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Abstract: The convergence of Industry 4.0 technologies and Corporate Social Responsibility (CSR)
initiatives offers a groundbreaking opportunity to revolutionize safety culture within the
manufacturing sector. This study investigates how managerial competence can harness tools such as
the Internet of Things (IoT), Artificial Intelligence (AI), and big data analytics in tandem with CSR
principles to cultivate a sustainable and robust safety culture. Utilizing a mixed-methods research
design, the study draws on secondary data from case studies of prominent manufacturing firms,
surveys of safety managers, and an extensive literature review spanning from 2010. The analysis,
conducted through thematic and statistical techniques, reveals that the strategic integration of these
domains markedly improves safety outcomes, boosts employee engagement, and enhances
operational efficiency. Central to this success are practices such as real-time monitoring, predictive
maintenance, and CSR-aligned training programs. The study concludes that managerial competence
is pivotal in aligning Industry 4.0 innovations with CSR strategies, delivering not only enhanced
workplace safety but also long-term sustainability and competitive advantages for manufacturing
enterprises.

Keywords: Industry 4.0; CSR; safety culture; sustainable manufacturing; managerial competence;
predictive maintenance; IoT; Al; big data analytics

1. Introduction

The manufacturing sector is undergoing a significant transformation, driven by the emergence
of Industry 4.0—a revolutionary paradigm that integrates cyber-physical systems, the Internet of
Things (IoT), Artificial Intelligence (Al), and big data analytics into industrial production [1]. Since
its inception in the early 2010s, Industry 4.0 has fundamentally reshaped manufacturing by
facilitating real-time data acquisition, predictive maintenance, and advanced automation, thereby
enhancing operational efficiency and adaptability. Concurrently, Corporate Social Responsibility
(CSR) has become a fundamental component of corporate strategy, underscoring the importance of
ethical business practices, environmental sustainability, and the well-being of employees and broader
communities [2]. This study also responds to the urgent need for sustainable safety management in
manufacturing, as highlighted by the UN’s 2030 Agenda [3]. By aligning Industry 4.0 and CSR, we
propose a model that advances both worker well-being and ecological sustainability, addressing gaps
in policy and practice. Within this evolving industrial landscape, the concept of safety culture
assumes a pivotal role in sustainable manufacturing, encompassing the collective values, beliefs, and
behaviours that prioritize occupational safety [4]. A well-established safety culture not only
minimizes workplace accidents but also fosters employee confidence, enhances morale, and aligns
with both technological progress and ethical obligations.

The intersection of Industry 4.0 and CSR presents a compelling opportunity to strengthen safety
culture within manufacturing enterprises. However, despite the extensive accumulation of data since
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2010, this interrelationship remains insufficiently explored [5]. As manufacturers confront escalating
pressures to integrate cutting-edge technologies with social responsibility —driven by regulatory
requirements, stakeholder expectations, and market competition—this research gap becomes
increasingly pertinent [6]. The present study seeks to address this issue by analysing secondary data
spanning the period from 2010, including industry reports, academic publications, and safety audits,
to investigate how managerial expertise can effectively bridge these domains. By synthesizing
contemporary trends and empirical insights, this research endeavours to develop a comprehensive
framework that not only strengthens safety culture but also provides actionable strategies for
industry leaders navigating this dual transformation. The study's findings are expected to offer
valuable guidance for fostering safer and more sustainable manufacturing environments in an era
characterized by rapid technological and ethical advancements.

2. Literature Review
2.1. Industry 4.0 and Its Impact on Manufacturing

Industry 4.0, conceptualized by Kagermann et al. (2013), marks the advent of the fourth
industrial revolution, characterized by the convergence of digital, physical, and biological systems
[7]. Since its emergence, technologies such as the Internet of Things (IoT) and Artificial Intelligence
(AD) have facilitated real-time monitoring of manufacturing processes and enabled predictive
analytics for equipment maintenance, leading to substantial reductions in operational costs and
downtime [8]. Recent findings from McKinsey’s 2023 report on digital manufacturing indicate a
projected 35% increase in efficiency among firms adopting these tools by 2025, underscoring their
transformative impact [9]. However, the transition to Industry 4.0 is not without challenges,
particularly regarding the necessity for workforce reskilling and the potential displacement of jobs
due to automation, as highlighted in Xu et al. (2018)’s analysis of global industrial trends from 2010
to 2020 [10].

The rapid evolution of Industry 4.0 has been further propelled by the integration of 5G-enabled
IoT and generative Al, as reported in Deloitte’s 2024 Manufacturing Outlook [11]. Insights derived
from industry journals spanning 2021 to 2025 reveal that these technological advancements enable
unprecedented precision in both production and safety management [12]. For instance, 5G
connectivity significantly enhances IoT functionality by enabling high-speed data transmission,
which supports real-time hazard detection, while generative Al facilitates the optimization of safety
protocols [13]. Despite these advancements, significant barriers persist, including the substantial
costs associated with implementation and the complexity of integrating emerging technologies into
existing legacy systems [14]. As a result, Industry 4.0 presents both opportunities and challenges,
necessitating strategic oversight to ensure its successful integration while maximizing its benefits for
workplace safety and industrial sustainability [15].

2.2. Corporate Social Responsibility (CSR) in Manufacturing

Since 2010, Corporate Social Responsibility (CSR) has evolved from a peripheral concern to a
core strategic priority within the manufacturing sector, driven by a growing recognition of its
significance in fostering ethical and sustainable business practices [16]. CSR initiatives now extend
beyond environmental sustainability to encompass fair labour practices and workplace safety, as
reflected in the CSR disclosures of leading manufacturing firms such as Siemens and Toyota [17].
According to the 2022 KPMG Survey of Sustainability Reporting, 78% of manufacturing firms now
embed safety metrics within their corporate social responsibility strategies, highlighting a decade-
long trend of merging social accountability with operational effectiveness. [18].

This transformation has been further reinforced by evolving regulatory mandates and societal
expectations. The European Union’s 2023 CSR Directive, for example, requires comprehensive
reporting on both safety and sustainability initiatives, signalling the increasing institutionalization of
CSR within corporate governance structures (European Commission, 2023)[19]. Industry reports
spanning from 2020 emphasize the role of CSR in strengthening corporate resilience and enhancing
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stakeholder trust, particularly in safety-critical industries [20]. Empirical evidence suggests that firms
implementing CSR-driven safety programs have experienced higher employee retention rates and
improved public perception, demonstrating the symbiotic relationship between CSR and workplace
safety [21]. Consequently, CSR emerges not only as a compliance-driven obligation but as a strategic
enabler that complements Industry 4.0 technologies in cultivating a holistic and sustainable safety
culture within the manufacturing sector [22].

2.3. Safety Culture in Manufacturing

Safety culture, as conceptualized by Zohar (2010), encompasses the collective attitudes, values,
and practices that prioritize workplace safety —a subject of increasing scholarly and industrial focus
since the early 2010s [23]. Analysis of secondary data from the European Agency for Safety and
Health at Work (EU-OSHA) in 2024 reveals that organizations cultivating a strong safety culture
report 40% fewer workplace incidents compared to their peers, a pattern that has held steady since
2015 [24,25]. This correlation highlights the critical role of continuous investment in employee
training, technological advancements, and leadership engagement in upholding high safety
standards within manufacturing environments [26].

Recent technological innovations have further reinforced safety culture, particularly through the
implementation of wearable safety devices and Al-driven risk assessments [27]. These advancements
align with the Natural-Resource-Based View [28], positioning safety culture as a driver of long-term
competitive advantage. For policymakers, this implies that investments in safety technologies should
be coupled with CSR audits to ensure equitable benefits for workers and communities [29]. The firms
that have widely adopted advanced safety technologies have significantly enhanced workplace safety
outcomes, driven by real-time hazard detection and innovative safety management practices [30].
However, while technology serves as a powerful enabler of workplace safety, the establishment of a
sustainable safety culture necessitates a human-centric approach [31]. Effective implementation
requires strong organizational commitment, employee engagement, and alignment with Corporate
Social Responsibility (CSR) initiatives to ensure long-term adoption and effectiveness [32]. This
integration of technology with ethical and social considerations ultimately fosters a more resilient
and proactive safety culture within the manufacturing sector [33].

2.4. The Role of Managerial Competence

Managerial competence—encompassing strategic vision, technical expertise, and stakeholder
engagement—plays a pivotal role in the integration of Industry 4.0 technologies and Corporate Social
Responsibility (CSR) initiatives Recent studies have highlighted the significant impact of digital
transformation on workplace safety [34]. For instance, research indicates that enterprise digital
transformation positively influences safety production performance [35]. Similarly, a systematic
literature review has shown that the integration of digital technologies, such as wearable devices and
sensors, enhances occupational health in manufacturing industries [36]. These findings underscore
the critical role of digital transformation in enhancing workplace safety and health.

Nevertheless, the implementation of these technologies also brings challenges, particularly
cybersecurity threats that could jeopardize safety systems, emphasizing the importance of strong
security measures alongside technological innovations [37].

Such competence ensures that technological advancements are aligned with ethical and social
priorities, a principle reinforced by Freeman et al. (2010) in their updates to stakeholder theory [38].

The managerial training programs led to improvement in safety culture outcomes within
technology-driven firms. These programs, supported by global survey data, equip managers with the
necessary skills to address the complexities of Industry while advancing CSR-oriented safety
initiatives [39]. This dual capability is indispensable for transforming the potential of emerging
technologies into measurable safety enhancements, positioning managerial competence as the
cornerstone of this integrative approach.
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3.2. Figures, Role of Managerial Competence in Integrating Industry 4.0 with CSR
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The figure illustrates the pivotal role of managerial competence in harmonizing Industry 4.0

technologies with Corporate Social Responsibility (CSR) initiatives to strengthen safety culture
within the manufacturing sector. At the core of this framework lies managerial competence,
encompassing strategic vision, technical proficiency, and stakeholder engagement [40]. These
capabilities enable managers to effectively bridge the gap between technological advancements and
ethical imperatives, ensuring that innovations within Industry 4.0 align with CSR principles.

Managers with expertise in digital transformation play a crucial role in facilitating the
integration of safety-enhancing technologies, including the Internet of Things (IoT), Artificial
Intelligence (Al), and big data analytics, thereby improving workplace safety and operational
efficiency [41]. Concurrently, CSR-driven safety initiatives, reinforced through targeted managerial
training programs, cultivate a corporate culture centered on accountability and employee well-being
[42]. Drawing upon stakeholder theory, as articulated by Freeman, Harrison, and Wicks (2010), this
alignment of technological progress with ethical and social priorities ensures that advancements yield
tangible benefits for all stakeholders [43].

Ultimately, this dual competence framework enables the transformation of emerging
technologies into measurable safety outcomes, such as reduced workplace incidents, enhanced
operational efficiency, and long-term organizational sustainability. The integrative approach
presented in the flowchart underscores managerial competence as the foundation for achieving
excellence in both technological innovation and ethical governance within the manufacturing
industry.

3. Methods
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3.1. Research Design

This study employs a mixed-methods approach, utilizing exclusively secondary data from 2010
onward. While this study leverages robust secondary data, future work should include primary
surveys across developing economies to assess global scalability. Additionally, the rapid evolution
of Al ethics necessitates ongoing updates to CSR alignment strategies [44]. It integrates case studies
of five leading manufacturing firms (e.g., Siemens, General Electric) drawn from industry reports
[45], survey data from 150 safety managers compiled in previous studies [46], and a systematic
literature review of peer-reviewed articles and reports [47]. This triangulated design harnesses recent
data to provide a comprehensive analysis of the research problem.

3.2. Data Collection and Analysis

Qualitative data obtained from case studies and literature were analysed using thematic analysis
to identify recurring patterns, including technology adoption, corporate social responsibility (CSR)
implementation, and shifts in safety culture [48]. Quantitative survey data, supplemented with 2024
safety metrics from OSHA and GRI, were processed using SPSS to examine statistical correlations
and emerging trends [49]. This integrated methodological approach ensures a rigorous synthesis of
contemporary evidence, anchoring the study in both narrative depth and empirical precision [50].

3. Results

This section provides a clear and succinct account of the experimental results derived from
secondary data spanning from 2010 to the present, along with their interpretation and the conclusions
that can be drawn. The findings are based on a mixed-methods analysis incorporating case studies,
surveys, and a systematic literature review, with a particular focus on the integration of Industry 4.0
technologies and Corporate Social Responsibility (CSR) initiatives to strengthen safety culture in
manufacturing. The results underscore the critical role of managerial competence in driving
significant improvements in safety outcomes, employee engagement, and operational efficiency,
supported by a comprehensive dataset accumulated over the past 15 years.

3.1. Impact of Industry 4.0 and CSR Integration

The integration of Industry 4.0 technologies with Corporate Social Responsibility (CSR)
initiatives has played a pivotal role in strengthening safety culture, as evidenced by secondary data
collected since 2010 [51]. Industry reports, academic research, and safety audits provide a robust
foundation for understanding how these advancements contribute to measurable safety
improvements[52]. Technologies such as the Internet of Things (IoT) and artificial intelligence (AI)
facilitate real-time monitoring and predictive maintenance, thereby mitigating workplace hazards,
while CSR-driven training programs enhance employee awareness and engagement [53]. These
findings are consistently supported by multiple sources, including case studies of leading
manufacturing firms and surveys of safety managers conducted since 2010.

Furthermore, quantitative data from recent safety audits and CSR reports highlight the extent of
these improvements [54]. Firms that have implemented this integrated approach since 2015 have
reported significant advancements in key performance metrics, underscoring the synergistic
potential of technology and corporate responsibility [55,56]. The interpretation of these findings
suggests that strategically aligning Industry 4.0 innovations with CSR initiatives [57,58], under
effective managerial leadership [59], is essential for cultivating a sustainable safety culture [60], with
benefits progressively accumulating over the past decade [61,62].

3.1.1. Technological Contributions

Industry 4.0 technologies have played a crucial role in enhancing safety culture, as evidenced by
secondary data spanning from 2010 to the present [63,64]. The following key technological
advancements illustrate their impact:
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Real-Time Monitoring: The adoption of IoT sensors since 2014 has enabled continuous
monitoring of equipment and environmental conditions. Deloitte’s 2024 Manufacturing Outlook
attributes a 28% reduction in workplace hazards in surveyed firms since 2020 to IoT-driven
monitoring capabilities [65].

Predictive Maintenance: Al-driven predictive maintenance, advancing since 2010, has
significantly improved equipment failure forecasting [66]. current implementations demonstrate
even greater reliability and accuracy in risk prevention [67].

Automation Efficiency: Automation, supported by big data analytics, has minimized human
exposure to hazardous tasks. McKinsey’s 2023 Report highlights a 20% efficiency increase in
automated firms, with a corresponding reduction in manual errors and workplace risks since 2015
[68].

These technological advancements, consistently tracked through industry reports and academic
research since 2010 [69], indicate a clear trend: the integration of Industry 4.0 tools has progressively
reinforced safety protocols, establishing a robust foundation for proactive risk management in
manufacturing environments [70].

3.1. Role of Managerial Competence as the Cornerstone of Integration

Managerial competence serves as the cornerstone in successfully integrating Industry 4.0
technologies with Corporate Social Responsibility (CSR), as evidenced by secondary data spanning
from 2010 to the present [71,72]. Case studies from leading firms such as Siemens (2023)[73] and
surveys conducted by the International Labour Organization (ILO) highlight that manager
possessing strategic vision [74], technical expertise, and stakeholder engagement skills are pivotal to
the effective implementation of this dual approach. The analysis of these findings underscores that
without capable leadership, the transformative potential of technology and CSR in strengthening
safety culture remains largely untapped, reinforcing the critical human element in this process [75].

The following key competencies have been identified as essential:

1. Strategic Vision: Effective managers align safety initiatives with broader organizational
objectives. Siemens' 2023 Sustainability Report links safety improvements to a 15% increase in
employee satisfaction since 2020, demonstrating the impact of a well-integrated strategy[76].

2. Technical Proficiency: A deep understanding of Industry 4.0 tools, fostered through training
programs since 2015, enables managers to optimize IoT and Al implementation. Research by
Bharadwaj et al. (2013), later updated by Harvard Business Review (2023), indicates a 25%
higher adoption rate of safety technologies under skilled managerial leadership [77].

3. Stakeholder Engagement: Active collaboration with employees and regulatory bodies
enhances safety program participation. ILO’s 2024 Surveys reveal a 15% increase in workforce
involvement in safety initiatives since 2021, reflecting the role of effective engagement in
fostering a collective commitment to workplace safety [78].

These competencies, refined over the past decade, translate technological and ethical
investments into tangible safety improvements, underscoring the indispensable role of management
in driving a sustainable and resilient safety culture [79].

3.3. Measurable Outcomes

The integration of Industry 4.0 technologies and Corporate Social Responsibility (CSR),
facilitated by managerial competence, leads to measurable advancements in safety culture, as
illustrated in Table 1. Secondary data from OSHA (2024) and GRI (2022) offer a comprehensive
overview of these developments, capturing trends since 2010 and highlighting significant progress
in recent years.

Table 1. Impact of Industry 4.0 and CSR Integration on Safety Culture.

Key Metric Improvement Industry Focus Technology involved
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Work injury rate 32% reduction Manufacturing IoT sensors + Al monitoring
Safety compliance ~ 38% increase Cross-industry ~ Wearable tech + blockchain
Equipment downtime 30%-50% reduction ~ Automotive Predictive maintenance Al
Empl fet
mp oyee satety Up to 80% Energy Sector VR training modules

training completion

. 15% faster for basic . .. .
Safety audit work orders Electronic Digital twin technology

1[80-84].

The integration of Industry 4.0 technologies with Corporate Social Responsibility (CSR)
initiatives has led to substantial improvements in workplace safety across various industries, as
evidenced by recent performance metrics. According to Deloitte In manufacturing, the adoption of
IoT sensors paired with Al-driven monitoring systems has resulted in a 32% reduction in workplace
injury rates by enabling real-time hazard detection and predictive risk assessments. Additionally,
wearable technologies enhanced with blockchain verification have increased safety compliance by
38%, facilitated by tamper-proof record-keeping and immediate enforcement of protocols. The
automotive industry, in particular, PwC has seen a 30-50% reduction in equipment downtime
through predictive maintenance Al, simultaneously reducing safety incidents stemming from
mechanical failures. In the energy sector, the use of immersive VR training modules has transformed
safety education, with some organizations for instance ConocoPhillips company’s reporting an 80%
increase in training completion rates and corresponding improvements in workforce safety
competency. According to McKinsey electronics manufacturers utilizing digital twin technology
have enhanced safety audits, achieving 15% faster processing times for basic work orders through
virtual inspections. These technological innovations, when integrated within a CSR framework that
emphasizes worker well-being and ethical deployment, create a synergistic effect that enhances both
safety outcomes and operational efficiency. The data suggests that organizations adopting this
integrated approach not only mitigate workplace risks more effectively but also gain competitive
advantages through improved productivity and employee engagement. Future advancements in
biometric wearables, predictive analytics, and adaptive VR training systems are expected to further
amplify these benefits, potentially setting new benchmarks for industrial safety performance. This
evolving paradigm highlights the critical need for strategic investments in both technological
infrastructure and human-centered management practices to achieve long-term improvements in
safety.

4. Discussion

The findings, based on data managerial competence serves as the key driver in integrating
Industry 4.0 technologies and Corporate Social Responsibility (CSR) initiatives to enhance safety
culture. Real-time monitoring and predictive maintenance proactively reduce risks, while CSR-
driven training programs cultivate a safety-first mindset among employees, aligning with Hart’s
(2011) sustainability framework [85].

This synergy is visually represented in Figure 1, which illustrates how Industry 4.0 technologies
and CSR initiatives intersect through effective managerial leadership to reinforce safety culture. The
framework’s emphasis on sustainability mirrors the Natural-Resource-Based View [86], positioning
safety culture as a driver of long-term competitive advantage. For policymakers, this implies that
investments in safety technologies should be coupled with CSR audits to ensure equitable benefits
for workers and communities [87].
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Figure 1. Framework for Integrating Industry 4.0 and CSR in Safety Culture Management.

Figure 1. Theoretically, this study bridges the gap between Industry 4.0 and CSR scholarship,
introducing a novel safety culture model that builds upon existing literature [88]. From a practical
perspective, the findings emphasize the importance of:

¢ Investing in advanced technologies to enhance workplace safety.
e Aligning CSR initiatives with safety objectives to foster a culture of proactive risk management.
e Strengthening managerial competencies through targeted training programs.

This strategic approach is reinforced by European Agency for Safety and Health at Work (EU-
OSHA) that digitalised organisations are increasingly subject to forms of automatic direction,
evaluation and discipline. Interestingly, the gap of specific indicators varies from a minimum
distance of 45 percentage points European Agency for Safety and Health at Work Digital technologies
for worker management [89] 2. This outlines the key steps for successfully integrating Industry 4.0
and CSR to optimize safety culture.

Figure 2. The flowchart visually demonstrates the critical pathway through which managerial
competence bridges Industry 4.0 technologies and CSR initiatives to achieve enhanced safety culture.
The process begins with technology adoption (IoT, AlI), which provides the foundational
infrastructure for data-driven safety management. This technological integration is then guided and
optimized through managerial competence development, where leaders acquire the strategic vision
and technical skills necessary to align digital tools with organizational safety goals [90].
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Figure 2. Expanded Flowchart of Managerial Competence in Safety Culture Enhancement.

The subsequent phase of CSR implementation (training) reflects the human-centric dimension,
where ethical frameworks and worker well-being are prioritized through targeted programs. This
aligns with Hart's (2011) natural-resource-based view, emphasizing that sustainable safety outcomes
require both technological and social investments [91], []. The real-time monitoring and stakeholder
engagement components illustrate the operational and collaborative mechanisms that translate these
investments into daily practice, fostering proactive risk identification and collective ownership of
safety protocols [92].

The final output—enhanced safety culture—validates the model's efficacy, as industries strive
to harmonize their activities with economic and ecological objectives, integrating sustainability with
safety becomes crucial [93]. In manufacturing, sustainability involves adopting practices that meet
current operational needs while minimizing environmental harm and ensuring enduring social,
economic, and ecological benefits [94]. The flowchart thus serves as both a conceptual framework and
a practical roadmap for manufacturers seeking to harmonize technological innovation with CSR
principles.

5. Conclusions

This study underscores the transformative impact of integrating Industry 4.0 technologies with
Corporate Social Responsibility (CSR) initiatives, facilitated by managerial competence, in fostering
a robust safety culture within manufacturing enterprises. A comprehensive analysis of secondary
data indicates that the deployment of IoT-enabled real-time monitoring, Al-driven predictive
maintenance, and CSR-aligned safety training programs collectively contribute to a 30-50% reduction
in workplace hazards while simultaneously enhancing operational efficiency [95], [96]. These
strategic investments not only mitigate occupational risks but also enhance employee engagement,
as evidenced by an 80% increase in training completion rates in organizations leveraging immersive
VR-based learning modules [97]. Furthermore, the alignment of these technological and ethical
initiatives with the United Nations Sustainable Development Goals (SDGs), particularly SDG 8
(Decent Work and Economic Growth) and SDG 9 (Industry, Innovation, and Infrastructure) [98],
establishes a viable framework for socially responsible digital transformation.

Managerial competence emerges as a crucial factor in the successful integration of these
innovations. Case studies from Siemens (2023) and Toyota (2022) demonstrate that leaders who
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possess strategic foresight, technical expertise, and stakeholder engagement skills facilitate a 25%
faster adoption of safety-enhancing technologies while maintaining ethical governance [99], [100].
This human-centered leadership approach bridges the gap between technological potential and
practical implementation, ensuring that advancements such as generative Al and blockchain-based
compliance reporting yield tangible safety benefits [101]. For policymakers, these findings highlight
the necessity of regulatory measures that promote the convergence of Industry 4.0 and CSR, such as
tax incentives for predictive maintenance systems [102] and standardized sustainability reporting
frameworks [103].

Future research should address three key areas: First, the ethical considerations associated with
Al-driven safety management, particularly in terms of data privacy and algorithmic biases,
necessitate the development of comprehensive governance models [104]. Second, cross-sectoral
analyses, comparing industries such as automotive and energy, may provide insights into industry-
specific barriers to integrating safety culture with digital transformation [105]. Lastly, the
cybersecurity vulnerabilities inherent in IoT-dependent safety mechanisms require proactive risk
mitigation strategies to safeguard against potential disruptions [106]. Addressing these challenges
will enable scholars and practitioners to refine the conceptual and operational dimensions of
sustainable safety culture within the context of Industry 4.0 [107], [108].

For manufacturing enterprises, these findings present a strategic roadmap: prioritizing
managerial upskilling to facilitate the seamless integration of technological and ethical imperatives
[109], ensuring that safety innovations align with broader CSR objectives [110], and engaging in
policy dialogues to shape equitable regulatory environments. The convergence of technological
innovation and corporate responsibility, underpinned by effective leadership, not only enhances
workplace safety but also strengthens long-term resilience and competitive positioning in an
increasingly sustainability-oriented global economy [111].

Abbreviations
The following abbreviations are used in this manuscript:
Al Artificial Intelligence
CSR Corporate Social Responsibility
EU-OSHA European Agency for Safety and Health at Work
GRI Global Reporting Initiative
ILO International Labor Organization
IoT Internet of Things
OSHA Occupational Safety and Health Administration
SDGs Sustainable Development Goals
VR Virtual Reality
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