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Abstract: This study aims to identify the key factors for implementing Lean 4.0 in the automotive
manufacturing industry and to examine its impact on the performance of the automotive industry in
Malaysia. A quantitative research design employing a cross-sectional approach was adopted for this study.
Simple random sampling was utilized. Data were collected from 98 automotive manufacturing firms in
Malaysia, with respondents comprising individuals from middle and senior management. Partial Least
Squares Structural Equation Modeling (PLS-SEM) was employed to investigate the relationship between
the constructs. The main findings reveal that human, supplier, and customer factors positively influence
Lean 4.0 implementation, while process factors do not have a significant effect. This research offers insight
into the factors influencing Lean 4.0 implementation in automotive manufacturing. Moreover, this study
assists policymakers and SMEs in planning training initiatives, facilitating knowledge transfer, and
enhancing innovation and continuous improvement. This study addresses a critical gap in the empirical
validation of Lean 4.0 implementation within the Malaysian automotive manufacturing context.
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1. Introduction

Lean manufacturing, initiated by the Toyota Production System (TPS), has long been recognized for
its emphasis on waste reduction and value creation. It aims to optimize production by focusing on
continuous improvement and eliminating waste in the operation [17]. The core principle of lean
manufacturing is that these management approaches work together to deliver high-quality products at
the speed of customer demand while minimizing or eliminating waste [27]. However, while lean
manufacturing has delivered significant gains in efficiency and quality, its effectiveness is often
constrained by a lack of real-time information, adaptability, and responsiveness to the complexities of
modern production environments, particularly in highly digitalized manufacturing settings. Industry 4.0
signifies a transformative shift in the manufacturing sector. It is characterized by automation through the
Internet of Things, cybersecurity, cloud computing, additive manufacturing, big data analysis, augmented
reality, and artificial intelligence [37]. Despite these limitations, advancements in digital technologies have
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introduced new opportunities to enhance manufacturing capabilities. Industry 4.0 is also transforming
traditional manufacturing processes, encouraging innovation, and addressing challenges in complex
production environments [4]. Since its emergence, Industry 4.0 has influenced the manufacturing sector,
evident in the enhanced efficiency of operations management and improved business decision-making
processes [5, 6.

Lean 4.0 integrates lean waste-reduction principles with advanced digital technologies to enhance
manufacturing performance [77]. Unlike Industry 4.0, which primarily focuses on technological
advancement, Lean 4.0 emphasizes the alighment of digital technologies with lean principles to ensure
that technology adoption supports waste elimination and value creation. By incorporating real-time data,
predictive analytics, and automation into lean practices, Lean 4.0 enables more responsive and data-driven
operations [37]. This integration allows manufacturers to retain the discipline of lean while leveraging
digital capabilities to strengthen decision-making and operational control [87]. While Lean 4.0 offers
significant potential, its adoption comes with several challenges. Manufacturers encounter obstacles such
as high implementation costs, a shortage of expertise, and resistance to change among employees [9, 10].
Together, they create a framework that improves current operations and prepares manufacturers for
tuture challenges in a rapidly evolving industry [117].

Previous research from Bernhard et al. [127] reveals a critical gap in the lack of large-scale quantitative
validation for Lean 4.0 frameworks and enablers. Their phased transformation methodology from case
studies lacks empirical generalizability, necessitating robust quantitative studies in complex automotive
contexts. Following that, Chivukula and Pattanaik [187] examined the enhancement of Industry 4.0
practices in general Jordanian manufacturing, supporting positive outcomes but not addressing Lean 4.0
integration. This limits applicability to automotive contexts, necessitating research on their combined
effects within industry-specific settings. Additionally, research from Huang et al. [147 discussed the
enhancement of Lean tools like Value Stream Mapping through real-time data and digital technologies,
but did not explore how these innovations interact with human or organizational dynamics [157. This
suggests a gap in understanding how soft factors, including human factors, process factors, supplier
factors, and customer factors, enable effective implementation of Lean 4.0 initiatives. Hence, this study
addresses these gaps through quantitative validation of Lean 4.0 enablers specific to automotive
manufacturing.

Therefore, this research addresses these identified gaps and corresponding research problems through
three primary objectives: (1) to identify key factors influencing successful Lean 4.0 implementation in the
automotive manufacturing industry, (2) to investigate the impact of Lean 4.0 implementation on
automotive manufacturing performance, and (3) to provide empirical validation of the proposed
framework using Partial Least Squares Structural Equation Modeling (PLS-SEM) within the Malaysian
automotive manufacturing context.

2. Literature Review

Lean manufacturing, with its focus on reducing waste and maximizing efficiency, offers a strategic
solution for lowering production costs, enhancing quality, and elevating technological capabilities [167.
Industry 4.0 introduces advanced technologies into manufacturing processes, aiming to create
interconnected and smart factories that can transform production [177. Industry 4.0 is a transformative
trend that integrates advanced technological concepts to help industries achieve greater efficiency. It aims
to maximize output while minimizing resource use by leveraging the latest manufacturing technologies
[187]. Lean 4.0 is an integration between lean manufacturing and Industry 4.0, which can significantly
enhance productivity levels and reduce costs in various production processes [197]. By adopting Lean 4.0,
the automotive sector can achieve significant improvements in efficiency and sustainability, paving the
way for smarter manufacturing.
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2.1. The Factors of Lean 4.0 Implementation in the Automotive Manufacturing Industry
2.1.1. Human Factors

Human factors are critical for successful Lean 4.0 implementation in the automotive industry. Digital
skills enable workers to leverage new technologies eftectively, boosting process efficiency and decision-
making [207]. Training programs enhance digital literacy, helping employees adapt to evolving
manufacturing landscapes [217. For example, Leesakul et al. [227] deployed continuous digital training
modules across plants, accelerating technology adoption and Lean optimization. Transformational and
participative leadership styles promote innovation, employee involvement, and a culture of empowerment
and idea-sharing [23, 247, facilitating effective digital integration [257]. Empowering employees with
access to advanced tools like augmented reality enables data-driven decisions, task ownership, and
proactive issue resolution for better quality and fewer errors [267]. Continuous learning cultivates a
growth mindset essential for tech adoption in a rapidly changing sector [277], creating a flexible workforce
responsive to shifts and driving Lean 4.0 success. However, the adoption of Lean 4.0 may be hindered by
resistance to digitalization and the presence of skill gaps among employees, particularly in organizations
with limited digital readiness. Based on the literature reviewed, the following hypothesis is proposed:

H.. There is a positive relationship between human factors and Lean 4.0 in the automotive manufacturing
industry.

2.1.2. Process Facto

Process factors prove essential for effective Lean 4.0 implementation in automotive manufacturing,
requiring seamless integration of emerging technologies with workers’ established knowledge and
expertise. Pereira [287] highlights that human experience guides process adaptation, ensuring effective
Lean principles while maintaining feasibility. However, reliance on experience alone may create
inconsistencies, especially when informal practices conflict with Lean 4.0 standardization. Another
essential process factor is continuous improvement, driven by feedback loops of data collection, analysis,
and corrective action for ongoing benefits. Womack et al. (297 note that it is crucial for competitiveness
by eliminating waste, improving resource efficiency, and boosting operational outcomes. Machine
learning enables self-optimizing processes in Lean 4.0, with algorithms analyzing historical data for real-
time adaptations that predict disruptions and minimize downtime across production lines and supply
chains. Peretz-Andersson, et al. [307]. Khakifirooz et al. [817] explain that it optimizes production
schedules and material flow across supply chains. Therefore, the following hypothesis is developed:

H. There is a positive relationship between process factors and Lean 4.0 in the automotive manufacturing
industry.

2.1.8. Supplier Factor

In the automotive industry, supplier factors are crucial for Lean 4.0 success. Supplier commitment to
customer efforts aligns practices across the supply chain, based on mutual trust and continuous
improvement, Liker and Morgan [327. Invested suppliers boost efficiency, cut costs, and enhance
sustainability. Collaboration fosters objective alignment, improving process flow and inventory
management [337]. Prior studies have highlighted that leading automotive manufacturers adopt long-
term supplier partnerships, digital platforms, and IoT-enabled systems to enhance real-time tracking,
logistics coordination, and supply chain visibility [84, 857. Improved data sharing optimizes production
and supply chains via better forecasting, disruption response, and transparency [ 36 ]. Real-time data helps
address inefficiencies and reduce waste. Appropriate logistics systems ensure seamless material flow,
optimizing schedules, and are integrated with Lean 4.0 for efficiency gains, shorter lead times, and cost
savings [36]. Therefore, the following hypothesis is developed:

H:. There s a positive relationship between supplier factors and Lean 4.0 in the automotive manufacturing
industry.
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2.1.4. Customer Factors

Customer factors drive Lean 4.0 adoption in automotive manufacturing, aligning processes with
dynamic market demands through digital-Lean integration for personalized, efficient production [167].
This encompasses the entire customer value chain, from design and fabrication to delivery and post-sale
support [37]. Central to these factors is trust-building, where transparency, promise fulfillment, and
superior performance cultivate loyalty in competitive landscapes [387. Lean 4.0 delivers defect-free,
timely outputs, minimizing waste, exemplified by Tesla's app-based production visibility, while
maximizing consumer value through quality, affordability, customization, and sustainability [39, 407].
Lean 4.0 waste reduction allows for cost-competitive, high-quality offerings, as shown by BMW's modular
architectures that support efficient variant production [417]. Data analytics and digital feedback
mechanisms further bolster Lean 4.0 efficacy, refining demand forecasts, personalization, and
responsiveness [427]. Automotive applications leverage connected vehicle telemetry and service feedback
to optimize designs, maintenance, and planning [437, such as Ford's telematics-driven predictive
servicing. Process flexibility, enabled by additive manufacturing, automation, and cloud systems,
accommodates diverse demands without sacrificing throughput [447. Accordingly, the following
hypothesis is posited:

H. There is a positive relationship between customer factors and Lean 4.0 in the automotive manufacturing
industry.

2.2. The Integration between Lean Manufacturing and Industry 4.0
2.2.1. Internet of Things

The Internet of Things serves as a cornerstone for integrating Lean manufacturing with Industry 4.0
in the automotive sector, embedding smart devices and sensors to enable real-time data collection,
monitoring, and analysis [457]. This connectivity drives operational efficiency through predictive
maintenance, optimized supply chains, and automated production lines [467]. Aligned with Lean
methodologies, IoT facilitates internet-based error tracking in inventory, connecting machinery, tools,
and vehicles to centralized networks for enhanced visibility and waste reduction [477]. Manufacturers
track parts from suppliers to assembly, minimizing excess stock while bridging physical and cyber
domains [487. [oT sensors on assets like machinery and components support real-time data exchange,
tfostering responsive Lean strategies [497].

2.2.2. Cybersecurity

Cybersecurity is vital in the automotive industry to protect connected vehicles, production systems,
and sensitive data amid rising cyber threats. Modern cars with infotainment, navigation, and IoT-enabled
factories are vulnerable to hacking, making encryption protocols essential for securing data transmission,
such as location details or production schedules [18, 507]. Manufacturers employ access controls, secure
coding, hashing, and digital signatures to ensure data confidentiality, integrity, and authenticity,
preventing unauthorized access to proprietary designs, supply chains, and customer information [51, 527].
Regular software updates, vulnerability assessments, intrusion detection, and employee training mitigate
risks, aligning with Lean principles by minimizing disruptions, waste, and inefficiencies in digital
operations [537]. These measures foster trust, operational resilience, and eflicient supply chains, enabling
seamless IoT integration while safeguarding against breaches in an increasingly connected landscape

[547.

2.2.8. Cloud Computing

Cloud computing delivers on-demand IT services, including storage, servers, and software via
internet infrastructure, eliminating physical asset ownership [557. Service models encompass laaS, PaaS,
and Saa$S across public, private, and hybrid deployments optimized for scalability and security. Within
Lean 4.0 frameworks, cloud platforms enable real-time data processing essential for Industry 4.0
integration, supporting dynamic manufacturing environments [ 397]. In automotive manufacturing, cloud
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systems transform inventory management and operational visibility. Real-time stock updates from
warehouse scans provide ubiquitous access, minimizing manual errors consistent with Lean waste
reduction [567. Supplier integration via shared cloud data ensures just-in-time deliveries, averting
production disruptions [57]. Remote accessibility through cloud-connected mobile devices facilitates
global monitoring of production metrics, quality control, and equipment performance [587. Instant alerts
on smart devices accelerate maintenance responses and cross-functional collaboration, reducing downtime
and enhancing throughput [59-617].

2.2.4. Additive Manufacturing

Additive manufacturing (AM), or 3D printing, fabricates three-dimensional objects layer-by-layer
from digital models, enabling complex geometries using plastics, metals, and ceramics [107]. In
automotive Lean 4.0, AM facilitates rapid prototyping, customization, and just-in-time production,
reducing inventory and lead times while minimizing material waste [627. This flexibility supports
responsive manufacturing without extensive retooling, producing unique components economically [637].
AM expands design possibilities for automotive parts, enabling small-batch customization unattainable
via traditional methods Yang et al. [64-]. Priarone et al. [657] demonstrated a 69% weight reduction in an
iron bracket redesigned via powder bed AM in AlSi10Mg, optimizing topology for lightweighting.
Integration with predictive analytics enhances customer requirement analysis, improving customization
efficiency [667]. These capabilities align with Lean principles by eliminating excess inventory, accelerating
iterations, and supporting material optimization, positioning AM as a transformative technology for
automotive manufacturing agility and sustainability [677].

2.2.5. Big Data Analytics

Big data analytics constitutes a cornerstone of Lean 4.0 integration, processing voluminous data from
[oT sensors and digital systems to yield operational insights, trend identification, and data-driven
decisions [687. This capability underpins predictive maintenance, demand forecasting, and inventory
optimization, aligning with Lean objectives of waste reduction, efficiency enhancement, and quality
improvement. Synergistic integration with cloud computing and IoT fosters agile production
environments conducive to continuous improvement [537. In automotive manufacturing, robust data
management systems accommodate diverse inputs from production lines, supply chains, and customer
teedback, leveraging cloud-based big data platforms for pattern recognition and process optimization
[397. Real-time analytics mitigate bottlenecks, enable proactive market responses, and support predictive
capabilities essential for Lean agility [697]. This strategic data infrastructure ensures operational
responsiveness while upholding Lean manufacturing imperatives of resource efficiency and waste
elimination [70, 717].

2.2.6. Autonomous Robot

Autonomous robots constitute a pivotal element of Lean 4.0 integration within automotive
manufacturing, executing repetitive tasks (assembly, material handling, and logistics) with precision,
speed, and minimal human intervention [727. By reducing cycle times, eliminating errors, enhancing
safety, and generating real-time performance data, these systems align with Industry 4.0 smart
manufacturing while operationalizing Lean waste reduction across motion, waiting, and defects [737.
Ford's deployment of autonomous mobile robots (AMRs) for intralogistics and Toyota's inventory
tracking exemplify streamlined workflows that prevent overproduction and excess stock [747]. BMW
turther leverages advanced sensing for customized assembly, adapting seamlessly to variant
configurations (interior layouts, paint specifications) without downtime, supporting just-in-time
production and customer responsiveness [727]. This automation reallocates human resources to value-
added functions like quality control and process innovation, maximizes equipment uptime, and delivers
higher throughput, reduced costs, and consistent quality [757]. Ultimately, autonomous robots transtorm
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traditional manufacturing into agile, data-driven systems that uphold Lean principles while meeting
diverse market demands [76, 777.

2.2.7. Simulation

Simulation plays a pivotal role in Lean 4.0 within automotive manufacturing, enabling virtual
modeling of assembly lines, machinery, processes, and product development to optimize efficiency pre-
implementation [787]. Engineers simulate production flows to pinpoint bottlenecks, test workstation
layouts, and evaluate robotic integrations without real-world disruptions, aligning with Lean waste
minimization [797. Digital twins of machinery facilitate root-cause analysis of performance issues,
predictive failure modeling, and scenario testing under varying workloads or conditions, enhancing
reliability and equipment effectiveness 80, 817]. Comprehensive process simulations map material intake
through final assembly, quantifying cycle times, throughput, and resource utilization to eliminate waiting
periods and resequencing operations optimally [36, 827. In product development, virtual prototypes
assess aerodynamics, crash performance, and structural integrity, curtailing physical iterations and
material waste [83, 847]. This data-driven methodology fosters continuous improvement, reduces lead
times, and ensures resource-efficient production consistent with Lean principles.

2.2.8. Augmented Reality

Augmented reality (AR) overlays real-time digital instructions and data onto physical work
environments to enhance worker productivity and quality control [857]. AR headsets deliver step-by-step
assembly guidance, safety protocols, and performance metrics directly into operators' field of view,
accelerating training, minimizing errors, and reducing waste consistent with Lean principles [867. In
maintenance scenarios, AR provides instant access to manuals, analytics, and remote expert collaboration,
slashing machine downtime through contextual troubleshooting [877]. Production floor applications
visualize inventory levels, machine metrics, and bottlenecks for immediate decision-making, while quality
control overlays compare physical assemblies against digital blueprints for defect detection [887]. New
operators benefit from immersive 3D simulations of complex tasks, shortening learning curves without
physical prototypes [897]. Managers leverage AR glasses for real-time line assessments and remote
guidance, fostering data-driven agility and operational responsiveness [907]. By streamlining workflows,
eliminating inefficiencies, and enabling continuous improvement, AR transforms traditional
manufacturing into precise, worker-empowered systems aligned with automotive Lean objectives [91,
927].

2.8. Manufacturing Performance in the Automotive Manufacturing Industry

Manufacturing performance in the automotive industry is the key outcome of Lean 4.0
implementation, encompassing six validated dimensions: increased profits, reduced costs, faster decision-
making, enhanced flexibility, higher productivity, and more capable employees. This framework
highlights the integration of Industry 4.0 technologies with Lean principles, focusing on financial
viability, operational excellence, and human capital development for competitiveness in digital
transformation. IoT technology aids predictive maintenance to prevent costly equipment failures, while
ERP systems can achieve zero inventory through just-in-time practices. Additionally, big data analytics
can enhance customer relationship management, improving loyalty and ROI for marketing efforts [68,
93, 947. Production costs systematically decline via Jidoka automation, ensuring human intelligence
governs digital systems, autonomous robots eliminate just-in-time inventory waste, and additive
manufacturing produces lightweight components with minimal scrap, emissions, and supply chain
redundancies [95-977].

Decision-making accelerates through IoT-autonomous guided vehicle networks, providing real-time
disruption intelligence and genetic algorithm-optimized scheduling, resolving shop-floor logistics
complexities instantaneously [18, 98, 997]. Production flexibility manifests via autonomous robot
reconfiguration, avoiding layout congestion, and simulation-Kanban hybrids dynamically adapting to
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stochastic assembly demands and variable Kanban card configurations [ 72, 100]. Productivity increases
through robotics-optimized line balancing, Jidoka-Industry 4.0 fusion extending production systems, and
augmented reality augmenting lean methodologies digitally [73, 1017]. Employees improve their skills
through AR-guided training that immerses them in realistic scenarios. They use real-time data from IoT
to develop strong diagnostic skills. Collaborative digital platforms help create a culture of continuous
improvement [75, 1027].

2.4. Research Framework
Figure 1 illustrates the conceptual framework of this research, developed based on these five
hypotheses and the relationships identified in the literature review.

Hi
Human Factor
H2
Process Factor
s Automotive
> Lean 4.0 > Manufacturing
Performance
. H3
Supplier Factor
H4
Customer Factor
Figure 1.

Conceptual Framework.

3. Methodology
3.1. Data Collection

The scale items for this study are human factor, process factor, supplier factor, and customer factor,
tollowing the automotive manufacturing construct. A five-point Likert scale was used for each question
and subjected to content validity. Both academics and practitioners were included in the pre-test. This
study adopted a simple random sampling approach, collecting 93 samples out of 507 Malaysian
automotive manufacturing firms identified in the Federation of Malaysian Manufacturers (FMM)
database. The sampling approach was chosen to provide an equal chance for all members of the Malaysian
automotive manufacturing firms to be selected. Hence, with the capability of reducing representation bias,
the method applied could increase the likelihood of population representation [1037.

3.2. Structural Equation Modelling

SmartPLS software was chosen because it efficiently handles small sample sizes and complex
constructs, accommodates both reflective and formative measurement models, and provides high-accuracy
parameter estimation [1047]. The employability of a small sample size and exploratory-based study
recognized the suitability of the partial least squares structural equation model (PLS-SEM) to be
conducted rather than just using linear regression or covariance-based structural equation modeling (CB-
SEM). Additionally, PLS-SEM is justified as being robust in predicting non-distributed data input,
offering flexibility in handling complex relationship modeling [1057. This allows behavior predictions to
deviate from bias based on normality and outliers, without testing them.

Edelweiss Applied Science and Technology
ISSN: 2576-8484

Vol. 10, No. 5: 298-314, 2026

DOI: 10.55214/2576-8484.v1015.12933

© 2026 by the authors; licensee Learning Gate



305

4. Data Analysis and Results
4.1. Sample Characteristics

Respondents were mainly represented by companies with more than 200 permanent employees (62%).
Companies that have lasted longer than 5 years account for the majority (77%). The duration of lean
manufacturing implementation exceeding 5 years by companies accounts for a large portion (68%). The
majority are local companies (40%), and companies with a sales turnover of more than RM50 million have
the upper hand (47%). Senior officers, executives, and engineers mainly participated in this survey (68%).
Table 1 presents the overall demographic profile of the participating organizations.

Table 1.
Demographic profile of the organizations participating.

Demographic Category Category Details Frequency Percentage (%)

Number of Permanent Employees > 200 62 68.89
75—200 22 2444
5—=T5 8 8.89
<5 1 1.11

Years Established > 5 years 77 85.56
1-3 years 8 8.89
3—5 years 6 6.67
< 1 year 2 2.22

Duration of Lean Manufacturing > 5 years 68 75.56
1-3 years 11 12.22
3—5 years 8 8.89
< 1 year 6 6.67

Ownership Type Local 40 4444
Joint Venture 35 38.89
Foreign 18 20

Sales Turnover > RM 50 million 47 52.22
RM 15 million to RM 50 million 17 18.89
RM 300,000 to RM 15 million 21 23.33
< RM 300,000 8 8.89

Organizational Positions Senior Officer/Executive/Engineer 68 75.56
Manager/Deputy Manager 22 24.44
Director/Deputy Director 2 2.22

4.2. Measurement Model

Table 2 summarizes the convergent validity and reliability tests. Indicator reliability test passed, with
all outer loadings for each item exceeding 0.6. Furthermore, the composite reliability (>0.8) indicates
strong internal consistency among the indicators for each construct. The average variance extracted
(AVE; >0.5) is slightly above the threshold for convergent validity, as per (1047, indicating that the
proportion of variance in the indicators is explained by their construct.
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Table 2.
Summary of Convergent Validity and Reliability Test.
Construct Range of Outer CR AVE
Human Factors 0.6738 - 0.852 0.814 0.595
Process Factors 0.673 - 0.814 0.829 0.550
Supplier Factor 0.667 — 0.784 0.826 0.544
Customer Factor 0.697 —0.792 0.842 0.578
Internet Of Things 0.770 - 0.866 0.872 0.695
Cybersecurity 0.879 - 0.922 0.923 0.801
Cloud Computing 0.859 - 0.879 0.900 0.751
Additive Manufacturing 0.876 - 0.867 0.903 0.757
Big Data 0.812 - 0.910 0.905 0.761
Autonomous Robot 0.864 - 0.923 0.923 0.799
Simulation 0.864 - 0.904 0.920 0.7938

Table 3 presents the discriminant validity test using the Heterotrait-Monotrait Ratio (HTMT). An
HTMT value of 0.9 was employed in this study, as it is considered adequate. The HTMT formula assesses
the relationship between items based on their true correlation, calculated by averaging standardized item
scores [1067]. Hence, as the cross-construct correlation ratios in the matrix are smaller than 0.9, the items
are indeed distinct from each other, providing a stable measurement model. Overall, the tests for the
measurement model showed adequate results.

Table 3.
Heterotrait-Monotrait Ratio (HTMT).
AMP CF HF Lean 4.0 PF
AMP
CF 0.441
HF 0.5657 0.682
Lean 4.0 0.476 0.626 0.574
PF 0.528 0.766 0.819 0.675
SF 0.567 0.752 0.831 0.696 0.861

Note: AMP = automatic manufacturing performance, CF = customer factor, HF = human factor, PF = performance factor, SF = supplier factor.

4.8. Structural Model and Results of the Hypotheses

The measurement model was sufficient in terms of reliability and validity. The structural model was
then used to test the hypothesis relationships. Figure 2 shows the results of the structural model testing.
The coefficient of determination (R2) for the constructs was used to assess the explanatory power of their
respective latent variables. The R? value of Lean 4.0 is considered weak (0.435). The R? of automotive
manufacturing performance explained by Lean 4.0 shows a weak explanatory variance with a value of
20.4%. Additionally, only the effect size () for process factors was found to be nonexistent; the others
showed small effects considering their relationships. To create many subsamples from the original data,
the bootstrapping technique was used. Models were estimated for each subsample to calculate the
standard errors needed for hypothesis testing [104]. It was found that process factors did not have a
positive impact on Lean 4.0, as H2 was non-significant (f = 0.067, p < 0.05). Confidence intervals for each
hypothesis were presented to provide insight into the stability of the estimated coefficient, offering a range
of plausible population values for the parameter. Table 4 summarizes the hypothesis testing.
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Structural Model Testing Results.

Table 4.
Hypothesis testing.
Hypothesis | Std. Beta | Std. Error | P values T values Confidence Interval Decision
5.00% 95.00%
H1 0.257 0.131 0.025 1.954 0.053 0.492 Significant
He 0.067 0.112 0.274 0.601 -0.101 0.283 Not Significant
H3 0.238 0.103 0.010 2.32 0.064 0.41 Significant
H4 0.208 0.112 0.082 1.857 0.028 0.891 Significant
Hs 0.424 0.091 0.000 4.64:8 0.326 0.627 Significant

5. Discussions
5.1. Human Factors and Lean 4.0

It is believed that human factors positively impacted the implementation of Lean 4.0 technology in
manufacturing companies. The findings of this study align closely with earlier research, particularly
Huang et al. [147], who emphasized that digital skills, employee adaptability, and human readiness are
critical enablers of Lean 4.0 initiatives. Technology has evolved seamlessly throughout the generations.
Hence, by improving digital skills and training employees with the latest technology, the company
increases employee appreciation, yielding a positive return on investment. Leadership, as one of the human
factors, has a significant impact on motivating employees to adapt to digital transformation. Excellent
leadership values, trustworthiness, and involvement lead to a smoother Lean 4.0 implementation. Besides,
the culture of self-improvement is an important part. Top management's empowerment is great, but the
true champions are the employees themselves. Without the realization of learning and self-improvement,
the culture of moving forward could be grounded. A study by Adiawaty and Moeins [257] confirmed that
when leadership, empowerment, and an innovation culture work together, organizations are better able
to adopt digital technologies effectively and sustain Lean 4.0 practices.

5.2. Process Factors and Lean 4.0

Process factors were found to have a non-significant impact on the Lean 4.0 initiative. The findings,
however, are unexpected compared to previous studies, show a significant impact of process factors
towards Lean 4.0. A study by Qureshi et al. [1077] found the process factor to be at the top of the bar,
indicating the most impactful factors influencing manufacturing SMEs” Lean 4.0 incorporations. The
realization of the statistical results shown was made possible by an already robust framework that follows
the tight international standards ISO 9001 and IATTF 16949. Performance requirements were met by
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having stable, mature processes, with or without significant influence from digital technologies. Lean 4.0
initiatives, such as real-time inventory tracking, are still in the early stages of implementation [16].
Occasionally, the infant-level of innovation requires significant investment to even change the majority
of manufacturing processes. The perspective that if it is not broken, why change it, is believed to influence
organizations' perceptions, leading them not to even interrupt stable manufacturing production while
confirming steady income. Hence, the non-impact of process factors on Lean 4.0 implementation occurs.

5.8. Supplier Factors and Lean 4.0

The statistical results support our hypothesis that supplier factors influenced Lean 4.0 efforts. Such
collaborative relationships lead to better process flow, improved inventory management, and greater
agility in meeting changing customer demands [[1087. Supplier involvement is critical, as it ensures Lean
principles are integrated throughout the supply chain, fostering efficiency, cost-effectiveness, and
sustainability. Technologies like RFID, IoT sensors, and GPS enable real-time tracking, providing
visibility and traceability throughout the supply chain [1097]. By integrating these technologies,
automotive manufacturers can achieve better supplier performance, reduced lead times, and significant
cost savings. A study by Sarangi and Ghosh [1107] found that Industry 4.0 influenced the performance of
the medical device industry, with supplier quality as a mediating factor. Although in the context of
automotive manufacturing, the same concept could be applied through the rating process to select, if not
the best, suppliers based on several criteria. Hence, supplier selection is crucial in reducing lead time while
maintaining high-quality deliverables.

5.4. Customer Factors and Lean 4.0

Findings indicate that customer factors indeed influence the Lean 4.0 initiatives. Big data analytics,
[oT, artificial intelligence, and cloud computing enable data-driven, intelligent decision-making across
sectors such as demand forecasting, pricing optimization, product design, and development, thereby
raising operational efficiency, which could then lead to better client satisfaction [1117. Sustainable
customer demand is crucial in manufacturing businesses, especially in the automotive industry. Trust and
loyalty from customers in reliability and quality in meeting demands can be cultivated when Lean 4.0
practices are implemented. Digital technology enables transparency in the manufacturing process,
thereby enhancing customer awareness of how their goods are made [1127]. The adaptability and
responsiveness of Lean 4.0 systems enable manufacturers to quickly meet changing customer
expectations, further strengthening relationships.

5.5. Lean 4.0 and Automotive Manufacturing Performance

Lean 4.0 was found to have a positive impact on automotive manufacturing performance. A study by
Maware and Parsley (1137 found that Industry 4.0, through the mediating effect of lean manufacturing,
influenced sustainable performance. Based on the Indian automotive industry, Koteswarapavan and
Pattanaik [1117] found a positive influence of Industry 4.0 on organizational performance, with lean
manufacturing as a mediator. Additionally, Industry 4.0 alone cannot influence sustainable performance.
The combination of lean manufacturing and Industry 4.0 enables manufacturers to optimize operations,
reduce waste, and streamline production processes, thereby increasing efficiency and cost-effectiveness.
These advancements also allow manufacturers to respond dynamically to market challenges, maintain
competitiveness, and achieve overall business success.

6. Conclusions and Implications

The objective of this study is to identify key factors of Lean 4.0 towards automotive manufacturing
industry performance. The factors will then be examined to determine whether they supported or
hindered the automotive manufacturing industry in Malaysia in implementing Lean 4.0 in its business
operations. This study adopted four factors: human, process, supplier, and customer. All four factors were
hypothesized to have a positive effect on Lean 4.0 implementation in automotive manufacturing
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performance, based on a detailed literature review. Data collection was then performed, followed by data
analysis through structural equation modeling. The findings then showed that three of the factors, human,
supplier, and customer, did have an impact on Lean 4.0 implementation, thus influencing the performance
of automotive manufacturing. However, the positive hypothesis regarding the process factor and Lean 4.0
was not significant.

Several theoretical and practical implications were observed. From a theoretical perspective, this
study fills the methodological gap, where the quantitative design method was applied in this study. The
lack of quantitative studies related to the Lean 4.0 research framework was identified, with most studies
on strategies for Lean 4.0 implementation being qualitative and exploratory. Additionally, as shown
throughout the literature review, there was a clear division between Industry 4.0 and Lean manufacturing.
Therefore, this study contributes to the body of knowledge of Lean 4.0 as a unified operational strategy.
The third contribution includes soft factors such as human, supplier, and customer factors within the Lean
4.0 framework, rather than focusing solely on technical tools and technological enablers.

As we examine practical perspectives, this study confirmed the need to incorporate human, supplier,
and customer focus factors into Lean 4.0 efforts. This implies that a strategic focus on fostering a digitally
skilled workforce, enhancing supplier collaboration, and prioritizing customer-centric practices could be
leveraged to achieve higher performance across the automotive manufacturing industry, whether in
inputs, processes, or outputs. Training programs, robust supplier partnerships, and data-driven customer
engagement should be prioritized to fully leverage the potential of Lean 4.0 to improve manufacturing
performance. Besides, this study provided policymakers with multiple insights into determining suitable
initiatives to support conglomerates or even MSMEs, leading to targeted investments in digital
infrastructure and standardized processes. As Malaysian GDP contributions are mostly from MSMEs,
the factors identified in this study could aid in transferring knowledge and supporting the fragmented
supply chain before Lean 4.0 implementation, thus unlocking higher manufacturing performance. Not
only that, but stakeholders in general could be affected by the factors identified in this study. Given the
market's dynamic nature, this study could boost innovation and continuous improvement across all
stakeholders.

7. Limitations and Future Research

There are limitations to the quantitative side of the study. Hence, it is suggested to include a mixed-
method approach, incorporating qualitative interviews or focus group discussions, which could enrich the
findings by offering a deeper understanding of the factors influencing Lean 4.0 adoption and its impact
on manufacturing performance. The sample size was relatively small, though considerable and adequate
for this study; however, confidence in generalizability was believed to be limited. Future researchers could
expand their focus to a more diverse demographic to capture a broader range of perspectives, particularly
across different organizational roles and levels of experience.

Besides, the database collected in this study included only FMM-registered automotive
manufacturing companies, rather than SMEs and non-registered manufacturing companies. Although it
helps ensure reliable data from an established organization, the lack of representation of the Malaysian
automotive manufacturing industry is believed to introduce bias. Lastly, internal factors identified for this
study included scope limitations. Future researchers could incorporate external factors, such as
government policies and economic conditions, to examine their moderating effects.

This study used a cross-sectional design, which means it takes a “snapshot” of a particular point in
time. Although it fulfills this study's purpose by representing the population over a given period, it lacks
representation across multiple time frames. The temporal bias could be due to the period during which
the research was conducted. Hence, future research could adopt a longitudinal design, spanning multiple
periods within the same conceptual model.
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