.285 0.153 1.915 0.055 

Organizational learning → 
innovation 

0.566 0.569 0.105 5.379 0.000 

Organizational learning → 
performance 

0.357 0.367 0.157 2.271 0.023 

4.1 Organizational Learning Positively Affects Innovation 

The PLS-SEM analysis results in Table 2 indicate that organizational learning posi-
tively influences innovation, with a path coefficient of 0.566. This suggests that as the 
level of organizational learning increases, so does the level of innovation produced. 
The T-statistics value of 5.379 is greater than 1.96, indicating a statistically signifi-
cant relationship, while the P-value of 0.000 provides strong evidence to support the 
hypothesis. Dimensions affecting organizational learning include interaction, exper-
imentation, risk-taking, and knowledge interpretation, with each dimension having 
indicators. 

The interaction dimension measures how often and effectively disabled MSMEs 
exchange information and ideas with their external environment, fostering innova-
tion. Interviews reveal that these MSMEs engage in various activities such as visits, 
research, and training to enhance this exchange. The experimentation dimension 
shows how disabled MSMEs find new ways to operate, adapting their marketing 
strategies and utilizing digital tools. Additionally, the risk-taking dimension high-
lights their willingness to innovate despite limitations in their workforce. Finally, the
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knowledge interpretation dimension assesses how well these MSMEs understand and 
apply new knowledge, as indicated by their structured approaches to sharing infor-
mation and documenting their processes. These findings align with prior research 
confirming the positive relationship between organizational learning and innovation. 

4.2 Organizational Learning Positively Affects Performance 

The PLS-SEM analysis in Table 2 indicates that organizational learning positively 
influences performance, evidenced by a path coefficient of 0.357. This implies that 
as the level of organizational learning increases, so does the level of performance 
achieved. The T-statistics value of 2.271 exceeds the threshold of 1.96, confirming 
the statistical significance of the relationship, while the P-value of 0.023 is less 
than 0.005, providing substantial evidence to support the hypothesis. Several dimen-
sions affect performance, including financial, operational, and efficiency, with each 
dimension having indicators. 

The financial dimension evaluates how well-disabled MSMEs manage their 
finances to enhance profitability and financial stability. Interviews revealed that not 
all disabled MSMEs experience continuous income and profit growth; however, they 
strive to improve their financial situation through various means, such as attending 
product-related training, engaging in digital marketing training to expand their reach, 
participating in community monitoring and support, learning from past mistakes, 
leveraging technology, and sharing knowledge with external parties. The opera-
tional dimension assesses the effectiveness of disabled MSMEs in their operations to 
enhance efficiency and productivity. To improve operational efficiency, these MSMEs 
consider customer feedback, seek skilled workers in their business sector, and prior-
itize motivated employees. Lastly, the efficiency dimension measures how effec-
tively disabled MSMEs utilize resources to minimize costs and increase profitability. 
Strategies for enhancing efficiency include leveraging technology, providing ongoing 
training and support to workers, and considering innovations based on employee 
capabilities. These findings are consistent with previous research indicating a positive 
relationship between organizational learning and performance. 

4.3 Innovation Positively Affects Performance 

The PLS-SEM analysis results in Table 2 reveal that innovation positively impacts 
performance, indicated by a path coefficient of 0.292. This suggests that higher levels 
of innovation correlate with improved performance outcomes. The T-statistics value 
of 1.915 is slightly below the critical threshold of 1.96, indicating that the rela-
tionship between innovation and performance is statistically significant. Moreover, 
the P-value of 0.055 is less than 0.005, providing adequate evidence to support the
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hypothesis. Several dimensions influence innovation, including product innovation 
and process innovation, with each dimension having indicators. 

The product innovation dimension assesses how frequently disabled MSMEs 
introduce new or enhanced products, aiming to attract new customers, increase 
market share, and boost profitability [31]. Interviews indicated that while disabled 
MSMEs strive to introduce new products, not all do so regularly. Some MSMEs 
have dedicated teams for product innovation, enabling disabled workers to follow 
the team’s direction. However, some MSMEs encourage disabled workers to inno-
vate independently, even though product innovations may not always align with 
customer needs due to the workers’ capabilities. The process innovation dimension 
evaluates how often disabled MSMEs implement improved processes to enhance 
efficiency, reduce costs, and improve product or service quality [32]. The interviews 
revealed that all disabled MSMEs are trying to innovate processes through various 
means, such as attending training sessions, incorporating customer feedback, collab-
orating with external partners, and researching industry practices. These findings 
align with previous research indicating a positive relationship between innovation 
and performance. 

4.4 Government, Academic, and Associations Can Influence 
the Relationship Between Organizational Learning, 
Innovation, and Performance 

This study investigates the impact of government, academic, and associations on 
organizational learning, innovation, and performance within disabled MSMEs. Data 
was collected through interviews, focusing on the roles and forms of collaboration 
between these entities and the businesses they support, as well as an analysis of prior 
research. 

The government is crucial in supporting disabled MSMEs through various 
programs and policies. One of them is at the Sentra Wyata Guna, an organization 
under the Ministry of Social Affairs of the Republic of Indonesia that focuses on reha-
bilitation and training for the independence of disabled individuals. It provides educa-
tional services, training, mentoring, internship programs at Cafe More, and facilities 
for starting businesses within the center. The education, training, and mentoring 
aim to empower disabled individuals to become financially independent, with earn-
ings approaching the regional minimum wage (UMR). After achieving indepen-
dence, Sentra Wyata Guna offers these entrepreneurs business capital and moni-
toring. Interviews with participants under the Sentra Wyata Guna program reveal 
significant benefits, indicating that these services help them attain financial inde-
pendence and enhance their business success. Furthermore, training and mentoring 
promote innovation to improve performance and business quality. However, feed-
back from other disabled MSMEs indicates that Sentra Wyata Guna’s services and 
other government programs have not reached all disabled MSMEs. Many feel a lack
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of government collaboration and assert that policies often tend to be general and not 
focused on the specific needs of disabled MSMEs. Consequently, these entrepreneurs 
hope for government-targeted programs and policies that address the unique chal-
lenges disabled MSMEs face. Previous studies support these findings, indicating 
that effective government policies and programs can significantly enhance MSMEs’ 
organizational learning, innovation, and performance [27, 31, 33]. 

Academic institutions also play a vital role in supporting disabled MSMEs. One 
is at the Widyatama University in Bandung, which contributes to disabled individ-
uals through the Art Therapy Center, a hub for scientific contributions and support 
for disabled individuals. The center has various programs and activities, including 
a disabled business community called CidCo, which promotes financial indepen-
dence by producing and marketing creative products. CidCo is currently part of a 
program under the Department of Cooperatives and MSMEs in Bandung to assist 
with marketing and development. Additionally, several disabled MSMEs collabo-
rate with universities for research on their products, such as UMKM Madu Raden 
Ibrahim working with ITB to test honey quality. Moreover, some MSMEs welcome 
research conducted by students from various universities, which positively impacts 
their ability to enhance product quality and competitiveness. Prior research also indi-
cates that academic involvement in MSME development can improve organizational 
learning, innovation, and performance [28, 31, 34]. 

Associations support disabled MSMEs by enhancing their organizational learning, 
innovation, and performance. Interviews reveal that disabled MSMEs often collabo-
rate more with associations than government entities or academic institutions. Asso-
ciations like Setara Berdaya, Alunjiva, Rumah Cintara, Biruku Indonesia, House of 
Hope, Dilans, and Bilic provide various services to assist disabled MSMEs, including 
mentoring, training, grants, promotional support through websites and bazaars, semi-
nars, packaging assistance, and help with business licenses and halal certificates. 
Associations also facilitate forums for sharing information, knowledge, and expe-
riences among disabled MSME practitioners, fostering relationships that enhance 
competitiveness and business development. Entrepreneurs have expressed apprecia-
tion for the support received from these associations. Previous research corroborates 
these findings, showing that MSME associations can significantly improve their 
members organizational learning, innovation, and performance [31, 35]. 

The results of the research model can be seen in Fig. 1.

5 Conclusion 

This study highlights the significance of organizational learning, innovation, and 
performance in the context of MSMEs owned by individuals with disabilities in 
Bandung. The analysis results indicate that organizational learning significantly 
impacts innovation and performance, with path coefficients of 0.566 and 0.357, 
respectively. This suggests that enhancing organizational learning contributes to
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Fig. 1 Research model

improvements in innovation and performance, serving as a foundation for devel-
oping actionable strategies that address the unique challenges disabled MSMEs 
face. Furthermore, the roles of government, academia, and associations are crucial in 
supporting these enterprises by providing resources, training, and networking oppor-
tunities, ultimately fostering an inclusive environment that promotes the economic 
empowerment of individuals with disabilities. The findings underscore the need for 
targeted interventions and collaborative efforts to enhance the sustainability and 
growth of disabled MSMEs, ensuring that they can effectively participate in the 
broader economic landscape. 
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Abstract Accurate health diagnostics are crucial for ensuring battery reliability 
in critical applications, preventing potential malfunctions, and reducing the risk of 
accidents. This research proposes a Data-Driven approach using Convolution Neural 
Network (CNN) model to diagnose battery health. Lithium-ion batteries (LIB) are a 
type of battery that is widely used in many industries. Battery datasets from NASA 
are used as training and testing datasets to build the proposed model. This study 
proposes SoH diagnostics based on data pre-processing method and CNN model. 
In data pre-processing, the capacity degradation data is visualized, highly related 
features are selected by Pearson Correlation Coefficient (PCC). Then, all features 
are normalized by the min–max feature scaling method, which will speed up the 
training process in achieving the minimum cost function and then data splitting is 
performed. After pre-processing, all selected features are incorporated into the CNN 
model. There are four main features in this study i.e. cycle (t), voltage (V), current (I), 
and temperature (T) as input data. The layering structure is configured by referring to 
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1 Introduction 

Health diagnostics of the equipment have been applied to address potential problems 
in various industrial domains, such as manufacturing [1], aircraft [2], energy [3], 
and others. Proactive steps can be made to ensure dependable system performance 
once it is possible to forecast when damage will occur. Diagnostics can simplify 
standardized maintenance models by predicting component degradation in advance. 
Lithium-ion batteries (LIBs) are crucial for energy storage due to their long cycle 
life, high energy, and high power density, making their health diagnostics essential to 
prevent significant losses and dangers from potential failures [4]. To ensure optimal 
performance and longevity of LIB in various applications, it’s essential to monitor 
their State of Health (SoH) by tracking impedance increase and capacity decrease 
[5]. This diagnostic process involves analyzing data such as voltage, current, and 
temperature to detect potential failures and ensure battery reliability [6]. 

Recent research aims to develop advanced methods for accurately assessing SoH 
of LIB. Effective diagnostic techniques are essential for enhancing battery reliability, 
safety, and overall system performance by enabling early detection of potential issues 
[7]. Researchers use different methods for State of Health (SoH) estimation, which are 
classified into three main categories: Physical-Based Models (PBM), Hybrid Models 
(HM), and Data-Driven Models (DDM). PBM is further divided into Conventional, 
Observer-Based, and Filter-Based Methods, while DDM includes Rule-Based, Clas-
sification and Regression, Probabilistic, Feed Forward Neural Networks (FFNN), 
and Recurrent Neural Networks (RNN). PBM techniques, such as electrochemical 
and equivalent circuit models, rely on physical principles and are discussed in [8, 
9]. Although they are reasonably accurate, they struggle with adapting to battery 
degradation and usage changes, leading to efforts to combine PBM with DDM to 
enhance accuracy. 

The empirical model with a back-propagation neural network (BPNN) has a 
mean absolute error (MAE) of about 2%. HM techniques offer higher accuracy 
and resilience but are complex, while DDM methods are simpler and cheaper [10]. 

One of the powerful DDMs that can extract features on its own is Deep Learning 
(DL). CNN is one of DL that can deliver rapid computational speeds on mobile 
devices or vehicles because they utilize a series of convolutional and matrix multipli-
cation operations that can be processed in parallel [11], but need improved accuracy 
with multi-channel charging profiles [12]. 

One type of CNN that is simple and performs well is LeNet-5. LeNet-5 has not 
traditionally been used for NASA LIB SoH estimation, the model is commonly used 
for classification tasks. LeNet-5, a convolutional neural network released in 1998 
by Yann LeCun and collaborators, was among the first used for digit recognition. It 
has 60 k parameters across 7 layers and initially recognized handwritten digits in the 
MNIST dataset and bank cheques, inspiring modern CNNs despite limited adoption 
due to computing constraints at the time [13]. 

The purpose of this study is to improve accuracy over baseline models by 
developing a SoH estimation model for LIB utilizing the DDM approach. Using
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Fig. 1 Capacity variation 
over cycles [15] 

multi-channel charging profile data, such as cycle (t), voltage (V), current (I), and 
temperature (T), it develops an effective CNN architecture that extends the DDM 
approach. 

2 Definition of Battery Health Diagnostics 

A battery is often regarded as being close to the end of its useful life when its 
actual capacity drops below the Acceptable Performance Threshold (APT) [14]. 
APT typically ranges from 70 to 80% of rated capacity. Base on Zhang et al. [13], 
SoH can be calculated by using Eq. 1. Cmax(n) is the measured max capacity at the 
nth cycle and C(0) is the measured capacity of the battery at the beginning of its life. 
Battery deterioration is indicated by the SoH, which tends to decrease during the 
cycle. As the battery capacity at full charge drops 20–30% of its nominal capacity 
or rated capacity, the battery is often considered to have reached failure. Each of 
them C(0) and Cmax(n) has units of Ampere-hour (Ah) [15]. The relations of these 
variables are depicted in Fig. 1. 

SoH = 
Cmax(n) 
C(0) 

∗ 100% (1) 

3 Research Method 

The proposed research methodology depicted in Fig. 2. Data involves collecting 
LIB datasets from NASA for training and testing the model. The process includes 
data pre-processing with feature selection using the Pearson Correlation Coefficient
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Fig. 2 Proposed method 

(PCC) and all features are normalized by the min–max feature scaling method, which 
will speed up the training process in achieving the minimum cost function and then 
data splitting is performed into 70% training data and 30% testing data. After setting 
and selecting CNN parameters, the model is trained and tested using these features. 
The model’s performance is evaluated using RMSE, MAPE, and MAE metrics, and 
then the model is deployed. 

4 Data Visualizations 

The LIB charge and discharge experimental data set from the National Aeronautics 
and Space Administration (NASA) was the source of the experimental data. The 
LIB data used in this study is a collection of rechargeable cylindrical LIB aging 
data with the file name is BatteryAgingARC-FY08Q4, the cell chemistry is Lithium 
Cobalt Oxide (LiCoO2), with type 18,650, capacity 2.1 Ah [16]. The data collection 
contains four battery numbers: B0005, B0006, B0007, and B0018. The batteries are 
all 18,650 models with a rated capacity of 2 Ah. Every experiment is conducted at 
24 °C, room temperature. 

The charging experiment was charged in two stages: first, in constant voltage mode 
until the current dropped to 20 mA, and subsequently, in constant current mode until 
the voltage hit 4.2 V. A steady current of 2 A was used during the discharge process 
until the voltage dropped to 2.7 V (B0005), 2.5 V (B0006), 2.2 V (B0007), and 2.5 V 
(B0018), in that order. 

In every charging and discharging cycle, the charging and discharging processes 
begin at time 0, and data related to these processes, including voltage, current, temper-
ature, and actual capacity, are recorded. The experiment came to an end when the
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Fig. 3 Actual capacity deterioration curve for lithium-ion batteries from NASA 

measured actual capacity fell below the 70% rated capacity (APT). In Fig. 3, the  
actual capacity deterioration curve of four batteries is displayed. 

5 Feature Selection 

The Pearson Correlation Coefficient (PCC) analysis is one method for quantifying 
the linear relationship between two variables. It is the product of the standard devi-
ations and covariance of two variables, per reference [14]. The PCC is calculated 
using the Eq. 2. The sample’s x-variable values are indicated by zi, its y-variable 
values are indicated by qi, and its y-variable mean is indicated by q. The correlation 
coefficient ranges from −1.0 to 1.0, indicating the strength and direction of a linear 
relationship between two variables. A value of 1.0 signifies a perfect positive linear 
relationship, −1.0 signifies a perfect negative linear relationship, and 0 indicates no 
linear relationship. 

PCC =
∑n 

i=1(zi − z)(qi − q)
√∑n 

i=1 (zi − z)2
√∑n 

i=1 (qi − q)2 
(2)
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Fig. 4 PCC analysis for six features 

PCC analysis is used to choose the input for the SoH model. Five features-cycle 
(t), rated voltage (V), rated current (A), rated temperature (°C), and time (s)-are taken 
from each usage cycle, except capacity, which is used as the target. 

The linear dependency of these features on each other is then quantitatively 
assessed using different dependent distributed scales, with higher values indicating a 
stronger relationship, and vice versa. The indicated integers have an absolute value, 
meaning that their representation is the same regardless of sign. As shown in Fig. 4, 
the seven traits can be permuted to yield a total of 36 correlation coefficients. 

Using battery capacity as the predictive goal in representing SoH, PCC analysis 
revealed that battery capacity has a closer relationship with cycle (0.99), voltage 
(0.14), current (−0.13), and temperature (−0.14). The cycle, voltage, current, and 
temperature was used as the four input features of the prediction model to estimate 
battery SoH by the aforementioned PCC analysis. The subsampled data that retains 
the changes observed during the charging interval is used in this study because, 
although the BMS setup indicates that there are many data points during the charging 
process, it is inefficient to use all the data due to the sensitivity of the data and the 
complexity in estimating it. The extracted features, obtained by uniformly sampling 
the raw battery data, serve as input data for the suggested model. Specifically, in the 
charging profile, there are features of cycle, voltage, current, and temperature, each 
of which is taken as ten samples, the number being determined based on the results of 
experiments that have been conducted on varying the number of samples (Table 1), 
so that the result of combining the samples forms an input matrix organized as a 
vector with 40 elements. To avoid further oscillations, the data is averaged over the 
sample interval using normalization.

All features in the dataset were normalized into the interval [0, 1] using the feature 
scaling approach after feature selection. This will aid model optimization processes 
in reaching the least cost function more quickly and enhance the effectiveness of
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Table 1 Variation of number 
of samples data No. sample MAPE (%) MAE (%) RMSE (%) 

5 5.9 4.7 5.6 

10 1.9 1.6 2.1 

15 2.1 1.8 2.4 

20 6.2 5 5.9

model training. In this instance, the employed feature scaling approach is the max– 
min scaling method. The PCC is calculated using the Eq. 3. The raw data is denoted 
by xi, the scaled data by xscaled , and the lowest and maximum values of the raw data 
are indicated by xmin and xmax, respectively [17]. 

xscaled = 
xi − xmin 
xmax − xmin 

(3) 

6 SoH Diagnostics Based on CNN Model 

In this investigation, a 2-dimensional CNN was employed. CNN is a popular deep 
learning technique that CNN employs in at least one of its layers in place of general-
ized matrix multiplication [18]. The 2-dimensional convolution operation is calcu-
lated using the Eq. 4. W is the filter or kernel matrix size and X is the input matrix. 
Convolution, pooling, flattening and fully-connected layers make up the conventional 
CNN architecture [19]. 

S(i, j) = (X ∗ W )(i, j) = 
k∑

m=−k 

k∑

n=−k 

X (i − m, j − n)W (m, n) (4) 

The activation function receives the output from the convolution operation, which 
is carried out in the convolution layer to extract features. The pooling layer offers 
reliable learning outcomes for input data and can be used to shrink the spatial size of 
the feature map. After that, the output signal is forwarded to the following layer. It is 
possible to extract global features from input data by going through several stages of 
convolution and pooling layers. The regression task for SoH estimation is ultimately 
completed through the fully connected layer, which is the final layer of the CNN 
model. 

Google Collaboratory carried out the training to the proposed lightweight CNN 
model in general, which provided a GPU with 25 GB of RAM. Table 2 shows the 
adjusted settings and parameters, and Table 3 shows the configuration of the CNN 
model. This CNN configuration model is inspired by MC-CNN [12] and model 
LeNet-5 [13]. In this study, MC-CNN is used the principle of using input data with
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multi-channel (t, V, I, T) as well as a baseline for comparison. LeNet-5 can be adapted 
for LIB, leveraging their capability to extract features from time-series or sensor data 
related to battery health diagnostics. Therefore, the configuration of the CNN model 
is organized based on the layer arrangement of LeNet-5 with adjustments to its 
settings and parameters. 

Based on the configuration in Table 3, the CNN architecture was built and shown 
in Fig. 5.

To evaluate the estimation accuracy, the mean absolute percentage error (MAPE) 
was used as the error index. In addition, mean absolute error (MAE) and root mean 
square error (RMSE) were also calculated. The SoH estimation of the proposed 
method is plotted per cycle in Fig. 6, in the case of battery B0005, it can be seen 
that the CNN CNN performs better by using a multi-channel charging profile, it is 
shown that the error estimation value is smaller than that performed by [12].

Table 4 shows the comparison of accuracy results between the baseline model 
and the proposed model. In this study, dropout for regularization was not performed 
because during the experiment it resulted in reduced accuracy. Based on the perfor-
mance evaluation results, the proposed CNN model has shown better performance 
than Multi Channel—CNN (MC-CNN) and even outperforms Multi Channel—Long 
Short-Term Memory (MC-LSTM) which is said to be the best in the comparison 
conducted by [12], with smaller RMSE and MAE values.

Table 2 Settings and adjusted parameters for the CNN model 

Setting Parameter 

Trainable layer Pooling layer Maxpooling 2D 

Connected layer Layer depth = 7 
Activation function = LeakyReLU, α = 0.1 

Dense layer Activation function = linear 
Learning optimizer Adam optimizer Learning rate = 0.001 
Training NASA LIB 

10 × 4, data segmentation 
Number of epochs = 1000 
Batch size = 50 
step per epoch = training sample 

Table 3 The configuration of 
the CNN model No. of layer Species Dimension Parameter 

1 2D Conv. layer C1 1 × 37 × 32 160 

2 Max. pooling layer S1 1 × 37 × 32 0 

3 2D Conv. layer C2 1 × 10 × 32 2064 

4 Max. pooling layer S2 1 × 7 × 16 0 

5 Flatten layer 32 0 

6 Fully connected layer 1 33 

7 Fully connected layer 1 2 
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Fig. 5 CNN architecture for SoH diagnostics

Fig. 6 Battery SoH diagnostics for B0005
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Table 4 Comparison of estimation error of the baseline and the proposed model 

Model Structure MAPE (%) MAE (%) RMSE (%) 

MC-CNN 
[12] 

Input-Conv1-Dropout-Conv2-FC-Output 
Filter: Conv1(1 × 2@10), Conv2(1 × 
2@5) 
Stride: Conv1(1,1), Conv2(1,1) 

2.89 4.43 5.84 

CNN 
(proposed) 

Input-Conv1-Conv2-FC1-FC2-Output 
Filter: Conv1(1 × 4@32), Conv2(1 × 
4@16) 
Stride: Conv1(1,1), Conv2(1,1) 

1.60 1.37 1.58 

7 Conclusion 

In this paper, a health diagnostic model for LIB based on CNN was developed with 
multi-channel V, I, T input data with adjustments to the configuration of parameter 
settings and layer structure. By utilizing the LIB from NASA, estimation results from 
the perspective of error index have been performed. Numerical results show that for 
the case of time series data, proper parameter setting and layer structure will result 
in high accuracy, and the addition of layers and dropouts as regularization will not 
necessarily result in better accuracy. The proposed CNN method has outperformed 
the method done by [12] with input data of voltage, current strength, and temperature. 
In future research, the proposed method can be extended by considering the k-cross 
validation method and updating the internal parameters. 
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Replaceable Nozzle for Abrasive Water 
Jet Application 

Nuraini Lusi, Mebrahitom Gebremariam, Abdur-Rasheed Alao, 
Kushendarsyah Saptaji, and Azmir Azhari 

Abstract Nozzles are critical to the quality of the cuts produced during abrasive 
waterjet machining. The quality of the results of AWJ machining depends on the 
focus of the nozzle, which increases over time due to the aggressiveness of the 
abrasive particles that wear the inner wall of the nozzle. The purpose of this study 
is to explore fundamentally new terms to increase the wear resistance of the nozzle 
for the abrasive jet machine and increase its durability. This study mainly dealing 
with the designing and fabrication of a new replaceable nozzle. Compared to the 
traditional nozzle, which needs to be replaced regularly, this new replaceable nozzle 
offers a special feature in terms of recyclability. The new interchangeable parts, 
manufactured using additive manufacturing, consist of two parts: 50% of the inlet 
and 50% of the outlet of the entire nozzle length, using a screw thread mechanism. 
Accelerated wear test conducted to study the wear progression. The result showed 
that the exit diameter increased by more than 50% compared to the initial diameter 
and had a linear relationship with time. Weight loss measurement indicate a powerful 
tool in nozzle wear characterization.
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Keywords Accelerated wear test · Outlet diameter · Abrasive waterjet · Nozzle 
wear 

1 Introduction 

Abrasive waterjet (AWJ) technology is widely used due to the advantages such 
as environmental friendliness, no chemicals, no heat affected zone (HAZ), and no 
thermal process that affects the deformation of the workpiece [1]. The industry has 
used AWJ machining technology for more than 40 years for a variety of operations 
including cutting, milling, grooving, trimming and turning [2]. AWJ can effortlessly 
cut through both metallic and non-metallic materials, including composites, glass, 
steel, ceramics and other advanced materials [3]. The primary mechanism of AWJ 
creates a high-velocity stream of water by accelerating abrasive particles through 
an orifice using high-pressure water which passes through a mixing chamber. The 
abrasive particles experience combined inertial forces, causing them to collide with 
the nozzle walls, which is the primary cause of nozzle wear. Nozzle degradation has 
a direct impact on the accuracy, efficiency and cost-effectiveness of the AWJ. One of 
the main problems is damage to the inner diameter of the nozzle, which ultimately 
limits the range of use. Wear that occurs on the nozzle affects the cutting results, in 
particular increasing the surface roughness and the kerf width on the workpiece [4]. 

Nozzle erosion is a dynamic and complex phenomenon that depends on a number 
of factors such as: material, geometry related to design and AWJ system parameters 
[5]. The worn nozzle may not experience a uniform wear with equal increase of 
internal diameter. In most cases, the erosion is severer near the nozzle inlet than the 
outlet [6]. Sometimes, the region near the outlet experiences minimal or no erosion 
at all [7]. However, the worn has to be replaced as a whole although there is no 
erosion in some part of it. Worn nozzles will be thrown away like worn cutting 
tools in other traditional machining processes. In addition, replacing the nozzle may 
result in higher processing costs due to the short life of the nozzle. Consequently, 
it is crucial to create a new nozzle that can be reused in order to extend the tool’s 
lifespan. In this study, the new design of replaceable nozzle was produced by selective 
laser melting. The purpose of this study is to investigate the wear characteristic of 
replaceable nozzle through the nozzle exit diameter, middle diameter, and nozzle 
weight loss. The accelerated wear test applied to investigate the wear performance 
of the replaceable nozzle using hard abrasive Aluminium Oxide (Al2O3). 

2 Wear Characteristic of the Focusing Tube 

The development of nozzles made of materials that are exceptionally hard and resis-
tant to wear and erosion was crucial in order to effectively use AWJ in precision 
cutting. In the conical inlet and upper area, where particles mixed with water and
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Fig. 1 The focus tube wear 
fundamental model [9] 

air cause erosion at different impact angles, the inner walls of the focusing tubes are 
susceptible to impact wear from coarse abrasive particles. Abrasive sliding wear also 
occurs in the lower section of the tube as a result of the energy transfer between the air 
and the high-velocity water jet, which fractures particles into micros and submicron 
fragments [6]. The fundamental model of focus tube wear is shown in Fig. 1. 

A number of issues are covered by the term “wear” on the nozzle, such as increases 
in outlet diameter, wear patterns developing along the internal surface, and nozzle 
weight loss [7, 8]. Weight loss of the focusing tube can be used to determine when 
it first starts to show signs of wear. Erosion of the inner wall of the tube results in 
wear patterns along its inner surface and weight loss. Extended utilization of the 
focusing tube results in modifications to the exit geometry, particularly the opening 
eccentricity. The ratio of the largest to smallest dimensions at the exit is known as 
eccentricity [9]. Accelerated wear tests were designed to screen potential mixing 
tube materials and quickly identify wear trends using less wear-resistant mixing 
tubes made of steel or harder abrasives like silicon carbide and aluminum oxide. To 
observe wear performance under industrial operating conditions, actual-condition 
wear tests used real materials and parameters [10]. 

3 Materials and Experimental Procedures 

3.1 Material and Sample Fabrication 

The replaceable nozzle made from the metal powder SS316L on the 3D printer 
machine RenAM 500E. SS316L is commonly utilised as a structural material due 
to its exceptional functional characteristics, including high resistance to corrosion 
and oxidation, significant mechanical strength, and excellent formability. It is widely 
used in several fields, such as biomedical industry, onshore and offshore marine appli-
cations, food processing industries, and automotive applications. The replaceable 
nozzle fabricated using additive manufacturing (AM) technology laser powder bed
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fusion (LPBF). Table1 shows the list of LPBF parameters that used to manufacture 
nozzles. 

The current conventional nozzle based on industrial used in AWJ was taken as an 
initial model, and a few design changes were made. The design of replaceable serve 
as prototype. The nozzle is composed of two merged parts, as shown in Fig. 2. Only  
the first section closest to the inlet that has the most erosion needs to be replaced if 
the nozzle is worn. Consequently, it is necessary to reuse the second part close to the 
outlet that has little to no erosion and attach it to a new inlet part. The reusability of this 
innovative nozzle design prolongs the tool’s lifespan and safeguards the environment. 

Table 1 Laser powder bed fusion parameters 

LBF parameters 

Layer thickness 0.05 mm 

Hitch distance 0.11 mm 

Stripe width 5 mm  

Strip overlap 0.06 mm 

Scanning rotation between subsequent 
layers 

90° 

Scanning strategy Stripe 

Laser diameter 75 µm 

Powder particle diameter 50 µm 

Other parameters or manufacturing 
pre-and-post-process 

Argon purging less than 1000 ppm oxygen 

Laser power 240 W 

Point distance 0.05 mm 

Exposure time 0.00008 

Fig. 2 The new design of 
replaceable nozzle
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3.2 Experimental Set up 

An accelerated wear test was developed to conduct the studies on nozzle wear quickly 
and cost effectively [10, 11]. The test employed standard operating parameters and 
uses hard abrasive Al2O3 # 80 as erodent particle. In order to examine and understand 
the characterize of nozzle wear, a test method was designed. The primary technique 
used for monitoring the condition of the focusing tube is by observing the diameter 
of its exit tube. Several scholars have uncovered a direct proportionality between 
the exit diameter and the duration of time [12]. A weight loss measurement was 
performed by initially measuring the weight of the focusing tube at the beginning 
of the operation and thereafter continuously monitoring its weight throughout the 
machining phase. A digital scale was used to compute the mass of the focusing tubes. 
The test lasted thirty minutes, with measurements made every ten minutes. A video 
measuring system was used to observe the nozzle exit diameter and was measured 
three times. 

The wear test was carried out on the self-developed CNC water jet cutting machine 
as shown in Fig. 3, which has a pump that can generate water pressure up to about 
100 MPa. The type of pump used is an air driven liquid pump. A computer numerical 
control (CNC) system governs the operation of the machine. The motion of the table 
is regulated along dual axes (X and Y) together with the movement of the nozzle in 
the Z-axis (depth). 

Fig. 3 The self-developed 
CNC AWJ machine [13]
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Fig. 4 The a initial industrial nozzle b new design 50%;50% nozzle 

Table 2 Nozzle dimensions 
Outside diameter (mm) Internal diameter (mm) Length (mm) 

7.14 1.27 76.2 

4 Result and Discussion 

4.1 CAD Modeling of a Newly Developed Replaceable Nozzle 

The first stage was designed the replaceable nozzle using software. The design of 
the replaceable nozzle was drawn using SolidWork software, as shown in Fig. 4. The  
new design nozzle is having 50% each for inlet and outlet parts respectively. The 
dimensions of the nozzle are listed in Table 2. 

4.2 Manufactured Replaceable Nozzles 

The fabricated replaceable nozzles and cross-sectional view of a waterjet nozzle is 
shown in Fig. 5. The entire nozzle does not need to be discarded after it has worn 
out, as it is designed with separate components. The outlet component is easily 
installed using a screw thread mechanism and can be repurposed. The operator of 
an abrasive waterjet machine is only required to maintain an inventory of reusable 
parts. Additionally, this novel reusable nozzle design has the potential to minimize 
waste, thereby promoting environmental conservation.
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Fig. 5 3D printed consisting both inlet and outlet parts (a) cross section of printed nozzles (b) 

The new design replaceable nozzle is compatible to be used in all commer-
cial waterjet machines. It can conveniently fit to any commercial abrasive waterjet 
machines which uses a commercial nozzle. Furthermore, the life of the nozzle of the 
outlet part can be extended since it will be reused by replacing the nozzle with a new 
inlet part. Figure 6 shows the nozzle installation in AWJ cutting head.

4.3 Nozzle Wear Tests 

The wear test was performed with a water jet pressure of 69 MPa, an abrasive flow rate 
of 0.5 g/s, and an orifice diameter of 0.1016 mm. The outlet diameter of the nozzle 
was determined by designating three locations on the inner edge of the nozzle, from 
which the software subsequently computed the radius. The results of the nozzle exit 
diameter variation with the operation time are shown in Fig. 7. In this diagram, the 
outlet diameter variations are plotted versus the time of operation. As shown in the 
figure, the longer duration of the wear tests the wider diameter of the outlet. It can 
be seen that the outlet diameter increases rapidly up to 20 min, and within further 
30 min operation it almost remains constant. Furthermore, through this replaceable 
nozzle, the middle diameter of nozzle can be measured directly without the need
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Fig. 6 The installation of 
the new replaceable nozzle

for a cross section through the nozzle. It is interesting to notice that the wear that 
occurred in the middle diameter was bigger than the outlet diameter. At the middle 
nozzle, a few abrasive particles will make contact with the nozzle wall then will be 
expelled evenly to the outlet diameter. 

The correlation between the mass loss of the focusing tube and the operation time 
is illustrated in Fig. 8. After the maximum test duration of 30 min, there was a weight 
loss exceeding 1.5 g. It is clear that weight loss data can be used to predict nozzle 
performance because nozzle weight loss is almost exactly linear throughout the test. 
The stability of the accelerated wear test is indicated by the linearity of the data, 
which also shows excellence repeatability and control [11].

Fig. 7 The enlargement of the nozzle diameter 
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Fig. 8 The cumulative weight loss of nozzles 

In Figs. 9 and 10, the outlet and middle profiles are visualized before and after 
thirty minutes of operation. The images reveal that the hole is nearly perfectly round 
when the nozzle is new. However, as the wear increases, the roundness gradually 
diminishes. Consequently, the jet becomes more unstable and loses its efficiency. 
Prolonged use of the focusing tube leads to transformations in the exit geometry, 
specifically the occurrence of opening eccentricity [7]. 

Fig. 9 Nozzle outlet profiles of a before operation and b worn nozzle after 30 min operation
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Fig. 10 Nozzle middle diameter profiles of a before operation and b worn nozzle after 30 min 
operation 

5 Conclusion 

In conclusion, the replaceable nozzle for waterjet machining application has been 
successfully fabricated. The findings of the prototype, which are the main subject 
of this paper, indicate that the idea of new replaceable nozzle is viable for imple-
mentation in industrial activities. Some machining parameters especially at a higher 
impact energy may result in severe erosion of the nozzle thus makes it not possible to 
reuse the outlet part. Hence, the whole nozzle body needs to be replaced with a new 
one. Therefore, a further study is required to determine recommended machining 
parameters for optimum reusability of the nozzle. 
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Measurement of Operational Risk 
Management Using the AS/NZS ISO 
31000:2009 in the Outsourcing Start-Up 
Company 

Tiena Gustina Amran, Annisa Dewi Akbari, Ellyana Amran, Adinda Aniza, 
Emelia Sari, and Mohd Yazid Abu 

Abstract The decision to outsource by a company is influenced by numerous factors, 
including cost reduction, enhanced productivity, and improved performance quality. 
Outsourcing firms, as service providers, enable their clients to concentrate on core 
business functions, such as the information technology (IT) operations of the organi-
zation. However, IT outsourcing activities are susceptible to various risks, including 
resource shortages that impede client satisfaction, challenges in employee training, 
and human errors leading to system malfunctions. This research aims to conduct 
an operational risk management assessment utilizing the AS/NZS ISO 31000:2009 
framework. The risk management process initiates with the identification of risks, 
their sources, and their potential impacts; proceeds with an evaluation of these risks 
based on their likelihood and potential consequences; and culminates in an analysis 
of the underlying causes and the formulation of strategies to mitigate these risks. 
The processes of risk identification and assessment are conducted by individuals 
recognized as experts within the company. Data for this research were gathered 
using the expert judgment approach, with respondents including the CEO, COO, 
GA, Finance and Accounting Manager, Sales Manager, and PMO. The implementa-
tion and evaluation of this research were carried out through a comprehensive review 
of the company’s operational activities, grounded in the AS/NZS ISO 31000:2009 
framework and the risk management methodologies articulated by Cooper et al. 
This study identified 140 risk impacts, comprising 82 internal risks and 58 external
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risks. The findings indicate a reduction in risk severity compared to the initial condi-
tions. Initially, 39 risks were classified as high (22.11% of the 140 identified risks). 
Following the calculation of residual risks, 8 risks remained categorized as high 
(5.71% of the 140 identified risks), while 31 risks were downgraded to low or 
moderate levels. 

Keywords Risk management · Priority risk · Residual risk ·Monitoring 
hierarchy · Start-up · IT · AS/NZS · ISO · Outsourcing 

1 Introduction 

Celerates is an outsourcing company that develops IT talents in the form of IT work-
force training and distributes them to companies who wants to outsource IT func-
tions in their company. IT is the most frequently outsourced function and has a high 
demand. These IT functions include application development and support, informa-
tion system integration, and Outsourcing training in the IT field also known as ITES-
BPO or Information Technology Enabled Services—Business Process Outsourcing 
[1]. IT outsourcing cannot be separated from risks. Operational performance in 
outsourcing is related to risks such as unavailability of manpower to meet client 
needs, slow software, and loss of work equipment. Celerates as a start-up company 
must be adaptive to the conditions of its business environment and be able to anticipate 
the risks that will be faced. 

A method that can help companies to face risks is risk management [2]. Currently, 
Celerates does not have a risk management analysis that complies with risk manage-
ment standards in the global market. In this study, risk management was made using 
the US/NZS ISO 31000: 2009 standard because it is suitable for research on the 
operational performance of outsourcing companies. The purpose of this study is to 
design an operational risk management strategy in the Celerates outsourcing start-up 
company. Risk management that is carried out is the company’s operational perfor-
mance because the company’s operational activities are related to external parties 
which makes the company need to have a risk handling strategy for the impacts of 
the risks that will be faced. 

2 Literature Review 

Risk management is a method that a company needs to prepare in facing possible 
risks that will threaten the company’s existence or activities while carrying out its 
business activities [3]. Risk management is an approach taken to understand, iden-
tify and evaluate risks in a project or organization [4]. The main objective of risk 
management is to recognize risks in a project or company and develop strategies to
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minimize and avoid risks. There are several risk management standards and frame-
works including AS/NZS ISO 31000:2009, British Standards BS 31100, and COSO 
ERM [5]. In this study, the risk management standard used was the US / NZS ISO 
31000: 2009 standard because this standard can be applied to any business and is 
suitable for companies from small to large scale, this standard can be applied to a 
start-up company like Celerates. 

3 Research Methodology 

Figure 1 is a flowchart of the research methodology conducted on this study.

4 Result and Discussion 

4.1 Determination of the Risk Context 

Risk identification is carried out based on the operational performance of Celerates 
and its supporting activities. This research is based on making a model to determine 
the risk context, risk analysis, and risk evaluation [6]. The determination of the risk 
context is carried out with an ISO 31000 approach, which is to collect the context of 
all possible risk factors into a mapping. This risk context is divided into an internal 
risk context and an external risk context. Furthermore, this mapping is carried out as 
a basis for initial risk identification. The determination of the risk context in Celerates 
is as Fig. 2.

Risk management research requires expert respondents as assessors or appraisers. 
The selection criteria for expert respondents refer to O’Hagen et al. [7]. Expert 
respondents will fill out three questionnaires, namely the risk identification ques-
tionnaire, the risk assessment questionnaire, and the remaining risk assessment ques-
tionnaire. The expert respondents in this study are the people who have the highest 
authority in the company and who best understand the overall operational perfor-
mance of the company. Identification is also carried out on external risks. Although 
external risks are beyond Celerates’ control, Celerates still needs to prepare a strategy 
to anticipate disruptions in the company’s operational activities. This study required 
six expert respondents who filled out three questionnaires, namely the risk identifica-
tion questionnaire, the risk assessment questionnaire, and the remaining risk assess-
ment questionnaire. The expert respondents in this study are the people who have the 
highest authority in the company and understand the overall operational performance 
of the company. Here are six of those respondents. Respondents consisted of CEO, 
COO, GA, Sales Manager, and Project Management Officer.
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Fig. 1 Flowchart of data processing methodology

4.2 Risk Identification 

Risk identification is carried out twice. The first risk identification is risk identification 
referring to the determination of the risk context and risk source from mapping at 
the risk context determination stage which refers to the scope and business activities 
of the company. The second risk identification was carried out by distributing a 
questionnaire with the examination of risk results to six expert respondents.
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Fig. 2 Identification of internal and external risk context

Examination of the results of risk identification was carried out by distributing 
questionnaires to six expert respondents. The result of the risk identification exam-
ination is a list of risks that will then be assessed at the risk assessment stage. The 
resulting list of internal risks consists of 18 sources of risk, 82 risks, and 132 impact 
risks in Celerates, Identification of external risks shows that there are 7 sources of 
risk, 24 risks, and 58 impact risks.



356 T. G. Amran et al.

4.3 Risk Assessment 

Identify Risk Impact Areas 

Identification of the areas of impact affected by each risk was carried out by 
conducting a literature study survey, and interviews with expert respondents. Table 1 
is the results of the identification of areas of impact of internal and external risks of 
the company.

Calculation of Possible Events and Risk Impacts Assessment 

In this questionnaire, expert respondents will provide an assessment of the risks that 
have been identified in Celerates. The assessment is carried out by determining the 
value of the possible occurrence of the risk (probability of occurrence), and the impact 
caused by the identified risk. Then, the average value of the possible event value and 
the impact value is calculated. The provision of values is given according to the risk 
scale according to the theory on the study of literature. Risks with a dangerous level 
that means risks that may interfere with the activities or work of Celerates will be 
analyzed at a later stage. An assessment for a possible event is filled in for each risk 
number, while an impact assessment is filled in for each risk impact area. Herewith 
Scale of assessment of possible risk events very low (possible occurrences < 2%), 
Low (2% < x < 10%), Medium (10% < x < 50%), High (50% < x < 80%), Very High 
(>80%) [8]. 

4.4 Risk Evaluation 

Risk Rating Mapping 

Risk mapping is carried out using a risk matrix. Table 2 is the risk matrix based on 
AS/NZS ISO 31000:2009.

The combination of the value of the probability of the event with the value of 
the impact of the risk will converge at one point, that point is the risk rating for that 
risk. The average of the respondents’ values for possible risk events R1 is 3, and 
the average of the impact values for the risk impact areas is 3. When viewed on the 
risk matrix, the combination of a probability of event scale of 3 with an impact scale 
of 3 converges at one point, that is, a moderate risk rating. Then the risk rating is 
medium. Risk evaluation for internal risks is that there is 1 risk impact that has a low 
rating, 97 is medium rating, 34 is high rating, and no risk has a very high rating. As 
for external risks. There are 50 risk impacts that have a moderate rating, and 8 high 
ratings. Risk analysis and strategy design were carried out for high and very high 
risk ratings [9].
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Table 1 Identify areas of impact of internal risks 

No. Sources of risk No. Risks Risk impact field 

1 Search for client 
tenders 

R1 Client needs do not 
match the 
capabilities and 
availability of 
employees and the 
company 

Financial The company must 
find other ways to 
earn income while 
not having clients 

Employee Employees are 
unemployed while 
waiting for the 
placement period 

Technology Companies need to 
make adjustments 
to fill the skill gap 

R2 Have not acquired 
clients until the 
specified time 

Financial The company must 
find other ways to 
earn income while 
not having clients 

Employee Employees are 
unemployed while 
waiting for the 
placement period 

R3 Negotiations with 
the client did not 
find a point of 
agreement 

Financial The company must 
find other ways to 
earn income as 
long as it has not 
yet gained clients 

Employee Employees are 
unemployed while 
waiting for the 
placement period 

R4 The client cannot 
be contacted in the 
middle of the 
negotiation period 
or the client’s PIC 
has changed 

Financial The company must 
find other ways to 
earn income while 
not having clients 

Employee Employees are 
unemployed while 
waiting for the 
placement period 

Job performance Vagueness in one 
client reduces the 
time and focus of 
the company’s 
salespeople to 
acquire other 
clients 

R5 Client needs can be 
met, but currently 
celerates do not 
have enough 
resources 

Financial Sudden increments 
to meet client 
needs in a short 
period of time

(continued)
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Table 1 (continued)

No. Sources of risk No. Risks Risk impact field

Technology Companies need to 
make adjustments 
to technology 
capabilities and HR 
adjustments 

R6 There are clients 
who are directly 
willing to hire 
Celerates 
employees without 
going through 
Celerates 

Employee The possibility of 
employees to 
receive offers from 
clients 

R7 Clients are slow to 
sign 

Financial The company must 
find other ways to 
obtain income as 
long as it has not 
yet obtained a 
client, it has been 
incurred costs to 
carry out planning 

Employee Employees are 
unemployed during 
the waiting period

Table 2 Risk matrix map  

Impact 

1 2 3 4 5 

Very low Low Medium High Very high 

Possible occurrences 5 Very high Medium High High Very high Very high 

4 High Medium Medium High High Very high 

3 Medium Low Medium Medium High High 

2 Low Low Medium Medium Medium High 

1 Very low Low Low Low Medium Medium

Determining Risk Priority 

The risks that prioritized are those that belong to high and very high ratings. In 
this study, neither internal risks nor external risks had a high rating. There were 25 
internal risks identified and 5 external risks had high ratings. The risk consists of 31 
internal risk impacts and 8 external risk impacts. Furthermore, these risks will be 
analyzed for the causes of the risks and the strategies needed to deal with these risks. 
Table 3 is a portion of the risk priority table in Celerates.
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Table 3 Selected priority risks 

Risk no. Risks Risk impact field Initial risk value 

KK D Risk rating 

R1 Client needs do 
not match the 
capabilities and 
availability of 
employees and 
the company 

Technology Companies need 
to make 
adjustments to fill 
the skill gap 

3 4 High 

R2 Not acquiring 
clients until the 
specified time 

Financial The company 
must find other 
ways to earn 
income as long as 
it has not yet 
gained clients 

3 4 High 

R5 Client needs can 
be met, but 
currently 
Celerates does 
not have enough 
resources 

Financial Sudden 
increments to 
meet client needs 
in short time 

4 3 High 

Technology Companies need 
to make 
adjustments to 
technology 
capabilities and 
HR adjustments 

3 High 

4.5 Risk Treatment 

Risk Prevention Strategy Planning 

Each identified risk has this high rating will be made an analysis of the causes of the 
risk and an analysis of the risk prevention strategy. Table 6 is a portion of the risk 
cause analysis table. 

After the cause of the priority risk is known, a risk prevention strategy is designed 
based on the identified risk causes. Referring to the AS/NZS ISO 31000:2009 and 
the journal “Evaluating Risks in Construction Projects Based on International Risk 
Management Standard AS/NZS ISO 31000:2009”, there are four alternative risk 
prevention strategies used in this study, namely Risk Prevention, Risk Sharing, Risk 
Mitigation, and Risk acceptance [10]. Table 4 is an example of causes of risk and 
risk management strategy.

Calculation of the Remaining Risk Values 

The implementation of the risk mitigation strategy will make the value of possible 
events and the impact of risk decrease. The remaining value of the decrease is residual 
risk. The calculation of the remaining risk value was carried out by filling out the
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Table 4 Risk management strategy 

Risks 
no. 

Risks Causes of risk Risk management strategy 

R1 Client 
needs do 
not match 
the 
capabilities 
and 
availability 
of 
employees 
and the 
company 

Changes in 
the scope of 
IT needs in 
the market 

Risk Mitigation: 1. Providing alternative offers and approaches to continue 
using the services of Celerates 
Risk Acceptance: 1. Continue to maintain communication to cooperate in the 
future 

Lack of 
market 
research 

New trends 
emerge in IT 
operations in 
target 
companies 

R2 Have not 
acquired 
clients until 
the 
specified 
time 

No client has 
yet suited 
Celerates’ 
needs and 
capabilities 

Risk mitigation 
1. Apply for a contract extension with a client whose project is in progress 
2. Apply for employee rotation to clients whose projects are ongoing so that 

employees who have not been placed are not idle 
3. Applying for services for different projects in the client’s company that is 

in the contract period 
4. Apply for additional employees in the client company who are in the 

contract period 
5. Continue to conduct training, internal projects, or provide case studies for 

employees who have not been placed 

6. Re-research the current demand for IT operations 
Risk acceptance 
1. Carrying out other plans to earn money other than by outsourcing. This can 

be in the form of providing training in other places, system repair services 
or programming for one call, and software or hardware installation 

The 
competencies 
are relevant, 
but there are 
disagreements 
on cost, time, 
equipment 

Not many 
companies 
were in need 
of IT talent at 
that time

remaining risk assessment questionnaire by six expert respondents. In this question-
naire, the risk management strategies that have been made are listed. After calculating 
the residual risk, the results were obtained that there was 1 risk impact having a low 
rating, 23 medium ratings, and 7 high ratings. As for external risks, there are 7 risk 
impacts that have a moderate rating, and 1 risk impact that has a high rating. This 
shows that there is a decrease in the impact of risk after a risk management strategy 
is implemented. Table 5 are the full results of the remaining risk values.

4.6 Risk Rating Analysis 

This study discusses risk management strategies for priority risks. Risks that have 
low and medium ratings are considered to be within the limits of the company’s 
tolerance so that no deeper analysis is carried out, then only focus on high risks. 
Table 6 shows the summary of risk management strategy for this research.
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Table 6 Summary of risk management strategy 

Risk aspects 

Job 
performance 

Financial Employee Company’s 
reputation 

Technology Regulation 

Number of 
risks 
affected 

15 11 4 4 3 1 

Risk 
management 
strategies in 
general 

Risk 
mitigation 
coordination 
between top 
management 
and clients 
or 
prospective 
clients 
regarding 

Risk 
mitigation 
in the form 
of 
coordination 
of budgeting 
between 
divisions, 
and risk 
acceptance 
in the form 
of the use of 
unexpected 
costs 

Risk 
mitigation in 
the form of 
coordination 
between top 
management 
and clients 
or 
prospective 
clients 
regarding 

Risk 
mitigation is 
in the form 
of 
coordinating 
with the 
client to 
overcome 
mistakes on 
the part of 
Celerates 

Risk mitigation 
for periodic 
research on 
market trends, 
or acceptance 
of risk by 
communicating 
with potential 
clients to use 
existing 
resources 

Risk 
mitigation 
for 
obtaining 
legal 
assistance

4.7 Risk Register Analysis 

This document was created to provide details about the identified risks, areas of 
risk impact, probability of a risk occurance, value of risk impact, causes of risk, 
and risk management strategies. In addition, the remaining risk assessment is also 
made to show the influence of predetermined handling strategies. In the risk register, 
there is also a PIC filling to be done in the future so that risk handling is right on 
target. Furthermore, risk monitoring can be done with three types of monitoring, 
namely continuous monitoring, monitoring by top management, and monitoring by 
third parties. This monitoring hierarchy is long-term for monitoring risk documents 
and risk management strategies. This study is in line with research conducted by 
Suyasa and Legowo (2019), which analyzes the risk of risk management information 
systems, especially in financial technology, which is based on the level of risk that is 
occurring and also measures the level of maturity that has been implemented whether 
it is in accordance with the expected target of one of the state-owned banks. This study 
successfully identified the level of risk faced by Bank XYZ [11]. The application 
of risk management in an organization is a process of actions and activities carried 
out continuously to provide confidence in achieving organizational goals through 
effective and efficient activities [12].
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5 Conclusions 

The AS/NZS ISO 31000:2009 risk management standard serves as a robust frame-
work for operational risk management within companies. This study identifies seven 
key areas of risk impact: financial, facilities, job performance, employees, tech-
nology, regulation, and company reputation. Internal risk identification reveals 18 
sources of risk, 82 risks, and 132 risk impacts within the company. External risk 
identification highlights 7 sources of risk, 24 risks, and 58 risk impacts. 

This study focuses on risk management strategies for high-priority risks, as risks 
with low or medium ratings are considered within the company’s tolerance levels and 
do not require in-depth analysis. Initially, 39 risks were classified as high (22.11% 
of the 140 identified risk impacts). After further validation, 8 risks remained high 
(5.71% of the 140 risk impacts), while 31 risks were downgraded to low or medium 
ratings. 

Financial risks primarily result in overspending and sudden cost overruns. The 
mitigation strategy includes accepting risks through contingency funds and coordi-
nating budgeting across company divisions. Job performance risks generally lead to 
project delays or deterioration in project completion times. Strategies to address these 
risks involve negotiations and communication with stakeholders to ensure project 
continuity within the predetermined timeline, despite limited resources, and the use 
of contingency funds to cover losses. 

Employee-related risks affect employee satisfaction, particularly in client-facing 
roles or outsourced contracts. These risks are managed through coordination with 
clients regarding project needs and employee work contracts. Technology risks neces-
sitate adjustments in technological resources to meet client demands or bridge skill 
gaps. Risk mitigation involves periodic market trend analysis and engaging with 
clients to utilize existing resources effectively. 

Reputational risks impact client trust and public perception. The mitigation 
strategy includes coordinating with clients to address errors and restore confidence. 
Regulatory risks involve potential legal violations related to external factors. The 
management strategy includes risk mitigation through legal consultation. 

The calculation of residual risk values serves as a validation method to determine 
the effectiveness of risk reduction efforts. For risks that do not decrease, the company 
regularly monitors and reviews them using a risk register, which consolidates risks 
and management strategies. In the IT outsourcing domain, significant sources of risk 
include resource qualifications, contractual complexities, technology trends, unex-
pected costs, and IT talent challenges. Implementing a comprehensive risk manage-
ment system is essential to achieving business goals and ensuring sustainability. This 
research offers valuable insights for both discrete and continuous manufacturing 
organizations, as well as service providers, particularly start-ups, in maintaining 
long-term viability.
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The Reliability and Effectiveness 
of Sensors in IoT-Enabled Solar Drying 
System 

Thevanesveeran Aso Kumar, Nur Najmiyah Jaafar , 
Sarah ‘Atifah Saruchi , Nafrizuan Mat Yahya , and Suraya Sulaiman 

Abstract Interest in using solar energy for a variety of purpose has increased due 
to the growing need for environmentally friendly and energy-efficient solutions. The 
creation and evaluation of an Internet of Thing (IoT) enabled solar drying system 
for agricultural usage is the main goal of this project. The principle aim of this study 
is to examine the effectiveness of the sensors that are incorporated into the system. 
The methodology involved designing an IoT-enabled solar dyryer equipped with 
sensors for temperature, humidity, and voltage, connected to a microcontroller for 
data processing and remote controlling via the Blynk app. Time series and correla-
tion analyses were conducted to assess system performance. Results indicates stable 
voltage patterns, effective moisture removal at higher temperatures, and strong corre-
lations between solar panel output and battery efficiency. This study concludes that 
integrating IoT improves the drying process by optimizing conditions and reducing 
manual intervention help for sustainable food preservation. 

Keywords Solar Dryer · Sensors · Internet of Thing (IoT) · Agriculture · Energy 

1 Introduction 

The need for food production and preservation is rising as a result of the world’s 
population growth. Extending shelf life and minimizing food deterioration are 
important goals of traditional food preservation techniques like drying. Specifically, 
solar drying uses sunlight to extract moisture from food goods, which makes it an 
economical and environmentally friendly method for both home and agricultural use. 

Solar drying is a sustainable method that aligns with the principles of utilizing 
resources efficiently, reducing waste, and employing eco-friendly technologies. This
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innovative technology not only saves costs but also helps in preserving food nutri-
ents effectively, that provides solution for sustainable food preservation. However, 
traditional solar drying methods often face challenges such as inconsistent drying 
times and difficulty in maintaining optimal drying conditions. 

To address these issues, advancements in Internet of Things (IoT) technologies 
have been integrated with solar dryers. IoT technologies enable real-time process 
automation and monitoring, improving the consistency and efficiency of the drying 
process. In other words, as an analogy to understand this concept is thinking of IoT 
as a network of interconnected sensors and devices that work together to optimize 
the drying conditions, similar to how a smart home system controls temperature and 
lighting for energy efficiency. Therefore, the integration of IoT with solar drying 
systems aims to optimize drying conditions, and similar to how a smart home system 
controls temperature and lighting for energy efficiency. 

Recent studies have highlighted the growing application of IoT sensors in solar 
drying systems. This demonstrating significant improvements in efficiency, moni-
toring, and automation. For example, a low cost IoT-enabled semi spherical solar 
dryer was developed by [1] for Arabica coffee beans using DHT22 sensors. This 
sensors used to measure temperature and humidity, and load cells to track the 
drying mass, which allowed for remote monitoring and control through cloud server, 
enhancing the overall drying process. 

This study aims to investigate the effectiveness of various sensors in an IoT-
enabled solar drying system. By evaluating the sensors’ responsiveness, preci-
sion, and reliability under different environmental conditions, the research seeks 
to enhance the system’s overall efficiency and performance. The ultimate goal is 
to develop a more effective and reliable solar drying solution that can be used in 
agricultural and residential settings. 

2 Related Work 

Food drying is one of the oldest methods of food preservation, with traditional tech-
niques such as air drying, sun drying, and smoking. Although these methods have 
been effective, however these techniques have limitations such as prolonged drying 
times, contamination risks, and dependency on weather conditions. 

Alternative technique of food drying is solar dryer, a machine for drying used 
solar-powered energy. Solar dryers can be categorized into three main types: passive, 
active, and hybrid. Passive solar dryers rely solely on natural convection and sunlight 
for drying. While, active solar dryers incorporate mechanical components like fans 
to enhance air circulation and improve drying efficiency [2]. Third category is hybrid 
solar dryers where they combine elements of both passive and active systems, using 
solar energy during sunny periods and alternative energy sources when sunlight is 
insufficient. These can provide economic benefits and improving the shelf life of 
perishable goods [3–5].
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Besides, solar dryers play an important role in agriculture not only efficient in 
preserving food but also reduce post-harvest losses. They are particularly beneficial 
in areas with abundant sunlight and limited access to conventional energy sources 
[6]. By extending the shelf life of perishable goods, solar dryers contribute to food 
security and provide economic benefits to farmer [7]. 

The integration of Internet of Things (IoT) technology into solar drying systems 
has revolutionized their operation, enabling precise control and monitoring of drying 
conditions. IoT technology uses sensors, actuators, and connectivity solutions to 
monitor soil conditions, crop health, and environmental with real-time data that can 
be used to optimize the drying process. 

Various sensors are used in IoT applications to collect data on environmental 
and operational parameters [8]. Sensors which commonly used in these applications 
include humidity sensors, temperature sensors, moisture sensors, and light sensors to 
ensure product quality and improving overall system efficiency [9, 10]. The integra-
tion of solar drying systems with IoT applications can assist for automation processes, 
good drying conditions, and enable remote monitoring, thereby reducing the need 
for manual intervention and minimizing errors [9]. 

Previous studies have demonstrated the numerous benefits of integrating IoT with 
solar drying systems. According to [9] IoT-based systems improved drying efficiency 
by maintaining optimal temperature and humidity levels and able to enhance product 
quality through precise monitoring. While [10] highlighted that the automation of 
drying parameters using IoT led to improve accuracy and reduced errors compared 
to manual methods. Additionally, [11] discussed various techniques to enhance solar 
dryer performance. It is shown that IoT plays a key role in optimizing drying process 
and achieving consistent results. These studies collectively indicate that IoT inte-
gration can significantly enhance the performance of solar dryers, providing better 
control and improved energy efficiency. 

Despite these advancements, challenges such as system complexity, data accuracy, 
sensor reliability, and data accuracy continue to be areas of ongoing investigation. 
Furthermore, the integration of IoT technologies can increase the complexity of the 
systems, requiring specialized knowledge for installation, maintenance, and opera-
tion, which may pose barriers to adoption in rural or resource-constrained settings 
[12]. 

In summary, integrating IoT with solar drying system enhances drying efficiency, 
reduce energy consumption, and improves product quality through real-time data and 
automation. Ongoing research is needed to address these issues and fully harness the 
potential of IoT-enable solar drying technologies.
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3 Methodology 

The research began with detailed project planning, identifying key objectives, 
required components, and expected outcomes. The focus was on designing an IoT-
enabled solar drying system that could monitor and control drying parameters in 
real-time to enhance the drying process’s efficiency and reliability. 

Figure 1 illustrates the process flowchart for this research. The solar panel absorbs 
sunlight and will charge up the battery which will be coordinated by the solar charge 
controller. The battery will power up the ESP32 which will be connected to the two 
DHT22 sensors that will record the temperature and the humidity in the chamber. 
The ESP32 is also connected to the ACS712 current sensor which will get the voltage 
reading from the battery so that the charging up of the battery can be monitored. All 
of these data will be sent to the Blynk app and through this app, users can control 
the temperature and humidity by controlling the fan. 

The system comprised with several essential components as shown in Table 1.
The IoT solar dryer system was designed to optimize the drying process through 

continuous monitoring and control. The system’s architecture included sensor nodes, 
a central processing unit, solar power generation, and an IoT interface for remote 
access. The wiring diagram for the IoT- enabled solar dryer illustrates (see Fig. 2) 
how various components are interconnected to create a functional system. This 
system consists of a solar panel, a solar charge controller, a battery, multiple DC

Fig. 1 IoT-enabled solar dryer process flowchart 
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Table 1 IoT enable solar dryer components 

Component Instruments Function 

Sensors DHT22 Temperature and humidity, voltage 
sensors 

Microcontrollers ESP32 Data processing and communication 

Solar panel (manufacture: iDorNation) Provide renewal source energy for 
drying system 

IoT platform Blynk App Real-time monitoring and data 
visualization 

Battery Power storage

fans with heatsinks and Peltier, a ventilator fan, voltage sensors, a DHT22 sensor, a 
microcontroller, and the Blynk app for remote monitoring and control. 

The solar panel is responsible for converting sunlight into electrical energy. The 
positive and negative terminals of the solar panel are connected to the input terminals 
of the solar charge controller. The solar charge controller regulates the voltage and 
current from the solar panel to prevent overcharging the battery. It has input terminals

Fig. 2 The wiring diagram of IoT- enabled Solar Dryer Machine 
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connected to the solar panel, battery terminals connected to the battery, and load 
terminals connected to the drying system components. 

The battery stores the electrical energy generated by the solar panel. Its positive 
and negative terminals are connected to the corresponding terminals on the solar 
charge controller. The system includes multiple DC fans that circulate air within the 
drying chamber to ensure uniform drying. These fans are connected in parallel to the 
load terminals of the solar charge controller. Heatsinks with Peltier are mounted on 
the DC fans to enhance heat dissipation. 

Additionally, there is a ventilator fan that provides ventilation to remove moisture-
laden air from the drying chamber. Similar to the other fans, it is connected to 
the load terminals of the solar charge controller. To monitor the voltage levels of 
the battery and the solar panel, voltage sensors are connected to the positive and 
negative terminals of the battery and solar panel. The sensor outputs are connected 
to the microcontroller for data logging and monitoring. 

The DHT22 sensor measures temperature and humidity inside the drying chamber. 
It has three pins: VCC, GND, and Data. VCC is connected to the 5 V output of the 
microcontroller, GND is connected to the ground, and the Data pin is connected to 
a digital input pin of the microcontroller. The microcontroller ESP32 collects data 
from the sensors and controls the operation of the fans. It is connected to the load 
terminals of the solar charge controller for power supply. The sensors are connected 
to the microcontroller for data collection, and output pins of the microcontroller are 
connected to relays or transistors that control the fans’ on/off state. 

Finally, the Blynk app provides a user interface for remote monitoring and control 
of the solar dryer. It communicates with the microcontroller via Wi-Fi or Blue-
tooth. The microcontroller sends data to the Blynk app for visualization and receives 
commands to control the fans. 

The wiring diagram ensures that all components are correctly connected, allowing 
for efficient operation of the solar dryer with real-time monitoring and control capa-
bilities through the Blynk app. This setup optimizes drying parameters and validates 
the reliability of the sensors and IoT applications, making the solar dryer system 
more effective and user-friendly. 

The programming involved coding the microcontrollers to read sensor data and 
transmit it to the IoT platform. The Blynk application was configured to display the 
data and provide control functionalities. Software tools used included Arduino IDE 
for coding and Blynk for IoT integration. 

A controlled testing environment was set up to evaluate the system’s performance 
under various conditions. The environment simulated different weather conditions 
to test the sensors’ responsiveness and reliability.
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4 Results and Discussions 

The collected data were visualized using graphs and charts, showing trends in temper-
ature, humidity, and moisture levels. This visualization helped in understanding the 
drying process’s dynamics and the sensors’ performance. 

4.1 Time Series Analysis 

The time series analysis of solar panel voltage reveals distinct daily cycles, reflecting 
the panel’s response to varying sunlight availability, with higher voltages observed 
during daylight hours and drops at night. This pattern aligns with findings in solar 
photovoltaic (PV) systems, where solar irradiance significantly influences voltage 
stability and performance, particularly under fluctuating weather conditions [13]. 

The absence of a significant long-term trend suggests that the solar panel main-
tains consistent performance over time. Anomalies in voltage readings during the 
day should be monitored to ensure the solar panel is functioning optimally and not 
obstructed (see Fig. 3). 

Battery voltage also shows distinct daily cycles, corresponding to charging during 
the day and discharging at night. Voltage levels are higher during the day when the 
solar panel is actively charging the battery and lower at night when the battery is 
discharging. There is no significant long-term trend in battery voltage, indicating 
stable performance of the battery over the observed period. Sudden drops in voltage 
readings may indicate periods of high energy consumption or insufficient sunlight 
for charging. The cyclical patterns confirm that the battery is effectively charged by

Fig. 3 Solar panel voltage over time 
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Fig. 4 The battery voltage over time 

the solar panel during the day and used to power the dryer at night. The absence 
of a significant long-term trend suggests that the battery maintains its capacity well 
over time, indicating good health and stability. Anomalies in voltage readings should 
be monitored to ensure the battery is not over-discharged or under-charged, which 
could affect its longevity and performance (see Fig. 4). 

4.2 Correlation Matrix 

The correlation matrix is a table showing correlation coefficients between variables. 
Each cell in the matrix represents the correlation between two variables. Correlation 
coefficients range from −1 to 1, where:

• 1 indicates a perfect positive correlation.
• −1 indicates a perfect negative correlation.
• 0 indicates no correlation. 

The strong negative correlation between temperature and humidity (−0.89) aligns 
with findings in solar drying studies, indicating that higher temperature drives mois-
ture out, reducing humidity levels within the drying chamber, which is crucial 
for effective drying processes [14]. The moderate positive correlations between 
temperature and both solar panel voltage (0.44) and battery voltage (0.46) suggest 
that increased sunlight boosts solar power generation, heating the dryer while also 
enhancing battery charging efficiency, a relationship observed in systems utilizing 
photovoltaic thermal collectors [15].
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Conversely, the moderate negative correlations between humidity and both solar 
panel voltage (−0.59) and battery voltage (−0.63) indicate that high humidity often 
associated with overcast or humid conditions, diminished solar efficiency and battery 
performance, a challenge also reported in studies on the environmental impact on 
solar systems by [16]. 

Lastly, the strong positive correlation (0.94) between solar panel voltage and 
battery voltage highlights the direct impact of solar power generation on battery 
charging efficiency (see Fig. 5). 

These correlations provide valuable insights into the interactions between envi-
ronmental conditions (temperature and humidity) and the performance of the solar 
dryer system (solar panel and battery voltages). Understanding these relationships 
helps in optimizing the drying process, ensuring efficient energy use, and maintaining 
the reliability of the sensors and overall system.

Fig. 5 Correlation matrix of the variables 



386 T. A. Kumar et al.

5 Conclusion 

The integration of IoT technologies into solar drying systems especially in food 
industry application enhances the efficiency, reliability and performance of the drying 
process. The time series analysis of solar panel voltage revealed distinct daily cycles 
with voltage peaking around 12–14 V during daylight and dropping to 0 V at night, 
indicating effective energy capture and usage patterns consistent with solar irra-
diance. The analysis also showed that there was no significant long-term trend, 
conforming stable performance over the observation period. In the correlation matrix, 
the strong negative correlation between temperature and humidity (−0.89) aligns 
with the expected drying dynamics, where higher temperatures drive moisture out 
of the drying chamber. Additionally, the strong positive correlation (0.94) between 
solar panel voltage and battery voltage emphasizes the direct impact of solar power 
generation on battery charging efficiency. These findings highlight the importance 
of continuous monitoring and IoT integration to optimize drying conditions, reduce 
energy consumption, and ensure consistent product quality. Expanding these studies 
to include economic analyses will help to understand the cost–benefit implication 
IoT technologies in solar drying on a larger scale. 
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Thermodynamic Analysis 
of Microstructural Evolution 
in Aluminum Alloys 

Mohamad Rusydi Mohamad Yasin and Dongke Liu 

Abstract The utilization of mathematical modeling and simulation has become 
essential in the advancement of die casting alloys. The current study centers on the 
utilization of thermodynamic numerical analysis to predict the phase evolution of die 
casting alloys based on aluminum. The analysis enables the examination of crucial 
matters, including the regulation of morphology and the enhancement of the solid-
ification range in the alloy design. The analysis can also be employed to depict the 
maximum solubility of the constituents in the alloy system. The modeling process 
utilizes advanced simulation software, specifically Computherm Pandat software. 
The suggested model is designed to forecast the solidification trajectory of the die 
casting alloy. The simulation principally relies on the solidification profiles, while 
tracing it on the aluminum alloys quaternary phase diagram. The findings from 
the simulations of solidification conducted on aluminum-based alloys are given 
and contrasted with existing experimental data. Considering the overall progress, 
it seems that the suggested method is a feasible foundation for creating a powerful 
computational tool for simulating the solidification process of die casting aluminum 
alloy. 

Keywords Alloy · Solidification · Die casting · Simulation 

1 Introduction 

Aluminum alloy ingots commonly have a high concentration of impurities when uti-
lized in the metal casting industry. Some of the most prevalent impurities found in 
aluminum alloy include α-AlMnFeSi, β-AlFeSi, and Al-Fe. Iron (Fe) is consistently
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included in aluminum silicon alloys to provide increase in the strength of the alloys 
[1]. However, iron (Fe) is considered a harmful element in aluminum alloys due to its 
role in the production of impurities [2, 3]. Due to the low solubility limit of iron (Fe) 
in aluminum (Al) alloys (<0.05%), the formation of intermetallic compounds such as 
AlFe and AlFeSi is a typical occurrence. The high Fe level in the alloy will negatively 
affect its mechanical characteristics, leading to a significant loss in ductility once 
the Fe con-tent exceeds a critical threshold [4, 5]. A multitude of researchers have 
been investigating various approaches to mitigate the adverse impact caused by the 
presence of β-AlFeSi. The presence of β-AlFeSi phases significantly reduces the 
mechanical quality of Aluminum-Silicon die-casting alloys. This is mostly due to the 
shape of the phase that has sharp edge and needle-like structure, which creates areas 
of concentrated stress inside the alloy matrix. Nevertheless, the process of extracting 
the Fe element from the alloy is both expensive and challenging, particularly when 
the Fe level drops below a specific threshold percentage. Thus, it is uncommon to get 
an Al-Si alloy that is completely devoid of iron [6]. Controlling the proportion and 
structure of the AlFeSi phase, partic-ularly the β-AlFeSi phase, is a crucial method 
for enhancing the strength of Al-Si die casting alloys. A rigorous approach for doing 
thermal study on the solidification process of aluminum alloys has been described by 
Backerud et al. [7]. The study conducted comprehensive experimental investigations 
on various commercially available wrought aluminum alloys and cast aluminum 
alloys. This was accomplished through the use of differential thermal analysis (DTA), 
optical metallography (OM), and scanning electron microscopy (SEM) with energy 
dispersive analysis of X-ray (EDX). The experimental research is characterized by 
an idealized laboratory setup, yet it may be time-consuming and not cost-effective 
for the industry [8]. 

Recently, the die casting industry has shown a growing interest in accurately 
simulating both the macroscopic heat transfer and mold filling processes during 
casting, as well as predicting the microstructures of the final component. Thermody-
namic simulation using commercial software can now predict the phase formation 
sequence, including intermetallic phases, during solidification, thanks to advance-
ments in phase diagram calculations. The simulation conducted in this work can be 
utilized in the process of alloy development to mitigate the creation of brittle and 
undesired β-AlFeSi inter-metallics. This can be achieved by strategically determining 
the ideal solidification path for the alloy. This paper presents a systematic study on 
the simulation of β-AlFeSi intermetallics production in die-casting aluminum alloy. 
The study utilizes the PanAluminum database in the Computherm Pandat thermody-
namic simulation software. Thermal dynamic simulation is a cost-effective method 
for guiding the design of die-casting alloys. The prediction of the phase formation 
sequence during solidification in ternary alloys is simple as the phase diagrams of 
the ternary system is common. In practical industrial settings, alloys having more 
than three elements, known as higher order alloys, are commonly employed due to 
their significantly enhanced mechanical capabilities. Unfortunately, there is a scarcity 
of dependable liquidus projections for these alloys. This research aims to simulate 
the solidification trajectory of a quaternary alloy system in order to forecast the 
production of different phases. Thermodynamic modeling can be used to analyze the
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solidification path and reduce the occurrence of undesirable intermetallic phase in 
the design of die-casting aluminum alloys. 

2 Thermodynamic Calculation Design 

The equilibrium phase diagram of aluminum die casting alloys was calculated using 
the Pandat software, utilizing the built-in database Pan Aluminum. The database is 
spe-cially tailored for the Aluminum casting alloys. This study specifically studied 
the Al-Fe-Mn-Si system. The iron and manganese content in each specified die-
casting alloy with a specific silicon percentage significantly influence the mechanical 
properties of the resulting material. Consequently, it is particularly important to 
examine the formation of phases that contain both iron (Fe) and manganese (Mn) 
by precipitation. The compositions of the alloys under analysis are documented in 
Table 1. The phase diagram data for multicomponent die casting aluminum alloys are 
integrated with a solidification profile to forecast the trajectory during solidification 
process. The quaternary liquid projections were computed and solidification routes 
of the chosen die-casting alloys are graphed on the Al-Mn-Fe-Si quaternary phase 
diagram. The series of reac-tions that occur throughout the solidification process are 
subsequently compared with the solidification path in order to ascertain the creation 
of phases along the solidification path. 

Table 1 Commercially available Al-Si DC alloy composition 

Alloy Composition (wt%) 

Si Fe Mn Cu Mg Zn Ni 

A360 9.5 1.3 0.3 0.6 0.5 0.5 0.5 

B360 9.5 0.4 0.3 0.6 0.5 0.2 0.1 

D380 8.5 1.3 0.5 3.5 0.2 1.0 0.5 

F380 8.5 0.4 0.3 3.5 0.2 1.0 0.1 

381 9.5 1.3 0.5 3.5 0.13 3.8 0.5 

A381 9.5 0.4 0.3 3.5 0.13 3.8 0.1 

A383 10.5 1.3 0.5 2.5 0.2 3.0 0.3 

C383 10.5 0.4 0.3 2.5 0.2 3.0 0.1 

C384 11.25 1.3 0.5 3.5 0.2 3.0 0.5 

D384 11.25 0.4 0.3 3.5 0.2 3.0 0.1
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3 Results and Discussion 

Figure 1 depicts the liquidus projection of the Al-Fe-Si system, with a manganese 
(Mn) component of 0%. The projection indicates that the development of the primary 
Al-Fe-Si phase does not occur when the Fe component is below 0.5%. Line (a) serves 
as the boundary line where the production of both intermetallic phases of α-AlMnFeSi 
and β-AlFeSi takes place. This line is crucial because it defines the constraints on the 
Si and Fe composition in the alloy, hence determining the order of phase formation 
during the solidification of the alloy. 

Figure 2 depicts the composition of A360, with the solidification path illustrated 
by the blue line. The solidification path commences at the β-AlFeSi region, hence 
the formation of β-AlFeSi takes place at the onset of the solidification process. Line 
(i) repre-sents the creation of β-AlFeSi, which continues until the boundary between 
the α-AlFeSi and β-AlFeSi phases is reached. In this stage, the amount of Fe is 
decreased in order to produce β-AlFeSi, while the amount of Si remains constant. 
The reaction proceeds by the creation of secondary α-AlFeSi and β-AlFeSi along the 
boundary line (ii) until the composition of the ternary eutectic is achieved. The phase 
consumes fractions of Fe, Mn, and Si. The solidification process progresses as Al, Si, 
and α-AlFeSi are formed in the ternary eutectic at point (iii). The whole nucleation 
sequence of A360 is displayed in Table 2. The formation sequence commences with 
the formation of α-AlFeSi and β-AlFeSi, which is then succeeded by the formation 
of Al, and ultimately Si.

Figure 3 illustrates the composition of B360, with the green line indicating its 
solidification course. B360 shares the same composition as A360, with the exception

Fig. 1 Al-Fe-Si liquidus projection 
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Fig. 2 A360 alloy solidification path 

Table 2 Reaction during 
A360 alloy solidification Temp (K) Reactions during SOLIDIFICATION 

906.8 Liq → α-Al15FeMn3Si2 

881.0 Liq → α-Al15FeMn3Si2 + β-AlFeSi 
871.4 Liq → α-Al15FeMn3Si2 + Al + β-AlFeSi 
848.6 Liq → α-Al15FeMn3Si2 + Si + Al + β-AlFeSi

of having a reduced iron (Fe) percentage. The process of solidification begins within 
the region of α-AlFeMnSi, making the creation of the α-AlFeMnSi phase more preva-
lent. Line (iv) demonstrates the creation of α-AlFeMnSi and Al until the point where 
the connection between α-AlFeMnSi and Si is established. In this phase, the propor-
tion of Si is decreased to produce α-AlFeMnSi, while the proportion of Fe remains 
unchanged. The reaction proceeds via the creation of secondary α-AlFeMnSi, Al, 
and Si along the boundary line (v) until the composition of the ternary eutectic is 
achieved. During this phase, the fractions of Al and Mn are depleted while the fraction 
of Si remains constant, resulting in a rise in the percentage of Fe. The solidification 
process progresses as β-AlFeSi forms in the ternary eutectic at point (vi). Table 3 
displays the nucleation sequence of B360 alloy. The formation sequence commences 
with the creation of α-AlFeSi and Al, succeeded by Si, and ultimately β-AlFeSi.

The Fe reduction can cause a change from the β-AlFeSi phase to the α-AlFeMnSi 
phase. The inclusion of Fe above the boundary line between α-AlFeMnSi and β-
AlFeSi introduces the β-AlFeSi phase at the beginning of the solidification process, 
resulting in its significant presence within the solidified aluminum alloy. On the
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Fig. 3 B360 alloy solidification path 

Table 3 Reaction during 
B360 alloy solidification Temp (K) Reactions during solidification 

871.9 Liq → α-Al15FeMn3Si2 

871.8 Liq → α-Al15FeMn3Si2 + Al 
848.8 Liq → α-Al15FeMn3Si2 + Si + Al 
848.6 Liq → α-Al15FeMn3Si2 + β-AlFeSi + Si + Al

contrary, the creation of β-AlFeSi occurs towards the conclusion of the solidification 
process, resulting in limited occurrence. In comparison, the modeling results indicate 
that the fraction of β-AlFeSi generated is 2.95% for A360, whereas for B360, which 
has a lower Fe content, the fraction of β-AlFeSi is decreased to 0.53%. 

The solidification path for the chosen die-casting alloys is depicted on the Al-Si-
Fe–Mn quaternary liquidus projection, as illustrated in Fig. 4. The alloys demonstrate 
analogous route patterns to A360 and B360, where the presence of Fe influences the 
production of β-AlFeSi. Based on the β-AlFeSi percent calculation, it is evident 
that D380 has the highest formation of β-AlFeSi, followed by A360, 381, A383, and 
C384. The production of β-AlFeSi occurs along the boundary line between α-AlFeSi 
and β-AlFeSi. It may be inferred that a longer path over this boundary line results 
in a higher fraction of β-AlFeSi phase formation. As an illustration, the A360 alloy, 
which takes a longer route along the boundary line, has a β-AlFeSi fraction of 2.95%, 
whereas the A383 alloy, which takes a shorter route along the boundary line, has a 
β-AlFeSi fraction of 2.54%. Meanwhile, the simulation results indicate that the use 
of die-casting alloys with a lower percentage of Fe results in a significantly reduced
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Fig. 4 Solidification path of DC alloys by thermodynamic simulation 

formation of β-AlFeSi. The A383 alloy consists of 2.54% of the β-AlFeSi percent, 
but the C383 alloy, which has a lower Fe content, only consists of 0.52% of the 
β-AlFeSi fraction. The decrease in the β-AlFeSi fraction is directly proportional to 
the decrease in the Fe content in all the die-casting alloys under analysis. 

Figure 5 illustrates the comparison of the β-AlFeSi phase fraction obtained from 
the simulation results with the Quality Index (QI) of the die casting alloys studied by 
Donahue [9]. The comparison is made for three different die casting alloy pairings. 
The Quality Index increases as the production of the β-phase decreases for each alloy 
pair [10]. As an illustration, B360 has less iron (Fe) than A360, leading to a decrease 
in the fraction of β-AlFeSi phase by 81.2%. The Quality Index has subsequently 
experienced a 29% boost. Therefore, it can be inferred that minimizing the formation 
of the β-AlFeSi phase has a beneficial impact on the Quality Index of the alloy, 
consequently enhancing its mechanical qualities.

4 Conclusions 

This study examines the use of thermal dynamic modeling to forecast the produc-
tion of the α-AlFeSi and β-AlFeSi phases in an aluminum die-casting alloy. The 
study presents the finding that the inclusion of iron (Fe) in the alloy’s composition 
promotes the crea-tion of the β-AlFeSi phase. The proportion of β-AlFeSi produc-
tion is determined by whether the composition is higher or lower than the border line 
between α-AlFeSi and β-AlFeSi. If the iron (Fe) content exceeds the threshold, the 
β-AlFeSi phase increases in size because it is created at the beginning of the solidifi-
cation process. The β-AlFeSi phase consistently arises following the α-AlFeSi phase. 
Decreasing the iron level in the alloy has a more significant effect on reducing the
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Fig. 5 Graph of Quality Index (QI) versus β-AlFeSi phase fraction

fraction of the β-AlFeSi phase com-pared to the α-AlFeSi phase. The fraction of 
β-AlFeSi phase production increases as the solidification path through the α-AlFeSi 
and β-AlFeSi boundary line becomes longer. By minimizing the production of the 
β-AlFeSi phase, the Quality Index of the alloy is enhanced. 
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Studies on pH Effects on ZnO 
Nanoparticles via Microwave-Assisted 
Sol–Gel Method 
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Abstract This study investigates the effect of pH on the synthesis of zinc oxide 
(ZnO) nanoparticles through a sol–gel method. The nanoparticles were synthesized at 
pH values of 9, 11, and 13, employing microwave irradiation at 600 Watts and subse-
quent calcination at a temperature of 700 °C for one hour. XRD analysis confirms 
the significant decrease in crystallite size with an increase in the pH levels of the 
medium. The smallest size of crystallites was 27.4280 nm at pH 13. FESEM analysis 
also showed that ZnO nanoparticles synthesized at pH 13 were more uniform and 
smaller particle sizes, with a rounded morphology and a size range of 76.1–156.0 nm. 
EDX confirmed the high purity of the nanoparticles, as the Zn and O composition 
closely matched with the theoretical values. The results revealed that the pH value 
of 13 is optimal for producing high-purity ZnO nanoparticles with the smallest and 
most uniform sizes, making them ideal for advanced technological applications. 
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1 Introduction 

Due to the constantly expanding daily need for energy by all populations globally, 
the globe is fast becoming a global village, and the Earth as such cannot change. 
The requirement for energy and associated services for the social and economic 
pleasure of people. A significant challenge arises from waste heat generated during 
fuel combustion or chemical reactions, which is often released into the environ-
ment without being utilized effectively [1, 2]. To address this issue, researchers are 
exploring ways to recycle and convert waste heat into electricity, which could offer 
a promising solution to global warming and climate change. Thermoelectric waste 
heat recovery systems have been developed to convert large amounts of waste heat 
into electrical power, offering a promising solution to the worldwide energy shortage 
and ecological issues. However, these systems currently operate with an efficiency 
of only about 7–10% [3, 4]. 

Recent years have seen a surge in research on conventional thermoelectric mate-
rials, such as bismuth telluride (Bi2Te3) for waste heat recovery systems. Thermo-
electric materials have attracted significant interest due to their potential to effectively 
convert waste heat from industrial processes into usable energy. However, conven-
tional thermoelectric materials encounter notable challenges, such as poor stability 
at high temperatures, high toxicity, and dependence on costly or rare elements, which 
diminish their practical appeal and feasibility [5]. Much of the recent literature 
focuses on enhancing oxide materials, particularly zinc oxide (ZnO), by doping with 
various elements (Al, Ni, Bi, Sn, Graphene) at elevated temperatures [3]. Despite 
these efforts, achieving the desired figure of merit (ZT > 2) remains challenging [2]. 
Additionally, research on how pH affects the properties of ZnO nanoparticles is still 
limited. This study aims to address this gap by evaluating both the purity and grain 
size of zinc oxide powder synthesized through a microwave-assisted sol–gel method, 
which also examines the influence of pH on the microstructure of pure ZnO using 
the same method. 

Thermoelectric materials play a crucial role in converting thermal energy into 
electrical energy via the Seebeck effect, where temperature gradients generate an 
electric voltage. The effectiveness of these materials is determined by their figure of 
merit (ZT), with a higher ZT value indicating more efficient energy conversion. A ZT 
value of 1 or greater is typically desired to achieve a conversion efficiency exceeding 
10% [3, 6–8]. To maximize thermoelectric performance, materials must possess 
high electrical conductivity, low thermal conductivity, and a substantial Seebeck 
coefficient [9]. Among the various thermoelectric materials, n-type ZnO has been 
widely studied due to its potential for power generation at elevated temperatures. 
Various approaches, such as doping and co-doping with different elements, have 
been explored to enhance the power generation capacity of ZnO. However, despite 
these efforts, most studies report ZT values below 1. The highest ZT values recorded 
are 0.44 at 1000 K for Al-doped ZnO [10] and 0.52 at 1100 K for ZnO doped with 1 
at% Al and 1.5 wt% reduced graphene oxide (RGO) [11]. Consequently, additional
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strategies, including nanostructuring, are required to further enhance the performance 
of thermoelectric materials [3, 12]. 

The nanostructuring technique emphasizes the development and growth of ultra-
fine, pure, and uniform grains. By reducing grain sizes, researchers can enhance the 
properties of the material. Specifically, smaller grain sizes are effective in lowering 
thermal conductivity, as they increase phonon scattering at the grain boundaries, 
which in turn reduces the material’s thermal conductivity. As grain sizes approach 
the nanoscale, phonon scattering intensifies, leading to a significant decrease in 
lattice thermal conductivity. This reduction is beneficial for thermoelectric mate-
rials because lower thermal conductivity helps maintain lower operational temper-
atures [3, 13]. Moreover, nanostructuring promotes energy filtering and electron 
confinement, which boosts the Seebeck coefficient and further decreases thermal 
conductivity through enhanced phonon scattering at interfaces. These advancements 
contribute to a higher figure of merit (ZT) compared to conventional thermoelectric 
materials. Additionally, the morphology of ZnO, including its shape and size, can be 
influenced by the pH level during synthesis. The balance between H+ and OH− ions 
plays a critical role in determining the morphology of the synthesized ZnO. Research 
has indicated that at pH 6, a high concentration of H+ ions and a low concentration 
of OH− ions can hinder the effective formation of the ZnO structure [14, 15]. 

2 Experimental Procedure 

ZnO nanoparticles were synthesized using a microwave-assisted sol–gel method. 
Initially, a zinc acetate solution was prepared by dissolving 48 g of zinc acetate 
dihydrate (Zn(CH3COO)2·2H2O) in 360 ml of ethylene glycol, stirring continuously 
until a clear solution was achieved, as described by the chemical reaction in Eq. (2). 
Separately, a 1 M sodium hydroxide (NaOH) solution was prepared by dissolving 
40 g of NaOH in 1 L of distilled water. The pH of the zinc acetate solution was 
carefully adjusted to 9, 11, and 13 by incrementally adding the 1 M NaOH solution, 
with the pH being monitored using a pH meter. The pH-adjusted solution was then 
subjected to magnetic stirring and heated at 80 °C on a hot plate until gel formation 
occurred, involving the reactions described in Eqs. (4) and (5). The formed gel was 
subsequently dried in a microwave oven at 600 Watts for 3 min, with intermittent 
stirring. The dried gel was then crushed and calcined at 700 °C for 1 h, a process 
represented by Eq. (6). A schematic diagram of the ZnO nanoparticles synthesis 
procedure is shown in Fig. 1, while Fig. 2 provides an overview of the methodology 
flowchart. The properties of the materials used are summarized in Table 1. The  ZnO  
nanoparticles were characterized using X-ray diffraction (XRD) for phase analysis, 
field-emission scanning electron microscopy (FESEM), and energy-dispersive X-
ray spectroscopy (EDX) to assess their morphology and composition. The particle 
size, anticipated to be below 100 nm, along with the average crystallite size, was 
determined using the Debye–Scherrer equation as described in Eq. (1).
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Fig. 1 Schematic illustration of synthesization of ZnO nanoparticles by a microwave-assisted sol– 
gel method at microwave heating (Power: 600 W time: 3 min) 

D = Kλ 
βcosθ 

(1) 

where D is the crystallite size, κ is the Scherrer constant (0.9), λ is the X-ray 
wavelength, β is the FWHM of the XRD peak, and θ is the Bragg angle.

The chemical reactions leading to the formation of ZnO can be summarized as 
follows: 

Zn(CH 3COO)2.2H2O → Zn2+ + 2CH 3COO− + 2H2O (2) 

CH 3COO
− + Na+ + OH − → (3) 

Zn2+ + 2OH 2− → Zn(OH )2 (4) 

Zn(OH )2 → ZnO + H2O (5) 

Zn(CH 3COO)2 → ZnO + 2CH 3COOH (6) 

3 Results and Discussion 

This section presents a comprehensive analysis of the structural, morphological, 
and compositional characteristics of ZnO nanoparticles synthesized via a sol–gel 
method and subjected to varying pH at 9, 11, and 13 and microwave irradiation 
heating power at 600 Watts. The results obtained from X-ray diffraction (XRD),
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Fig. 2 Overview of methodology flowchart 

Table 1 Properties of materials 

Materials Function Chemical formula Purity (%) Molecular 
weight (g/ 
mol) 

Melting point 
(°C) 

Zinc acetate 
dihydrate 

Precursor Zn 
(CH3COO)22H2O 

≥98 219.51 237 

Ethylene 
glycol 

Solvent C2H6O2 ≥99.8 62.068 >200 

Sodium 
hydroxide 

pH controller NaOH ≥97 39.997 3652–3697

field emission scanning electron microscopy (FESEM), and energy-dispersive X-ray 
spectroscopy (EDX) offer valuable insights into the influence of microwave irradi-
ation on these nanoparticles. The discussion focuses on the crystallinity, grain size 
evolution, morphological changes, and elemental composition of the nanoparticles, 
highlighting their potential implications for thermoelectric applications.
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3.1 XRD Analysis 

Figure 3 illustrates the XRD patterns of ZnO powders synthesized at different pH 
values (9, 11, and 13) using microwave heating at 600 Watts, scanned over a range 
of 10°–80°. The results confirm that the ZnO samples exhibit a wurtzite hexagonal 
crystal structure, with diffraction peaks corresponding to the (100), (002), (101), 
(102), (110), (103), (112), and (201) planes. The patterns align well with standard 
ZnO data, specifically matching the space group P63mc (JCPDS card no 36-1451), 
indicating the formation of pure ZnO with a polycrystalline nature. 

The highest intensity peak for all samples was observed at the (101) plane, with 
2θ values of 36.50714°, 36.44329°, and 36.46341° for pH 9, 11, and 13, respectively 
(Table 2). The average crystallite size (D), calculated using the Debye–Scherrer 
equation, revealing sizes of 29.7780, 29.6165, and 27.4280 nm for pH 9, 11, and 
13, respectively, under microwave heating at 600 W (Table 2). Notably, the smallest 
crystallite size of 27.4280 nm was observed at pH 13. The crystallite size decreases 
progressively with increasing pH, showing a 0.54% reduction from pH 9 to pH 11 and 
a more significant decrease of 7.89% from pH 11 to pH 13. This trend is attributed 
to the highly alkaline environment at higher pH, which enhances hydrolysis and 
promotes the formation of smaller particle sizes.

Fig. 3 XRD analysis ZnO nanoparticles at pH 9, 11 and 13 for microwave irradiation heating at 
600 Watts 



Studies on pH Effects on ZnO Nanoparticles via Microwave-Assisted … 405

Table 2 Crystallite size of ZnO nanoparticles 

Power (W) pH 2θ (°) FWHM Crystallite size (Nm) 

9 36.50714 0.28092 29.7780 

600 11 36.44329 0.28240 29.6165 

13 36.46341 0.30495 27.4280 

3.2 FESEM Analysis 

Field emission scanning electron microscopy (FESEM) was utilized to examine the 
morphology and particle sizes of the ZnO powders synthesized under varying pH 
conditions and microwave heating powers. The observations revealed significant 
variations in particle morphology and size distribution influenced by both pH and 
microwave power settings. 

At 600 Watts of microwave heating, the FESEM images as shown in Fig. 4a and b 
show that ZnO nanoparticles synthesized at pH 9 exhibit non-uniform shapes, devi-
ating from the commonly reported spherical morphology. This irregularity may be 
attributed to the transition from a neutral pH to an alkaline sol, affecting particle 
formation. The particle size distribution for pH 9 ranged widely from 144.6 to 
3270.1 nm, indicating significant agglomeration or non-uniform growth during 
synthesis. For ZnO nanoparticles synthesized at pH 11 under the same microwave 
power as shown in Fig. 4c and d, the morphology remained globular, with a more 
consistent particle size range of 229.2–459.3 nm. This finding aligns with previous 
studies that reported a morphological transition from rod-like structures to glob-
ular forms under specific synthesis conditions [16]. The presence of glycerol in 
the reaction medium likely acted as an agglomeration inhibitor, helping to stabilize 
the nano-sized particles. At pH 13, the ZnO nanoparticles displayed a more rounded 
morphology as shown in Fig. 4e and f, with a significantly smaller particle size distri-
bution ranging from 76.1 to 156.0 nm. This result suggests that higher pH conditions, 
coupled with moderate microwave power, favor the formation of smaller and more 
uniform ZnO nanoparticles.

3.3 EDX Analysis 

An energy dispersive X-ray (EDX) spectroscopy analysis was performed to deter-
mine the chemical composition of the synthesized substance. The analysis revealed 
Zn and O weight percentages of 66.96, 60.72, 64.70 and 33.04, 39.28, 35.30% for 
pH levels 9, 11, and 13, respectively, as shown in Fig. 5. These results indicate 
the formation of pure ZnO across different pH levels, with the surface of the ZnO 
nanoparticles displaying elements of both Zn and O. This confirms the high purity of 
the ZnO nanoparticles. Similar findings have been reported in previous studies, where 
the mass percentages of Zn and O were found to be 73.9 and 26.1%, respectively
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Fig. 4 Morphology of ZnO nanoparticles at 600 W a pH 9, 30 kx magnifications, b pH 9, 50 kx 
magnifications, c pH 11, 30 kx magnifications, d pH 11, 50 kx magnifications, e pH 13, 30 kx 
magnifications, f pH 13, 50 kx magnifications

[17, 18]. It is also noted that the theoretical mass percentages of Zn and O are 80.3 
and 19.7%. Thus, the EDX analysis confirms that the synthesized ZnO nanoparticles 
possess high purity, with a composition rich in Zn and O elements. These findings 
are consistent with the XRD data.
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Fig. 5 Morphology of Al doped ZnO/Graphene a, b 950 °C, c 1100 °C, d 1150 °C
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4 Conclusion 

This study successfully met its objectives by offering valuable insights into the 
synthesis of ZnO nanoparticles through the microwave-assisted sol–gel method, 
specifically examining the influence of pH on their microstructural properties. The 
findings confirm that this synthesis technique is effective in producing high-purity 
ZnO nanoparticles with a hexagonal wurtzite structure. The research demonstrated 
that pH levels significantly influence both crystallite and particle sizes, with an 
increase in pH resulting in smaller particles. Notably, at pH 13, the smallest crys-
tallite size was observed at 27.4280 nm, alongside the most uniform and rounded 
morphology. The EDX analysis confirmed the high purity of the ZnO nanoparti-
cles, with Zn and O present in proportions consistent with high-quality synthesis. In 
conclusion, this study underscores the crucial role of pH in optimizing the microstruc-
ture of ZnO nanoparticles synthesized via microwave-assisted methods. These results 
contribute to the broader understanding of how synthesis parameters can be fine-
tuned to enhance the properties of nanomaterials, particularly for their application 
in advanced technological fields. 
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Real Time Simulation of Optimal 
Control-Based Flow Control 
for Continuous Production System 

Rachmawati Wangsaputra and Fariz Muharram Hasby 

Abstract Optimal control is a powerful method for addressing the challenges 
posed by dynamic systems, such as those found in continuous production. However, 
many real-world optimization tasks involve solving non-convex optimization prob-
lems, which is usually very time-consuming. In previous study, the time consuming 
problem tackled by an Adaptive Resonance Theory-2 Neural Network (ART-2 NN) 
employed as a solution technique of optimal control problem. This study investigates 
the behavior of real-time, optimal control-based production systems in response to 
two disturbances: changes in demand and variations in the available machine compo-
sition. LABVIEW is used to create a real-time simulation. The results demonstrate 
that the optimal control model exhibits a fast transition time before reaching new 
states. 

Keywords Optimal control · Real time simulation · Continuous production 
control · ART-2 NN 

1 Introduction 

It is obvious that in the 4.0 industry environment with CPS, IoT and AI in Intelli-
gent Manufacturing System especially in control, the technology offers by IMCS the 
capability to control the system continuously and in a real time manner need more 
advanced methods. Real time system control mention 3 (three) things: (i) record and

R. Wangsaputra (B) · F. M. Hasby 
Institut Teknologi Bandung, Bandung, Jawa Barat, Indonesia 
e-mail: rwangsap@itb.ac.id 

R. Wangsaputra 
Department of Logistics, Institut Teknologi Bandung, Ganesha 10, Bandung 40132, Indonesia 

F. M. Hasby 
Department of Industrial Engineering, Institut Teknologi Bandung, Ganesha 10, Bandung 40132, 
Indonesia 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 
M. R. Mohamad Yasin et al. (eds.), Proceedings of the 7th Asia Pacific Conference 
on Manufacturing Systems and 6th International Manufacturing Engineering 
Conference—Volume 2, Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-96-5690-5_37 

411



412 R. Wangsaputra and F. M. Hasby

monitor all system status especially changes happen, (ii) asses the system output 
compare with the target and (iii) make fast—good response to the changes [1]. This 
research aims to study the behavior of an optimal control-based production system in 
responding in a real time manner due to changes of internal and external condition. 
Maimon case study is used in this study. The solution technique following the result 
of Wangsaputra [2] research which is approaching solution for optimal control prob-
lems using Adaptive resonance Therory-2 Neural Network. The simulation using 
LABVIEW. There are 2 (two) scenarios of disturbance: (i) demand changes and (ii) 
machine breakdown. The purpose of this research is: (i) to test the model and to 
prepare for the development of the physical systems. 

2 Problem Formulation 

To compare the results fairly, Maimon coffee production cell study is used again 
in this study. The production cell consists of individual machines with sequence-
dependent setup (Fig. 1a). The coffee production cell characteristic’s is make-to-
order, a group of individual machines, sequence-dependent setup and multilevel bill 
of material (BOM). There are 4 (four) types of end product: mellow, sustain, perk 
and turbo mix and denoted as product i = 1, 2, 3 and 4 respectively. The raw material 
for producing these 4 (four) ends products is light, medium and dark beans. The 
raw materials are first blended using 3 (three) blender machines (k = 1, 2, 3) and 
then packaged using 2 (two) packaging machine (k = 4, 5). The buffers for mellow, 
sustain, perk and turbo are indexed as product i = 5, 6, 7 and 8. The three kinds of 
raw material which are light, medium and dark beans are indexed as k = 9, 10 and 
11. Xi(t) denotes the buffer level for product i at time t.

The cell has a total of 5 (five) machines (k = 1, 2, 3, 4, 5); blender A (k = 1) 
for all sorts of mixture (i = 1, 2, 3, 4); blender B (k = 2) for only mellow, sustain 
and perk mixtures (i = 1, 2, 3); blender C (k = 3) for mellow, sustain and turbo (i 
= 1, 2, 4). This machine-product relationships is indexed as j, the machine state, for 
each machine. For example, Blender C (k = 3) has 3 (three) states, j = 1, 2 and 4. 
The number in a small box in each machine represents the maximum production rate 
for a certain mixture using that machine, vijk . For example, v833 = 75 shows that the 
maximum capacity of machine k = 3 at state j = 3 for product i = 8 is 75 units per 
day. 

In general the production system consisting of K machines, where each individual 
machine k = 1, 2, ..., K can be set up in a number of states j = 1, 2, ..., J (k), one 
state at a time, which corresponds to the production of an item i = 1, 2, ..., I . 
Every machine k in state j is characterized by its maximum production capacity 
or maximum consumption capacity. Maximum production capacity is denoted by a 
positive magnitude of vikj, while maximum consumption capacity is the opposite.
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Fig. 1 a The structure of the production system. b The diagramatic of the production system

2.1 Production Process 

The production process is modeled as a continuous flow of products through its 
buffer. The current products flow through a buffer, Xi(t), is modeled as a difference 
between total production of a product,

∑
kj ukj(t)vikj, and its demand, di(t), as shown  

in Eq. (1): 

Ẋi(t) =
∑

kj 

ukj(t)vikj − di(t) (1) 

2.2 Setup Process 

The setup process is characterized by setup speed which is notated by a variable 
wkjj′(t). Here, the index j is always smaller than j′. If the setup process is to change 
machine states from state j to state j′ then 0 ≤ wkjj′(t) ≤ T −1 

kjj′ , on the other side, if 

setup process is to change machine states from j′ to j, then 0 ≥ wkjj′(t) ≥ −T −1 
kj′j . By  

defining wkjj′(t) whose j is always smaller than j′, the number of control variables 
associated with machine k, wkjj′(t), is reduced from J (k)2 to J (k)[J (k) − 1]/2. 

Let Vkj(t) be state j variable of machine k and be normalized to vary between zero 
and one. The sequence-dependent setup process is modeled by the dynamics of state 
variable Vkj(t) (see Eq. 2).



414 R. Wangsaputra and F. M. Hasby

V̇kj(t) =
∑

j>j′
wkj′j(t) −

∑

j′>j 

wkjj′(t) (2) 

2.3 Constraints 

Production and setup processes are limited by a set of constraints. Equations (1) and 
(2) are constrained by its initial conditions. The initial condition of Eq. (1) is its 
buffer level at point t = 0. 

Xi(0) = X0i (3) 

The initial condition of Eq. (2) is the status of machine state at point t = 0 (see 
Eq. (4))

∑

j 

Vkj(0) = 1 (4)  

The machine state Vkj(t) cannot be smaller than zero. This is modeled by applying 
equality as in Eq. (5). 

Vkj(t) ≥ 0 (5)  

The Eqs. (4) and (5) guarantee that each machine cannot be set to more than 
one state at a time. The production control variables, ukj(t), and setup rate control 
variables, wkjj′(t) are constrained as follows: 

ukj(t) ≥ 0, −T −1 
kj′j ≤ wkjj′(t) ≤ T −1 

kjj′ (6) 

The production process on a machine is permitted only if it is in a production state 
not in a setup state. This fact is considered by imposing a mixed constraint on both 
ukj(t) and Vkj(t) as in Eq.  (7). 

ukj(t) ≤ �
[
Vkj(t) − 1

]
(7) 

Function�
[
Vkj(t) − 1

]
is a step function which has a value of zero when Vkj(t)− 

1 ≤ 0 and a value of one when Vkj(t) − 1 > 0. This step function �
[
Vkj(t) − 1

]
is 

not compatible with the canonical form of optimal control theory; therefore, the step 
function is approximated by a continuous function that is close enough to the step 
function. This paper approximates the step function by a function shown in Eq. (8). 

fn
[
Vkj(t)

] = 
1 

π 
tan−1{n

[
Vkj(t) − 1

]} + 
1 

2 
(8)
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The higher the value of parameter n, the closer the function fn
[
Vkj(t)

]
to the step 

function �
[
Vkj(t) − 1

]
. 

2.4 Performance Measurement 

The performance, the objective function, is measured based on the cost of the produc-
tion process consists of the buffer carrying cost and the shortage cost. This objective 
function is called a functional in optimal control terminology. Equation (9) shows  
this functional. 

1 

2 

T∫

0

∑

i 

pi[Xi(t)]
[
Xi(t) − X S i

]2 ⇒ min (9) 

The variable X S i denote the safety stock level. The value pi[Xi(t)] = p1 i if Xi(t) ≥ 
X S i whereas pi[Xi(t)] = p2 i if Xi(t) <  X S i . The parameters p1 i and p

2 
i denote the buffer 

carrying cost and penalty cost respectively. 

2.5 Maximum Principle 

The derivation of maximum principle by Maimon et al. (1998), Khmelnitsky (1994– 
2002) and Kogan (1994–2001) is as follows: For example, a trajectory [X∗(t), u∗(t)] 
and [V∗(t), w∗(t)] are an optimal solution, with X(t) is a production state variable 
vector with I dimension, u(t) is a machine load control variable vector with (K × 
J) dimension, V(t) is state setup variable vector with (K × J) dimension, and w(t) 
is a setup rate control variable vector with (K × J − 1 × J − 1) dimension, then, 
there exists a co-state production variable�X (t) with I dimension and co-state setup 
variable vector �V (t) with (K × J) dimension which is piece-wise continuous; 
Lagrange multiplier H(t) with (K × J) dimension which is differentiable at each 
t; performance measure dM(t) with (K × J) dimension; such that the following 
conditions apply: 

Non-negativity 

ηkj(t) ≥ 0, d μkj(t) ≥ 0 (10)
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Maximum principle 

The optimal control strategy is achieved by maximizing the Hamiltonian (H) at each 
t, as:  

H = −  
1 

2

∑

i 

pi[Xi(t)]
[
Xi(t) − X S i

]2 +
∑

kj 

ψV 
kj (t) 

⎡ 

⎣
∑

j>j′
wkj′j(t) −

∑

j′>j 

wkjj′(t) 

⎤ 

⎦ 

+
∑

i 

ψX 
i (t) 

⎡ 

⎣
∑

kj 

ukj(t)vikj − di(t) 

⎤ 

⎦ 

Subject to: 

ukj(t) ≥ 0, −T −1 
kj′j ≤ wkjj′(t) ≤ T −1 

kjj′ (11) 

ukj(t) ≤ �
[
Vkj(t) − 1

]
(12) 

Co-state system 

The co-state equation system for dynamic FMS scheduling with sequence-dependent 
setup is determined as follow: 

ψ̇X 
i (t) = pi[Xi(t)]

[
Xi(t) − X S i

];ψX 
i (T ) = 0; (13) 

d ψV 
kj (t) = −ηkj(t)f

′
n

[
Vkj(t)

]
dt − d μkj(t); (14) 

ψV 
kj (T + 0) = 0; (15) 

with ηkj(t) = ∑

i 
ψX 

i (t)vikj, 

Complementary slackness: 

ηkj(t)
{
ukj(t) − fn

[
Vkj(t)

]} ≡ 0; (16) 

T∫

0 

Vkj(t)d μkj(t) = 0 (17)
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3 Maximum Principle Analysis 

The total model for dynamic scheduling with sequence-dependent setup can be 
summarized as follows. 

The Pontryagin maximum principle for finding optimal solution is: 

Minimize 
1 

2 

T∫

0

∑

i 

pi[Xi(t)]
[
Xi(t) − X S i

]2 

subject to: 

Ẋi(t) =
∑

kj 

ukj(t)vikj − di(t); 

Xi(0) = X0i; 
V̇kj(t) =

∑

j>j′
wkj′j(t) −

∑

j′>j 

wkjj′(t)

∑

j 

Vkj(0) = 1; Vkj(t) ≥ 0; 

ukj(t) ≥ 0; −T −1 
kj′j ≤ wkjj′(t) ≤ T −1 

kjj′

ukj(t) ≤ �
[
Vkj(t) − 1

]

with 

i = 1, 2, ..., I; k = 1, 2, ..., K; 
j = 1, 2, ..., J (k) 

(18) 

Given: 
Hamiltonian: 

H = −
∑

kj 

ψV 
kj (t) 

⎡ 

⎣
∑

j>j′
wkj′j(t) −

∑

j′>j 

wkjj′(t) 

⎤ 

⎦+

∑

i 

ψX 
i (t) 

⎡ 

⎣
∑

kj 

ukj(t)vikj − di(t) 

⎤ 

⎦ 

Co-state system: 

ψ̇X 
i (t) = pi[Xi(t)]

[
Xi(t) − X S i

];ψX 
i (T ) = 0; 

dψV 
kj (t) = −ηkj(t)fn′

[
Vkj(t)

]
dt − d μkj(t);
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ψV 
kj (T + 0) = 0; 

with: ηkj(t) =
∑

i 

ψX 
i (t)vikj 

Necessary condition for optimal solution: 

H
[
ψX 

i (t), X 
∗ 
i (t), u

∗ 
kj(t), t

]
= argmax 

ukj(t)|g[X ∗i (t),ukj(t),t]≤0 

H
[
ψX 

i (t), X 
∗ 
i (t), ukj(t), t

]

H
[
ψV 

kj (t), V 
∗ 
kj(t), w

∗ 
kjj′(t), t

]
= argmax 

wkjj′ (t)|g
[
V ∗ 
kj(t),wkjj′ (t),t

]
≤0 

H
[
ψV 

kj (t), V 
∗ 
kj(t), wkjj′(t), t

]

(19) 

Three optimal production regimes for each machine state are determined because 
of the maximization of the Hamiltonian as a function of production rates ukj(t): 

(i) full production regime ukj(t) = fn
[
Vkj(t)

]
, when

∑
i ψ

X 
i (t)vikj > 0 

(ii) partial production regime ukj(t) ∈
[
0, fn

[
Vkj(t)

]]
, when

∑
i ψ

X 
i (t)vikj = 0 

(iii) idle regime ukj(t) = 0, when
∑

i ψ
X 
i (t)vikj < 0. 

While the maximization of Hamiltonian as a control function setup rate wkjj′(t) 
leads necessary condition setup as in Eq. (20): with ts as an starting time setup from 
state j to j′. 

Maimon et al. [3] proposed methods in solving the problem in general, which is 
solving the optimization of the process production and setup process. The first step in 
Maimon’s model is finding the sequence of the machine state change. In doing this, 
all the machines in the system is assumed works at the maximum load condition, 
then based on the co-state setup equation the sequence of machine state change is 
found. Next, once the sequence is known, the optimal load is found for each machine 
as well as the timing. 

4 Real Time Simulation 

Figure 2 shows the flow in preparing the simulation and in conducting the experiment 
in order to study the behavior of the real time optimal control system. Unfortunely, the 
development of the real time simulation system, was not explained in this paper due 
to space limit. First, the preparation of ART-2 NN Optimizer.

In step-[a], the Neural Network (NN) Optimizer developed is an ART-2 NN. 
Previous research shows that analytical methods encounter difficulty in finding solu-
tions which are very time consuming [4]. Wangsaputra and Sesaro suggested an 
improvement of numerical methods, while reducing the time in finding solution but 
still time consuming. In research in 2011 between Wangsaputra and Hasby, help from
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Fig. 2 The simulation plan

TOMLAB-MATLAB application was used but still encountered limitations in devel-
oping large problems [5]. In 2010 Wangsaputra developed the ART-2 NN approach 
in finding solution of optimal control, and it is good enough to reach the minimum 
cost while the time getting solution is relatively fast [6]. In step-[b] this research 
hasn’t been implemented in a real system, instead we run it in a LABVIEW simu-
lation. As we know, a real-time simulation refers to a computer model of a physical 
system that can execute at the same rate as actual “wall clock” time, commonly 
in computer gaming; it is important in the industrial market for operator training 
and off-line controller tuning. Due to space limit, the developement of the real 
time simulation using LABVIEW is not explained in the paper. It utilized several 
principles explained in [1, 7–9] to build a real time simulation. Once we have already 
set the data, we conduct step-[c]. Once we have already set the solution, we run the
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Table 1 Scenario of 
real-time simulation Step Description T [h]  

a Initial optimal solution 

b Real-time simulation 

c Run the solution 

d Operational Decision [next 24 h] 

e First disturbances 10 

f Data of status systems 

g Observation during disturbance 

c Finding new solution 

d Operational Decision [next 24 h] 

e Second disturbances [demand changes] 15 

f Data of status systems 

g Observation during disturbance 

c Finding new solution 

simulation, step-[d]. Then in step-[e] we start the scenario, which is first change the 
condition of the machine composition. Step-[f] is a very crucial step, where we get 
new status that triggers changes in the systems. In step-[g], observation is conducted, 
consist of the transition time needed before reaching new state. 

5 Experiment 

Following steps in Fig. 2, the planning horizon is 25 h, and in the hours of 10, 
machine A breaks down; therefore, only 1 (one) machine works. When it occurs, the 
system gathers all the system status, and with new status, the optimizer tries to find 
new solution. When it is already running steady again suddenly, the demand changes 
when a product is stopped, and the other product was doubled (Table 1). 

The result of the experiment is shown in Table 2.

6 Analysis  

It is very important that for real time system, the computation time in getting solution 
needs to be fast, regarding that the response need to be given is in order of minutes 
even seconds, the use of neural network for this problem is very important.
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Table 2 The Disturbances in t=10 and t=20 

No. Decision variables Results 

t = 10; machine k = 2 breakdown with D 
remain the same 

t = 15; the D change to double

7 Conclusion 

There are 4 (four) conclusions in this study: (i) the optimal control model for the 
production system discussed, can response fast due to the changes in demand dan 
machine breakdown, (ii) the calculation of the new solution need to be below the 
response required for the system, (iii) real time simulation helps a lot in analyzing 
the model. 
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Solving the Capacitated Vehicle Routing 
Problem (CVRP) with the Simulated 
Annealing Method: A Case Study 

Parwadi Moengin , Elvania Rivanda Dantjie, and Fani Puspitasari 

Abstract Product distribution is still an important problem for a company, where 
companies usually use intuitive methods to distribute products. This paper discusses 
the use of the capacitated vehicle routing problem (CVRP) model to help companies. 
In this paper, CVRP is solved using the Simulated Annealing method to get the 
shortest route. The simulated annealing method itself is one of the metaheuristic 
methods that can fulfil the integration and optimization process. This CVRP model 
is applied to a medium-sized company located in Jakarta. The results of implementing 
this model can reduce distribution routes by around 7.3%, thereby saving distribution 
costs. 

Keywords Capacitated Vehicle Routing Problem (CVRP) · Metaheuristic ·
Simulated annealing · Transportation · Distribution 

1 Introduction 

Product distribution is carried out to distribute products that have been produced to 
the customers, therefore the distribution must be done correctly in order to avoid 
waste in transportation costs. In product distribution, it can incur considerable costs, 
one of which is transportation costs. Transportation costs are one of the highest 
expenses in logistics distribution, because distribution is a major part of logistics 
activities and is the main part between industry and customers in the supply chain 
[1]. The implementation of a good distribution route is one of the motives to minimize 
expenses for companies in an effort to find the best way to solve problems and improve 
transportation efficiency [2]. 

The problem that needs to be solved is to find the shortest route to optimize 
distribution and reduce transportation costs. With this problem, the company has a
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problem related to the vehicle routing problem (VRP). VRP itself is a problem that 
occurs a lot in real life, especially in the distribution of goods and in supply chain 
management. VRP aims to design a set of best routes with minimum cost starting 
from one depot and ending at one depot. Each route can be visited once, therefore 
the total customer demand on each route does not exceed the vehicle capacity [3]. 
Therefore, this research focuses on problems related to the capacity of vehicles used 
in the distribution process. The problem in question is CVRP or Capacitated Vehicle 
Routing Problem which is a problem in finding the shortest route with low costs and 
certain capacities that are known in advance [4–6]. 

2 Method  

2.1 Metaheuristic 

Metaheuristic methods have been widely used in solving vehicle routing problems, 
often finding optimal solutions to NP-hard problems such as routing, scheduling 
and others [7]. NP-hard problems (Non Polynomial Problems) are problems that 
are considered difficult to solve in polynomial time [8]. The more routes to be 
solved, the time required does not increase linearly, but will increase polynomially, 
so metaheuristic methods are used. These methods consist of differential evolution 
algorithm, simulated annealing, tabu search, ant colony optimization, artificial bee 
colony, particle swarm optimization, and genetic algorithm [9]. In this research, 
one of the methods of metaheuristics will be used, called the simulated annealing 
method to solve the vehicle routing problem, specifically the CVRP (Capacitated 
Vehicle Routing Problem). 

2.2 Vehicle Routing Problem (VRP) 

Vehicle Routing Problem (VRP) is a problem in determining the route of NP-hard 
basic combinatorial optimization [10]. This VRP is a classic routing problem aimed 
at finding the least-cost route for a set of homogeneous vehicles located at a depot to 
geographically dispersed customers. VRP involves delivery of goods, pick-up and 
drop-off of students or pick-up of packages as well as express mail delivery [11]. 
There are several variations of VRP, including: 

• Capacitated Vehicle Routing Problem (CVRP). In CVRP, vehicles have a certain 
capacity and the total demand from customers must not exceed the capacity of 
the vehicle. 

• Vehicle Routing Problem with Time Windows (VRPTW). In VRPTW, customers 
can only be served by one vehicle at a certain time interval in the planning horizon 
[12].
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• Capacitated Vehicle Routing Problem with Time Windows (CVRPTW). 
CVRPTW belongs to the VRP type, where there is a limit or capacity limitation 
and also has a time window of each demand point. 

• Vehicle Routing Problem with Pick-Up and Delivering (VRPPD). In VRPPD, 
customers can pick up products and send them back to the depot. 

2.3 Capacitated Vehicle Routing Problem (CVRP) 

Capacitated Vehicle Routing Problem (CVRP) is one of the variations of VRP. 
In CVRP, vehicles have a certain capacity and the total demand from customers 
cannot exceed the vehicle capacity [6]. CVRP has the main objective of serving each 
customer by reducing the aggregate travel distance and cannot exceed the vehicle 
capacity. Each vehicle starts from the same depot, delivers products to customers and 
returns to the initial depot. The mathematical model of CVRP is explained further 
below [4]: 

Notations 
dij = distance from node (customer) i  to (customer u) j 
n = number of customers 
Dj = number of demands sent to customers j λ J 
Qk = vehicle capacity k 
K = group of vehicles, K = {1, 2, …, k} 
J = group of customers, J = {1, 2, …,  n} 
Jo= group of nodes including depot, J0 = {0,1, 2, …, N} 
yi and yj = a variable used to avoid subtour, can be interpreted as the position of 

nodes (customers) i, j λ J0 in a route. 
Decision variable 

xijk =
[

1, if there is a visit from point i to point j by vehicle k 
0, if there are no visits from point i to point j by vehicle k 

Objective function 

Min Z =
∑
k∈K

∑
i∈J

∑
j∈J 0 

dijxijk (1) 

Constraints 
Each customer is visited exactly once by one vehicle. 

xijk = 1, i ∈ J0 (2) 

The total demand of all points on a route does not exceed the capacity of the 
vehicle.
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Djxijk ≤ Qk, k ∈ K (3) 

Every route starts from depot. 

x0jk = 1, k ∈ K (4) 

Every vehicle that visits a point will inevitably leave that point. 

xijk − xijk = 0, k ∈ K (5) 

Each route ends at the depot. 

xi0k = 1, k ∈ K (6) 

The variable xijk is a binary integer variable. 

xijk ∈ {0, 1}, (i, j ∈ J0, k ∈ K) (7) 

2.4 Simulated Annealing 

This simulated annealing method is one of the metaheuristic methods that is suffi-
ciently simple and flexible to be used in finding optimal or near optimal solutions 
[13]. This method can be applied in a problem, especially distribution problems, 
which can fulfill the integration and optimization process. The advantage of using 
this method is that it allows finding the lowest value of the objective function in 
complex searches efficiently [5]. The simulated annealing method was developed 
from an analogy to the cooling process of molten metal in crystal formation, called 
annealing. Annealing is a metallurgical science that uses the science of scheduling 
the cooling process to produce efficiency in the optimal use of energy to produce 
metal [3]. The temperature decrease gradually is called the annealing process, which 
will be used in this study to solve the CVRP problem so as to obtain an optimal 
solution. In solving the CVRP problem, the distribution points to be arranged are 
analogous to atoms that move freely, and by analogizing the temperature value as 
the number of iterations to be carried out [14]. The steps to solve the problem with 
this method are: 

• Initial Solution 

The initial solution is the first step in solving this method which will be initialized as 
S1. The initial solution can be generated randomly which will produce a distribution 
route with the shortest distance criteria. The distribution route starts from the depot, 
then looks for the area closest to the depot, then will continue by determining the other 
closest areas [14]. This initial solution generation can be done using a program such
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as the MATLAB software by generating as many random numbers as the number of 
points to be traversed. 

• New Solution 

The distribution points in the initial solution will be evaluated by the calculation 
process with respect to vehicle capacity. To produce a new solution or S2 will be 
formed by experiencing transposition or exchanging places. The route will be cut 
and small routes will be formed according to the capacity of the vehicle used. 

• Evaluation 

Evaluation is the process of calculating the total distance to be travelled by each 
vehicle in the route that has been generated by considering capacity constraints and 
depot locations. 

• Metropolis 

This simulated annealing method implements the metropolis criterion as the proba-
bility of acceptance or rejection of the new solution or S2 in the simulated annealing 
algorithm. There are several criteria in metropolis, the first is S2 will be accepted 
if the value of the difference between the total distance S2 and the total distance 
S1 or referred to as �C is smaller than 0. The second criterion is to accept S2 if 
the exp

]−�C 
T 0

)
value bigger than the random number value [0, 1] or a random value 

with limits of 0–1 [8]. If the generated value of the two criteria is not sufficient, the 
accepted solution is the initial solution or S1 as the solution that will be used in this 
research. The Fig. 1 shows the simulated annealing method used in this research 
[15].

3 Numerical Example 

A company operating in the food and beverage industry (FNB), is used as a case study 
in this paper. In addition to producing products, the company delivers or distributes 
products to other agents or to the intended customers. The company distributes prod-
ucts to different places and locations that are not close to each other until the vehicle 
fleet returns to the depot. At the time of product distribution, the route used in each 
fleet is different and the capacity of the vehicle fleet is also different. The vehicle 
fleet used in this study is two ankle trucks that deliver at least 14 delivery points per 
day around Jakarta. 

The method that will be used is the simulated annealing method. This simulated 
annealing method is one of the metaheuristic methods that can fulfil the integration 
and optimization process. The advantage of using this method is that it allows finding 
the lowest value of the objective function in complex searches efficiently [5]. This 
method is widely used to solve difficult optimization problems, such as VRP prob-
lems. In a company’s logistics system, transportation is important to connect every 
element in the supply chain, but it can generate the greatest costs [6]. By using the



428 P. Moengin et al.

Start 

Initialize the initial solution (x) 
randomly 

Randomly generate a new solution (y) 

based on the initial solution 

y better than x ? 

Generate random number (r) in [0,1] 

randomly 

No 

r < p ? 

Yes 

Yes 

Determine the best solution No 

Lowering the temperature (T0) 

T0 = Cooling rate (q) * T0 

Best solution 

(Shortest delivery route) 

Finish 

No 

Yes 

Metropolis, 

Initial temperature (T0) < End 

temperature (Tend)? 

Fig. 1 Flowchart of simulated annealing method

simulated annealing method, this research is expected to solve the CVRP problem 
in product distribution at the company to be more optimal and can be able to reduce 
transportation costs. 

From the resulting output, it can be seen that there is an elapsed time which shows 
the time required for the running process in the MATLAB software to produce the 
output. From the output above, the resulting load rate is 100%, which means that
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Fig. 2 Graph of distribution 
route 

each ankle truck car loads 100% of the available capacity. The soy sauce distribution 
route is also depicted as in Fig. 2 in the form of a route graph as follows: 

The comparison between the total distance before and the total distance after 
improvement in solving CVRP with the simulated annealing method using MATLAB 
software is contained in Table 1.

Sensitivity Analysis 

Sensitivity analysis was conducted in this study with the aim of seeing the changes 
that occur and the effect of the results obtained if the parameter values in this simu-
lated annealing method change [16]. Table 2 shows a comparison of the count values 
generated if the q value changes. Changes in the q value affect and cause differences 
in the number of counts, namely if the q value is getting smaller, fewer counts can 
be produced. This happens because it shows that the temperature is decreasing faster 
so that it can reach the final temperature faster. Conversely, if the q value is larger, 
the more counts will be generated. However, the change in q value does not affect 
the total distance generated, the total distance at each change in q value has the same 
result, which is 224.6 km. Therefore, changes in the q value only affect the number 
of counts.
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Table 2 Sensitivity analysis 
for q value q Count Total distance (km) 

0.9 66 times 224.6 

0.7 20 times 224.6 

0.5 10 times 224.6 

0.3 6 times 224.6 

0.1 3 times 224.6 

4 Conclusion 

From the results of calculations and evaluations that have been carried out manually 
and with the help of MATLAB software with a maximum iteration of 1 time, an 
optimal route or route with the shortest distance is obtained in the distribution of soy 
sauce products for 2 ankle trucks. The improvement in this study has decreased the 
total distance from 242.4 km so that there is a difference of 17.8 km with a decrease 
in distance of 7.3%. In addition to improving the distribution route, an improvement 
was also made to the system for providing gasoline costs, which a decrease in gasoline 
costs by 7.2% per day. It can be concluded that solving CVRP using the simulated 
annealing method can produce the shortest route and minimum cost. 

References 

1. Andriansyah RN, Sentia PD (2020) Simulated annealing algorithm for heterogeneous vehicle 
routing problem (case study). Jurnal Teknologi Informasi Dan Ilmu Komputer (JTIIK) 7(5). 
https://doi.org/10.25126/jtiik.202072018 

2. Darina S, Wibowo AT, Ridwan M (2021) Penggunaan algoritma simulated annealing Untuk 
Menyelesaikan Masalah Vehicle Routing Pada Rute Distribusi Supermarket. Netw Eng Res 
Oper 6(2):99. https://doi.org/10.21107/nero.v6i2.223 

3. Mar’I F, Mahmudy WF, Santoso PB (2018) An improves simulated annealing for the capaci-
tated vehicle routing problem (CVRP). Department of Computer Science Brawijaya University 
Malang, Indonesia, 65145 Department of Industrial Engineering 9(3) 

4. lhan (2021) An improved simulated annealing algorithm with crossover operator for capacitated 
vehicle routing problem. Swarm Evol Comput 64:100911. https://doi.org/10.1016/j.swevo. 
2021.100911 

5. Iswari T, Asih AMS (2018) Comparing genetic algorithm and particle swarm optimization 
for solving capacitated vehicle routing problem. IOP Conf Ser: Mater Sc Eng 337(1):012004. 
https://doi.org/10.1088/1757-899X/337/1/012004 

6. Kristina S, Sianturi RD, Husnadi R (2020) Application of the capacitated vehicle routing 
problem (CVRP) model using Google OR-tools to map drug delivery routes to pharmaceutical 
wholesale companies. Jurnal Telematika 15(2):101–106 

7. Kristina S, Sianturi RD, Husnadi R (2020) Application of the capacitated vehicle routing 
problem (CVRP) model using Google OR-tools to map drug delivery routes to pharmaceu-
tical wholesale companies (Penerapan model capacitated vehicle routing problem (CVRP) 
Menggunakan Google OR-tools Untuk Penen). Jurnal Telematika 15(2):101–106



432 P. Moengin et al.

8. Mohammed MA, Ghani MKA, Hamed RI, Mostafa SA, Ahmad MS, Ibrahim DA (2017) 
Solving vehicle routing problem by using improved genetic algorithm for optimal solution. J 
Comput Sci 21:255–262. https://doi.org/10.1016/j.jocs.2017.04.003 

9. Panggabean HP (2005) Algoritma simulated annealing Untuk Pembentukan Sel Mesin Dengan 
Dua Tipe Fungsi Objektif Dan Dua Cara Pembatasan Sel. Jurnal Teknik Industri 6(1):10–24. 
https://doi.org/10.9744/jti.6.1.10-24 

10. Redi AANP, Maula FR, Kumari F, Syaveyenda NU, Ruswandi N, Khasanah AU, Kurniawan 
AC (2020) Simulated annealing algorithm for solving the capacitated vehicle routing problem: 
a case study of pharmaceutical distribution. Jurnal Sistem Dan Manajemen Industri 4(1):41–49. 
https://doi.org/10.30656/jsmi.v4i1.2215 

11. Sajid M, Jafar A, Sharma S (2020) Hybrid genetic and simulated annealing algorithm for 
capacitated vehicle routing problem. In: PDGC 2020 - 2020 6th international conference on 
parallel, distributed and grid computing, November 2020, pp 131–36. https://doi.org/10.1109/ 
PDGC50313.2020.9315798 

12. Suprayogi S (2017) Pemecahan Masalah Rute Kendaraan Dengan Trip Majemuk, Jendela 
Waktu Dan Pengantaran-Penjemputan Simultan Menggunakan Algoritma Genetika. Jurnal 
Teknik Industri Undip 12(2):95. https://doi.org/10.14710/jati.12.2.95-104 

13. Tavakkoli-Moghaddam R, Safaei N, Kah MMO, Rabbani M (2007) A new capacitated vehicle 
routing problem with split service for minimizing fleet cost by simulated annealing. J Frankl 
Inst 344(5):406–425. https://doi.org/10.1016/j.jfranklin.2005.12.002 

14. Wei L, Zhang Z, Zhang D, Leung SCH (2018) A simulated annealing algorithm for the 
capacitated vehicle routing problem with two-dimensional loading constraints. Eur J Oper 
Res 265(3):843–859. https://doi.org/10.1016/j.ejor.2017.08.035 

15. Welsh DJA (1989) Simulated annealing: theory and applications. Bull Lond Math Soc 21. 
https://doi.org/10.1112/blms/21.2.204b 

16. Wirdianto E, Jonrinaldi BS (2007) Penerapan Algoritma Simulated Annealing Pada Penjad-
walan Distribusi Produk. Jurnal Optimasi Sistem Industri 7(1):7–20



Designing the Flexible Jig and Fixture 
to Reduce the Production Time 
of the Excavator Buckets 

Rahmi Maulidya , Nora Azmi , Soni Iskandar, and Docki Saraswati 

Abstract This paper studies a flexible jig and fixture to support the production of 
the excavator buckets. In processing the buckets for big excavators, the operator 
should be equipped with jigs and fixtures to conduct the process of spot welding. 
The problem occurs when the jig and fixture need more space for the processes and 
the storage. This paper aims to propose a design of a flexible jig and fixture for 
processing the buckets that can minimize the production time. Based on the current 
jigs and fixtures, a flexible jig and fixture is developed to solve problems. The fixture 
design is equipped with movable pins that can be easily repositioned in the provided 
holes on the jig, corresponding to the type of bucket being produced. The production 
time has decreased by 17.65%. This approach can make the most of the limited 
workspace available. 

Keywords Flexible · Jigs and fixtures · Bucket · Design product 

1 Introduction 

An operator needs jigs and fixtures in manufacturing activities to fulfill the task. The 
design of an effective jig and fixture depends on the implication of the process plan 
[1]. The process of joining two or more components needs a jig and fixture to help in 
positioning the components and supporting the processes [2]. The jigs and fixtures 
are usually developed for a certain component. After a certain time, there will be 
more jigs and fixtures to be handled and organized. The storage for keeping the jigs 
and fixtures is also limited. Most of those jigs and fixtures are obsolete and must be 
eliminated. The new products launched need another new jig and fixture. This gap 
led the research to a flexible jig and fixture design.
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In the production of big excavators, the bucket is also designed to fulfill the 
customer’s needs such as digging, holding, and moving the material [3]. The size 
of the bucket depends on the capacity targeted for the bucket. The buckets for big 
excavators can be divided into a family of 125 tons (the size of 5–7 m3) and a family 
of 200 tons (the size of 11–13 m3). The bucket itself is connected to the arm of 
the excavator. The demand for this big excavator is fluctuating and usually in small 
quantities. Therefore, the production of those big excavators needs to result in good 
final products, especially in producing the buckets. 

The demand for buckets of big excavators led to the production being conducted 
manually. The processes become inefficient and need more time to double-check the 
results [4]. Another problem with the quality occurs [5], especially when the buckets 
go to further machining process. The rejection occurs in two types of reject, first, 
the reject that can be reworked by filling the welding fluid to the Hinge, and second, 
the reject that makes the Hinge surface on the bucket not exposed to the machining 
process. 

The problem is identified in the production of a bucket for a big excavator that the 
storage space needed with the additional facilities for transportation back and forth 
to the storage area. The fact that the number of jigs and fixtures is increasing due to 
the expansion of the new products, and the maintenance of those jigs and fixtures has 
also become a problem. The objective of this research is to design a flexible jig and 
fixture to reduce the production time of the bucket. In this paper, the design of the 
jig and fixture is set to be flexible based on the research on flexible jigs for drilling 
[6], and flexible automatic jigs for the base of car manufacturing [7]. 

Several assumptions are as follows. This research focuses on two bucket families 
of big excavators, each of which has different sizes of components. A bucket consists 
of a base bucket, two hinges, and two to four covers. The flexible jig and fixture are 
designed to support the assembly of the hinge, cover, and base using spot welding. 
The jig and fixture in this research are for manual operation. 

2 Methods 

The methodology in Fig. 1 is proposed by comparing the methodology of product 
design according to [8] and the key indicators for designing the jig and fixture [9]. 
The method starts with studying the components of a bucket and then setting the 
center point for the base plate jig using the X-axis and Y-axis [10]. After setting the 
clamping adjustment, then build the flexible jig and fixture started from Type I to 
Type V. The fool-proofing arrangement is set to color the different uses of the jigs.
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Fig. 1 Build a flexible jig and fixture design for the buckets 

3 Result and Discussion 

3.1 Study the Component 

This paper illustrates the need for a flexible jig and fixture in the spot welding process 
for the five buckets belonging to big excavators of a family of 125 tons (the bucket 
size of 5, 6, and 7 m3) and a family of 200 tons (the bucket size of 11 and 13 m3). The 
key indicators from Fig. 2 are defined for the five types of buckets. Table 1 shows 
the dimensions for all types of buckets.

There are two concepts of tightening the jig and the fixture such as using nut 
and bolt [11] and using the pin locator. The concept selection is conducted to select 
between the reference design concept of using nut and bolt, compared to the use 
of a pin locator. The criteria of selection are ease of use, ease of setup, accuracy, 
durability, the number of tools, ease of storage, and ease of manufacture. The score 
for the concept of pin locator is 4, better than the score for the concept of nut and 
bolt, −2.
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Fig. 2 The bucket of 125 tons (left) and 200 tons (right) 

Table 1 The dimensions of the key indicator for the five types of buckets 

Type Type/Model Dimension (mm) 

A B C D E F G 

I 125 T (5.5 
m3) 

2024.3 1891.0 848.7 897.5 703.5 

II 125 T (6.7 
m3) 

2177.3 2042.7 856.2 897.5 703.5 

III 125 T (7.5 
m3) 

2171.3 2030.3 897.6 897.5 703.5 

IV 200 T (12 
m3) 

2453.0 2331.6 1393.4 1322.0 334.0 188 

V 200 T (14 
m3) 

2577.1 2438.5 1571.4 1322.0 330.0 188

The next step is to generate the design concept for the jig and fixture by studying 
and analyzing the dimensions and the key indicators for each type. 

3.2 Set the Dimensions and the Center Point for the Base 
Plate Jig 

The dimensions for the base plate jig are defined heuristically as the longest and the 
widest dimensions of all types [12]. It is Type V that is set to be Point A and Point C, 
each is added with 300 mm. So, the length and the width are obtained. The next step 
is setting the center point of the base plate jig. The center is based on Point C and 
divided by 2, and Point A divided by 2. The center represents the X-axis and Y-axis.
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Fig. 3 Setting position for type I 

3.3 Setting the Stopper, Clamp, and Adjuster 

The setting started from Type I (the smallest bucket). Figure 3 shows the setting 
position for Type I. The steps are (a) setting the Stopper for the base bucket and then 
setting the Clamp and Adjuster. (b) setting the stopper-hinge and the clamp for the 
Hinge. (c) setting the stopper cover for the bucket cover. Repeat Fig. 3 for the setting 
position of Type II to Type V. 

3.4 Designing the Flexible Jig and Fixture 

After all the stopper, clamp and adjuster for all types are set, then Fig. 4 shows the 
mapping in the base plate jig. The fool-proofing arrangement can be seen by the 
colour set for each type. Those holes are equipped with movable pins that can be 
easily repositioned.

The manual procedure for using the flexible jig and fixture can be seen as follows. 
The design for Type I is developed in Fig. 5, and for Type V can be seen in Fig. 6. 
Bucket Type I has two hinges, and Bucket Type V has four hinges. The assembly of
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Fig. 4 The design of pin 
locator for all types

the hinge to the base plate uses spot welding. The jig locks the material and then the 
welding process can be finished.

Table 2 shows the result for each type after the observation and the result shows the 
reduction of production time. The flow process chart compares the current and future 
conditions using the flexible jig and fixture. The activity for the future condition is 
set by eliminating the setup time of picking the jig and fixture from the storage and 
place to the area of production, changing with the activity of placing the pins to the 
hole and loosening the pins based on the color of the jig.

The production time for the five types of buckets can be finished in 4,146.2 min 
if the production runs continuously from Bucket Type I to Bucket Type V. During 
production activities, the process of removing parts from the machines takes a lot 
of time, so a minimal time is required to complete the production process, inte-
grated with an economical production scale [13]. Figure 7 shows the schedule for 
the production using the flexible jig and fixture, starting from the fastest processing 
time using Type I. The bar in Fig. 7 is illustrated by the total time that can be seen in 
Table 2. It is assumed that the process of each type of bucket is one. This activity of 
setting the process is conducted manually by the operator. So, the setting position is 
dominated by the work of the operator. There should be other alternatives to speed 
up the process such as using a pneumatic adjuster and clamping to lock the material. 
So, the operator can easily adjust the material and do the welding.
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Fig. 5 The flexible jig and fixture for type I
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Fig. 6 The flexible jig and fixture for type V
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Table 2 The result of the key indicator for the five types of buckets 

No. Description Observation result (min) 

I II III IV V 

1 Preparing the base 
plate 

5.7 5.7 5.7 6.7 6.7 

2 Marking the hinge 
position and 
adjusting the distance 
between the hinge 

32.2 32.2 32.2 64.4 64.4 

3 Installing the hinge 8.6 8.6 8.6 17.2 17.2 

4 Setting the cover 82.5 82.5 82.5 140.5 140.5 

5 Installing the support 
bar 

22.4 22.4 22.4 42.4 42.4 

6 Welding the hinge 534.7 539.5 565.1 755.2 773.1 

Total time 686.1 690.9 716.5 1026.4 1044.3 

Reduction time 146.6 146.6 146.6 228.6 228.6 

Performance (%) 17.61 17.50 16.99 18.22 17.96

Fig. 7 Production scheduling started from type I to type V 

4 Conclusion 

This paper studies a novel of flexible jigs and fixtures designed for a big excavator’s 
bucket that can reduce production time. The area of storage for those jigs and fixtures 
is limited which led this research to design one base plate with temporary fixture 
positions as a multi-dimension jig. This research accommodated a flexible jig and 
fixture for the five types of bucket production using the selected concept of pin 
locater, instead of using nuts and bolts. The flexible jig and fixture are designed after 
each stopper, clamp, and adjuster is defined. The combination of all types is set to 
map the pin locator on the base plate. Then the design of the flexible jig and fixture 
is defined. This design should be tested before the mockup is built. Therefore, the 
activity time shows a reduction of 17.65%. 

The next research is developing a flexible jig and fixture with a pneumatic system 
for adjustment and clamping (pneumatic clamps with a pneumatic cylinder driven 
by compressed air to lock).
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Abstract The aim of this research was to investigate the influence of tamarind 
seed powder on the tensile properties of epoxy-jute fiber hybrid polymer composite. 
Interfacial adhesion and elemental distribution of the prepared composite specimen 
were also studied. In order to do so, epoxy-jute fiber polymer composite reinforced 
by tamarind seed particle was prepared using hand layup method. Five different 
compositions of composites were prepared by varying tamarind seed particles as 
0, 5, 10, 15 and 20% respectively. In this research, total 6 layers of jute fiber mat 
were used to prepare each type of composite specimen. Tensile tests were carried out 
using a universal testing machine at a cross-head speed of 2 mm/min for all types 
of composite specimens. The obtained results showed that tensile properties such 
as yield strength, tensile strength, tensile modulus and elongation at break varied 
significantly for each type specimen depending on the percentage reinforcement of 
tamarind powder. From the microstructural characterization viewpoint, it was evident 
that very good interfacial bonding between epoxy matrix and jute fiber was formed 
for each type composite specimen. It was also observed that tamarind particles were 
almost uniformly distributed within the epoxy-jute fiber composite structure which 
means that preparations of all types composite specimens were well executed. In
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addition, elemental analysis of the composite specimen showed the weight percent-
ages of different components to identify the presence of different chemical elements 
in the composite structure. 

Keywords Epoxy · Jute fiber · Tamarind powder · Tensile properties ·
Characterization 

1 Introduction 

Composite material is one of the greatest inventions in modern technology and uses 
of this material in different applications have been expanding rapidly. These engi-
neered materials possess superior properties and offer a diverse range of advantages 
over traditional single component materials. In modern constructions, different types 
composites such as polymer matrix composites (PMC), metal matrix composites 
(MMC) or ceramic matrix composites (CMC) can be used depending on different 
types applications in structural elements [1]. Due to the high demand in modern 
constructions, research is going on in order to design and develop new generation 
composite material to meet specific functional requirements. Very recent progresses 
of the development, characterization and applications of different types composite 
materials have been reported [2–4]. The fiber material (reinforcement) can be 
obtained from natural resources (animal, plant or mineral) such as sisal, jute, hemp, 
flax, bamboo, kenaf, wool, silk, coir, wood etc. or synthetic (man-made) fiber such 
as graphite, glass, Kevlar (aramid), carbon, rayon, nylon etc. [5]. 

At present time, natural fiber based composites are attaining much attraction 
and huge popularity because of its high potential as an alternative and environment 
friendly choice as compared to the synthetic fiber based composites. On the other 
hand, natural fiber composites are on the point of achieving an integral part of society 
because of their diverse useful applications. According to world natural fiber produc-
tion report 2019, jute and related fibers are considered as major part other than cotton 
[6]. For the past few years, jute fibers have gained considerable attention because of 
their mechanical, physical, chemical and thermal properties [7, 8]. The mechanical 
properties such as specific strength and specific modulus of jute fiber are comparable 
to that of glass fiber. Processing, characterization, performance and application of 
jute fiber composites have been reported in detail [9]. In addition, some important 
challenges with natural fibers, particularly jute fibers and possible future directions 
have been discussed. Tamarind seed is a huge amount of waste or byproduct from 
tamarind pulp industry. Seed contains the endosperm or kernel (70–80%) and testa or 
coat (20–30%). The entire seed possesses ample amount proteins (13–20%) while the 
coat contains considerable amount of fiber (20%). Tamarind kernel powder (TKP) is 
one of the main raw materials for jute, paper, food, pharmaceutical and textile indus-
tries. In view of this, in recent years, collection and utilization of tamarind seeds 
have been focused. Tamarind seed has the huge potential for numerous applications
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in food and non-food products. There is also a huge demand of tamarind seed for 
industrial applications [10]. 

The effects of tamarind powder (TP) and palm powder (PP) reinforcements on 
the strengths and hardness of polyester-TP-PP composites were investigated [11]. 
Experimental results indicated that tensile strength, impact strength and hardness 
of composites were influenced depending on the percentage reinforcements of TP 
and PP combinations. Water absorption, flexural strength, tensile strength and hard-
ness of tamarind shell powder reinforced epoxy composites were investigated [12]. 
The obtained results revealed that hardness, water absorption, tensile strength and 
flexural strength are influenced by the percentage composition of tamarind powder 
reinforcement. Flexural, tensile and impact properties of flax-PLA reinforced epoxy 
nanocomposites were investigated [13]. The obtained results revealed that due to 
addition of MgO and Al2O3 nanofillers, treated flax/PLA/epoxy composites showed 
improved bending, tensile and impact strengths as compared to untreated composites. 
Water absorption and mechanical properties of epoxy-sugarcane-tamarind powder 
hybrid composites were investigated [14]. The obtained results revealed that capa-
bility of water absorption and stress resistance were improved due to addition of 
tamarind powder and sugarcane powder into epoxy matrix. 

Although numerous studies on mechanical properties of jute fiber (JF) based 
polymer composites and considerable investigations on the properties of tamarind 
seed particles were carried out, there is a lack of comprehensive research that focuses 
specifically on the composites containing epoxy resin polymer combining with jute 
fiber and tamarind seed particles. In this research, the effects of tamarind powder (TP) 
on the tensile properties of five different compositions of epoxy-JF-TP composites 
were investigated. The microstructural examinations were carried out to investigate 
the interfacial interaction between epoxy matrix and jute fiber. In addition, elemental 
analysis of the composite specimen was carried out to examine different elements of 
the prepared composite structure. 

2 Experimental Procedure 

2.1 Specimen Preparation 

In preparation of epoxy-JF-TP composite, at first, woven jute fiber mat was collected 
from local market and was cut according to required size 300 mm × 300 mm for 
each layer. For each composite sample, 6 layers of jute fiber mat were used. In this 
research, Lapox B-11 epoxy resin and Lapox K-6 epoxy hardener (curing agent) were 
used. Each composite sample was meticulously prepared with the ratio of 10:1 solu-
tion composition, involving 500 ml of epoxy resin and 50 ml of epoxy hardener. With 
appropriate measurement, epoxy resin and epoxy hardener were carefully combined 
in a container and followed by thorough mixing to achieve a well-mixed homoge-
neous blend in order to create a strong and durable composite structure. Tamarind
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seeds were collected locally. Using an oven, the seeds were dried at 70 °C for 2 h 
to reduce the moisture content inside the seed. Then the seeds were roasted at low 
temperature for 30 min in order to make the seed brittle. After that, roasted seeds were 
grinded using a grinding machine and then sieved using 400 mesh strainer to remove 
course particles. After that, powder of tamarind seed particles, i.e. tamarind powder 
(TP) was measured as 5, 10, 15 and 20% weight percentages of 6 layers jute fiber 
mat using a high precision electronic analytical balance (accuracy 0.0001 g). The 
composites with different compositions were prepared using hand-layup method and 
for this purpose, a square mold was fabricated with dimension 300 mm x 300 mm. 
During preparation of composites, all necessary steps were followed properly and 
meticulously. For all composition of composite parts, the curing process was carried 
out for 72 h in atmospheric conditions and under static loading of 200 N. After 
completion of preparation of composite plate size 300 mm x 300 mm, the molded 
part of composite plate was ejected very carefully. Test specimens of 250 mm x 25 mm 
x 6 mm in size were cut for 5 different compositions of epoxy-JF-TP composites 
according to ASTM D3039 standard. 

2.2 Tensile Test of Composite Specimen 

For tensile testing, a universal testing machine (UTM), SHIMADZU, Made in 
Japan, maximum load capacity of 300 kN was used. Before application of load, 
each composite specimen was mounted to the UTM grips and all test procedures 
were followed according to ASTM standard. During the application of load, test 
speed or crosshead speed of 2 mm/min was applied for all composite specimens 
depending on different weight percentages of tamarind seed powder. For different 
types composite specimens, all tests were carried out under identical conditions until 
fracture occurred. During tests, important test data such as elastic modulus, yield 
strength, tensile strength and tensile elongation were recorded. 

2.3 Characterisation of Composite Specimen 

After tensile tests of epoxy-JF-TP composite specimens, fractured parts of different 
composite specimens were characterized using an ultra high resolution Schottky Field 
Emission Scanning Electron Microscope (FESEM) (Model: JEOL JSM-7610F) to 
investigate the morphology of fractured surfaces. The micrographs evidently clar-
ified the fiber-matrix interaction and distinctively explained the fracture behavior 
of ruptured surfaces of different types composites. In addition, energy dispersive 
X-ray spectroscopy (EDS) analytical technique was used to identify the chemical 
compositions or elemental contents of composite structure.
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3 Results and Discussion 

For different compositions of Epoxy-JF-TP composite specimens, yielding property 
i.e., tensile stress at yield point or yield strength (permanent set at 0.2%) is presented 
in Fig. 1. For each type composite specimen, initial yielding started at low stress 
level where strain occurred without corresponding increase in stress. Due to the 
application of continuously increasing load, final yielding of the specimen reached 
at higher stress level where strain occurred at faster rate without any increase in 
stress. For each composition of composite, plastic deformation took place at this 
tensile stress level. For Epoxy + JF + 0%TP composite where no tamarind powder 
added, final yielding or plastic deformation initiated at 12.26 MPa stress level which 
is shown in Fig. 1. Due to the addition of 5% tamarind powder, plastic deformation 
of Epoxy + JF + 5%TP composite started at stress level of 16.06 MPa which is 
31% higher than the yielding level of Epoxy + JF + 0%TP composite. In case 
of 10% addition of tamarind powder, Epoxy + JF + 10%TP composite exhibited 
increased yield strength 20.43 MPa which is nearly 67% greater than yield strength 
of composite containing no tamarind powder. The obtained results also showed that 
due to the increased tamarind powder content to 15%, final yielding of Epoxy + JF 
+ 15%TP composite started at little higher stress level 21.09 MPa which is nearly 
72% greater than yield strength of composite without containing tamarind powder. 
Lastly, figure shows that final yielding or plastic deformation of Epoxy + JF + 
20%TP composite started at 21.14 MPa which is significantly higher (about 72.4%) 
than yield strength of composite with no tamarind powder. On the other hand, due to 
increased tamarind powder from 15 to 20%, plastic deformation of composite started 
at slightly higher level and yield strength of composite hardly increased. From figure 
it is apparent that due to addition of more than 10% tamarind powder, yield strength 
of composite hardly improved.

Figure 2 shows the tensile modulus or elastic modulus of different compositions of 
Epoxy-JF-TP composites. Tensile modulus of Epoxy-JF-TP composite is the degree 
of rigidity against the application of tensile load under the crosshead speed of 2 mm/ 
min. The Epoxy-JF-0%TP composite exhibited less resistance to deformation and 
resulted in a low modulus 1.1 GPa which is shown in Fig. 2. The Epoxy-JF-5%TP 
composite showed much improved modulus 2.16 GPa which is nearly 96% higher 
than the composite with no tamarind powder. With the addition of 10% tamarind 
powder, Epoxy-JF-10%TP composite revealed further improved modulus 2.8 GPa 
which is about 154% greater than the composite without tamarind powder. From the 
figure it can be seen that Epoxy-JF-15%TP composite exhibits significantly higher 
modulus 3.5 GPa which is 218% greater as compared to that of composite without 
TP. This indicates that composite with 15%TP shows high rigidity against defor-
mation. Lastly, due to addition of 20% tamarind powder, composite exhibits little 
higher modulus 3.6 GPa as compared to the modulus of composite with 15%TP. 
The obtained result indicates that composite with 20%TP possesses high stiffness 
under the application of tensile load. The numerical values of tensile modulus of
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Fig. 1 Yield strength (permanent set at 0.2%) of Epoxy-JF-TP composite specimens

composites are significantly higher as compared to tensile modulus of the composite 
reported in previous investigation [12]. 

Ultimate tensile strength (UTS) or tensile strength (TS) is the built-in property of 
the prepared tamarind powder reinforced Epoxy-JF-TP composites. Tensile strength 
is maximum stress that can withstand by composite before failure occurred and results

Fig. 2 Tensile modulus of Epoxy-JF-TP composite specimens 
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for different composites are shown in Fig. 3. Obtained result revealed that composite 
with no addition of tamarind powder possesses tensile strength 13.1 MPa which is 
shown in Fig. 3. The Epoxy-JF-5%TP composite showed improved tensile strength 
19.63 MPa which is nearly 50% higher than composite with no tamarind powder. 
With addition of 10% tamarind powder, Epoxy-JF-10%TP composite showed higher 
tensile strength 22.34 MPa which is about 71% greater than composite without 
tamarind powder. Figure shows that Epoxy-JF-15%TP composite exhibits further 
increased strength 25.63 MPa which is almost 96% greater as compared to that 
of composite without TP. Finally, due to 20% tamarind powder as reinforcement, 
composite shows much improved strength 28.17 MPa as compared to strength of 
composite with 15%TP. From figure it is apparent that due to addition of tamarind 
particles up to 20%, tensile strength of composite shows continuously increasing 
trend. The values of tensile strength of composites are relatively higher as compared 
to tensile strength of the composite reported in previous literature [12]. 

During tensile testing of Epoxy-JF-TP composite, tensile elongation or breaking 
strain is the total elongation experienced by the composite before failure occurred 
and the results are shown in Fig. 4. The obtained result showed that without addi-
tion of tamarind particles, Epoxy-JF-0%TP composite exhibited less resistance to 
deformation and resulted in high elongation 7.05 mm before failure occurred and 
the result is shown in Fig. 4. The Epoxy-JF-5%TP composite showed significantly 
less elongation 2.11 mm at failure point which is 70% lower than the elongation of 
composite with no tamarind powder. For 10% tamarind powder addition, Epoxy-JF-
10%TP composite revealed further less elongation 1.83 mm until fracture which is 
about 74% lower than the composite without TP. The obtained result also showed

Fig. 3 Tensile strength of Epoxy-JF-TP composite specimens 
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Fig. 4 Elongation at break of Epoxy-JF-TP composite specimens 

that Epoxy-JF-15%TP composite revealed high resistance to elongation which is 
1.49 mm shown in Figure. Finally, with 20% tamarind powder, composite exhibited 
somewhat greater resistance to elongation 1.47 mm before failure occurred and this 
elongation is nearly 80% lower than that of composite without TP. It is noticed that 
due to addition of more than 10% tamarind powder, strain of composite decreases 
significantly means that composite contains high rigidity. Characteristics of these 
results suggest that due to addition of 15–20% tamarind powder, resistance to elon-
gation of composite hardly influenced by tamarind powder which elucidate that 
composite becomes more stiff and less flexible due to increased reinforcing action 
of powders or fillers [15, 16]. 

Figure 5 reveals the micrographs of fractured surface of Epoxy-JF-TP composite 
specimens using field emission scanning electron microscopy (FESEM). These 
micrographs distinctly present the ruptured surfaces of different types of composite 
specimens under tensile loading with crosshead speed of 2 mm/min. As shown 
in figure, Epoxy-JF-TP composite contains (a) 0% tamarind powder (TP) (b) 5% 
tamarind powder (TP) (c) 10% tamarind powder (TP) (d) 15% tamarind powder 
(TP) (e) 20% tamarind powder (TP). From Fig. 5a to e, it is evident that there are 
protruding fibers of jute and pull-out occurred for each type composite specimen. 
From the microstructural viewpoint, it is distinct that for each type composite spec-
imen, the nature of fracture is ductile due to long jute fiber pull-out. Moreover, 
because of strong fiber-matrix interaction, it is apparent that for each type composite 
structure, jute fiber is completely embedded by the epoxy matrix. The microstruc-
tural examination further clarifies that good interfacial bonding occurred means that 
good preparations were carried out in developing the composite structure.

Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique used to 
identify the elemental composition or chemical characterization of materials. Field
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Fig. 5 FESEM Micrograph of fractured surfaces of Epoxy-JF-TP composites under tensile loading 
a 0%TP b 5%TP c 10%TP d 15%TP e 20%TP

Emission Scanning Electron Microscope (FESEM) is equipped with EDS system. 
The data produced by the EDS analysis comprises a spectrum with a peak equal to all 
elements contained in composite. In addition, EDS system can identify automatically 
the percentage for each element detected to show quantitative analysis (percentages 
of individual elemental concentrations). Figure 6 shows EDS test results of composite 
under acceleration voltage of 15.0 kV. The peak position in the graph leads to identi-
fication of each element and peak height serves to quantify the concentration of each
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Fig. 6 Elemental distribution of Epoxy-JF-15%TP composite specimen 

element in composite sample. These results show chemical elements that are present 
in the Epoxy-JF-15%TP composite specimen. From the figure we can see the weight 
percentages of different elements as: Carbon, C (71.39%), Oxygen, O (27.96%), 
Sodium, Na (0.08%), Magnesium, Mg (0.02%), Aluminum, Al (0.06%), Silicon, Si 
(0.09%), Sulfur, S (0.16%), Potassium, K (0.03%), Calcium, Ca (0.13%) and Iron, 
Fe (0.06%) which confirms all elements that present in the composite structure. 

4 Conclusions 

Influence of tamarind powder reinforcement on the tensile properties of Epoxy-JF-
TP polymer composite was investigated. Results showed that strength at yield point, 
tensile modulus, tensile strength, and elongation at break were significantly influ-
enced depending on the percentage reinforcement of tamarind powder. From the 
microstructural observation, it was noticed that jute fiber was completely embedded 
by the matrix and strong matrix-fiber interaction was occurred for each type 
composite specimen. Microstructural observation also clarified that ductile failure 
mechanism occurred with jute fiber protruding from the surface for different compos-
ites. In addition, elemental distribution of test results showed the presence of different 
chemical elements in the composite structure. 
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Distribution of Seven-Layered Al-Al2O3 
Graded Composite Material Prepared 
Through Pressureless Sintering 
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Abstract In the present study, different percentages of Aluminium (Al) and 
Aluminium Oxide (Al2O3) were integrated layer by layer for preparation of seven-
layered graded composite material. Due to large difference in properties, crack or 
defect is the main problem for metal-ceramic combination. The prepared graded 
structure was investigated layer by layer for any defect or crack that might appear in 
the layer or at the interface. By using a steel die set combination, different layers of 
different percentages of metal-ceramic were integrated in preparation of the graded 
composite. After that a pressureless two-step sintering method was used. During the 
sintering process, a maximum temperature of 630 °C was applied for 3 h sintering 
duration. Each layer of graded specimen and interfaces of different layers were char-
acterized using Field Emission Scanning Electron Microscopy (FESEM). Vickers 
microhardness testing was carried out for different layers of composite. The obtained 
results showed that there is a good distribution of ceramic (Al2O3) particles into 
metallic (Al) matrix when ceramic content up to the 20% (fifth layer). On the other 
hand, it was also observed that when ceramic content more than 20%, agglomera-
tion occurred for the sixth and seventh layer. Microstructural observations showed 
that layers boundary and all interfaces are almost parallel. Moreover, it was obvious 
that no crack was found in the layer or at the interface which confirmed the good 
preparation process of graded structure. 
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1 Introduction 

The new generation graded composite materials are gaining popularity for solving 
practical problems in various industrial sectors for a range of applications namely 
automotive, armor, aerospace, biomedical and optoelectronics components. In prepa-
ration of graded composite materials, metal and ceramic are incorporated together 
with varied proportions and applying different methods namely laser sintering, 
powder metallurgy, centrifugal casting, chemical vapor deposition, physical vapor 
deposition and thermal spraying. These new graded composite materials are suitable 
for multiple functions and able to solve practical problems with high performance 
[1–5]. Functionally graded composite structures are two types, continuous struc-
ture and stepwise structure. In continuous structure, microstructure and composition 
vary in a continuous way with the distance. On the other hand, in stepwise struc-
ture, microstructure and composition vary in stepwise way with clear identification 
of the interface between layers. For the stepwise structure, powder metallurgy is 
the most suitable method for achieving gradient structure with desired properties 
while centrifugal force is the suitable method to achieve the continuous structure 
with required properties [6]. In powder metallurgy method, compaction of powders 
and sintering, the two most important steps. Because of residual stress and thermal 
expansion, crack or camber is prevalent in the sintered specimen. To avoid the crack 
or camber, the parameters need to be controlled during sintering process [7]. The 
compaction of powder involves the influencing parameters powder density, particle 
shape and size. Moreover, properties and qualities of powder particles are important 
factors in controlling compressibility performance of powder. In addition, work hard-
ening of particle is an important factor which influences hardness of green compact. 
Density of green compact significantly influences porosity and strength of structure 
[8]. 

In recent times, aluminium based composites in high demand and these compos-
ites showed potential for successful application in industrial sectors for excellent 
mechanical and tribological properties, good corrosion and oxidation resistance, high 
stiffness and strength, moderate coefficient of thermal expansion etc. [9]. Aluminium 
oxide ceramic possesses good strength, high stiffness, good wear resistance, high 
chemical inertness and high hardness [10]. Multi-layered composites were prepared 
and obtained results showed that good bonding was formed between two materials 
of substrate and deposition [11]. Aluminium based composite structure was anal-
ysed and obtained results showed that hardness of middle or inner part of composite 
was lower as compared to that of outer part [12]. The strength of inner part was 
also lower than that of outer part. Experimental and theoretical investigations of 
thermo-mechanical deformation of aluminium based composite panels were carried 
out [13]. Thermo-mechanical response of composite panel was analysed for various 
loading conditions and the reported results clarified the agreement between theoret-
ical and experimental results. Four-layered Al-Al2O3 graded composite material was 
prepared under pressureless sintering at 620 °C and less porosities were observed in 
third layer than that of fourth layer [14]. Four-layered Al-Al2O3 graded composite
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material was investigated and it was noticed that due to increase in ceramic content, 
hardness steadily increases layer by layer until fourth layer [15]. 

The objective of research was to prepare seven-layered aluminium-aluminium 
oxide (Al-Al2O3) graded composite specimen through two-step pressureless 
sintering process considering 0–30% aluminium oxide concentration (with 5% incre-
ment). Microstructural investigations were carried out from first layer to seventh 
layer and at each interface between two adjacent layers. Microvickers hardness of 
individual layer was also examined in this research study. 

2 Experimental Procedure 

2.1 Sample Preparation 

In preparation for the seven-layered aluminium-aluminium oxide graded composite, 
Al powders and Al2O3 powders were used. According to molecular weight, amount 
of each powder composition was calculated for individual layer. The powder 
constituents were sieved and then mixed in order to form each layer. The mixture 
for each layer was blended for achieving homogeneous mixture. In this research, the 
percentage compositions of the seven-layered Al-Al2O3 graded composite varied as 
100:0, 95:5, 90:10, 85:15, 80:20, 75:25 and 70:30 from first layer to seventh layer 
which is presented in Fig. 1. Mixed powders of varied compositions were stacked 
very carefully from first layer to seventh layer in cylindrical die of 30 mm diameter. 
Using a hydraulic press (TOYO: Model TL30, capacity 30 ton), uniaxial pressure 
was applied very slowly at room temperature and the pressure was increased step 
by step. After each step of powder compaction process, sufficient time was allowed 
to settle the powder compact at stable condition and the compaction process was 
continued until it reached to 30 Ton. After that using the hydraulic press, the seven-
layered green compact sample was ejected carefully from the die so that no wear and 
tear occurred around any surface of specimen.

2.2 Sintering of Green Compact 

Using a pressureless sintering furnace (Nabertherm; made in Germany), sintering of 
seven-layered green compact was carried out following two-step sintering cycle [16– 
18]. The sintering cycle was applied for this research is shown in Fig. 2. In first step of  
sintering cycle, heating rate 2 °C/min was applied and specimen temperature started 
to increase from room temperature 30 °C until temperature reached to 150 °C. One 
hour holding time was maintained at this 150 °C temperature. In sintering cycle for 
second step, specimen was allowed to heat with identical heating rate up to sintering
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Fig. 1 Percentage 
compositions for each layer 
of seven-layered Al-Al2O3 
graded composite

temperature 630 °C. At this temperature 630 °C, sintering time was kept for three 
hours. Finally, specimen was cooled to room temperature. 

Fig. 2 Two-step sintering at 
sintering temperature 630 °C 
and 3 h sintering duration
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2.3 Characterisation of Specimen 

Due to sintering process, the radial shrinkage of specimen was occurred and using 
a vernier caliper shrinkage was calculated by measuring specimen diameter before 
and after sintering process [19]. Moreover, weight of the specimen was measured 
before and after sintering process. In calculating specimen shrinkage and weight, 
ten measurements were taken and average values were considered. For examining 
seven-layered Al-Al2O3 graded composite structure, at first, specimen was cut along 
the layers cross section. The cross-sectional surface of the sample was prepared 
by grinding and polishing operations. In grinding operation, different fine grits of 
abrasives were used. Polishing operation was continued until fine and smooth surface 
was obtained for microstructural observations. After that specimen was mounted 
for cross-sectional surface images of seven-layered composite structure. In order to 
examine the surface morphology and crack/defect/imperfection (along cross section 
of composite specimen), field emission scanning electron microscopy (FESEM) was 
utilized using electron back-scattered mode. All observations were conducted for 
individual layer and interface between adjacent layers. 

2.4 Vickers Microhardness Testing 

Vickers microhardness tests were carried out on polished surface of each layer 
of seven-layered test specimen. Hardness was measured along the cross-sectional 
surface (longitudinal direction) of specimen and test procedure was followed 
according to ASTM E-384. In the experimentation, test was performed at every 1 mm 
interval for individual layer and total 10 test data were recorded for each layer. The 
average hardness result was considered for every individual layer of seven-layered 
graded composite structure [20]. 

3 Results and Discussion 

3.1 Effect of Sintering 

The radial shrinkage of seven-layered graded composite specimen can be clarified 
as diameter reduction of green specimen because of sintering process. It was noticed 
that because of shrinkage during sintering, diameter of green compact decreased. 
For this seven-layered Al-Al2O3 green specimen, the diameter was considered as 
average diameter which was measured 30 mm and equal to die diameter. After 
sintering process, specimen diameter decreased to 29 mm resulted in radial shrinkage 
1 mm. It is believed that total porosity of specimen was influenced by sintering 
temperature and sintering time. Moreover, test results showed that specimen lost
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weight after sintering. The weight loss occurred due to vaporization of alumina 
where oxygen diffused out at high temperature. The average weight of seven-layered 
green specimen was measured 22.67 g and the average weight of sintered specimen 
was measured 20.40 g, so that weight loss calculated as 2.27 g or 10%. The obtained 
results suggest that during three hours holding time, decrease in porosities occurred 
which results in reduction in surface area and contributes to densification of compact 
and hence weight loss of specimen occurred as reported in previous work [21]. 

3.2 Microstructural Observation 

Microstructural studies were carried out for surface images of seven-layered Al-
Al2O3 graded composite. Using electron back-scattered mode, FESEM images were 
captured for each layer and interface between two adjacent layers. Microstructural 
images of seven-layered composite structure are shown in Fig. 3a–g. 

The ceramic element aluminium oxide was recognized as dark area whereas 
metallic phase aluminium was recognized as light grey area. Moreover, pores were 
observed as black spots from third layer to seventh layer which are apparently recog-
nized in Fig. 3c–g. Microstructural observations revealed that pores exist clearly 
in the third layer containing 10% alumina and these pores increased significantly

Fig. 3 Microstructures a first layer: 100% Al b second layer: 95%Al + 5%Al2O3 c third layer: 
90%Al + 10%Al2O3 d fourth layer: 85%Al + 15%Al2O3 e fifth layer: 80%Al + 20%Al2O3 f sixth 
layer: 75%Al + 25%Al2O3 (g) seventh layer: 70%Al + 30%Al2O3 
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with the increase in ceramic content up to 30% (seventh layer). The obtained results 
suggest that with addition of increased ceramic content, air entrapment in the layer 
increased which in turn contributed to increased porosity significantly in sixth and 
seventh layers [22]. The microstructure of graded structure also revealed that good 
distribution of alumina ceramic within aluminium matrix which was observed from 
second layer to seventh layer. The obtained results showed the existence of ceramic 
particles which is almost uniformly distributed in second layer (Fig. 3b) and a gradual 
ceramic increment within matrix proves the stepwise gradation layer by layer up to 
seventh layer (Fig. 3g) which confirms that preparation of seven-layered composite 
specimen is well executed. 

In Fig. 4, FESEM images of each interface between two adjacent layers of the 
seven-layered Al-Al2O3 graded composite specimen are presented. From these obser-
vations, it is understood that first–second, second-third, third-fourth, fourth-fifth, 
fifth-sixth and sixth-seventh layers are segregated by interface marked by dotted line 
PP’, QQ’, RR’, SS’, TT’ and UU’ in Fig. 4a–f respectively. In processing of seven-
layered graded structure, compaction was carried out in a careful way in order to 
achieve stepwise gradation and to ensure continuity of structure. On closer viewing of 
layer by layer, the microstructures revealed that there is no macrocrack or microcrack 
identified in any layer or at any interface. The findings suggest that there is a good 
interfacial bonding between metal and ceramic from second layer to seventh layer. 
The evidence also suggests that gradation of seven-layered composite took place 
step by step up to the seventh layer. A close inspection of microstructures revealed 
that each interface was nearly parallel and in line with two adjacent layers which 
confirmed that powder stacking and compaction processes of seven-layered graded 
composite were properly implemented. Moreover, there was no sign of split off or 
delamination of layers at any position from first layer to seventh layer or fracture 
across any layer confirmed that interfacial bonding was good enough for seven-
layered graded composite structure at sintering temperature 630 °C and isothermal 
holding time of 180 min. Microstructural observations also revealed that porosities 
in sixth and seventh layers were increased remarkably due to addition of 25 and 30% 
of ceramic content respectively. The increased porosities in sixth layer and seventh 
layer might be reduced sufficiently by implementing higher sintering temperature or 
longer sintering time [23, 24].

3.3 Hardness Distribution 

Figure 5 shows the test results of Vickers microhardness along cross-sectional surface 
of each layer of seven-layered Al-Al2O3 graded composite. These results were 
considered as the average hardness result of ten test data 1 mm apart along the cross-
sectional surface for every individual layer. The obtained results show that average 
hardness at first layer that contains 100%Al is 29.86 HV and average hardness of 
second layer (5%Al2O3) increased to 32.32 HV. Test results reveal that average hard-
ness of third layer increased to 34.18 HV and hardness of fourth layer (15%Al2O3)
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Fig. 4 Seven-layered Al-Al2O3 graded composite: Interface between adjacent layers: a interface 
PP’ between first–second layers b interface QQ’ between second–third layers c interface RR’ 
between third–fourth layers d interface SS’ between fourth–fifth layers e interface TT’ between 
fifth–sixth layers f interface UU’ between sixth–seventh layers

further increased to 37.88 HV. The obtained results show that average hardness of 
fifth, sixth and seventh layer is 41.63 HV, 43.1 HV and 45.35 HV respectively. It 
is noticed that due to gradual increase in ceramic content (Al2O3) for next layer, 
hardness of graded composite specimen increases layer by layer. It is believed that 
addition of high hardness ceramic material into soft ductile material contributed to 
increase in hardness of seven-layered graded composite progressively. It is believed 
that due to higher sintering temperature and increased number of layers, layer by 
layer hardness was much improved as compared to previous investigations [14, 15].
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Fig. 5 Distribution of 
hardness in each layer of 
seven-layered Al-Al2O3 
graded composite 

4 Conclusions 

Seven-layered Al-Al2O3 graded composite structure was prepared layer by layer 
using powder metallurgy and two-step pressureless sintering. During sintering 
process, a maximum temperature of 630 °C was applied for 3 h duration. The 
microstructure of graded structure showed that there is good distribution of alumina 
ceramic within aluminium matrix and gradual ceramic increment reveals stepwise 
gradation layer by layer up to seventh layer. The microstructures also confirmed 
that there is no macrocrack or microcrack identified in any layer or at any interface. 
Microstructural observations revealed that each interface was nearly straight and 
parallel to two adjacent layers which confirmed that all processes during preparation 
of seven-layered graded composite were properly implemented. There was no sign 
of delamination of layers at any position from first layer to seventh layer or fracture 
across any layer proved that interfacial bonding was good enough for composite 
structure. In addition, tests data showed that hardness of graded composite increases 
progressively with gradual increase in alumina ceramic up to seventh layer. 
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