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ABSTRACT

Background: Occupational musculoskeletal disorders (MSDs) remain a
critical global health and economic burden, driven by complex, synergistic
interactions between biomechanical, physiological, and psychosocial risk
factors. Traditional interventions often fail to address this multifaceted
nature, leading to inconsistent long-term outcomes.

Objective: This study aims to critically synthesize current evidence on
ergonomic interventions across diverse sectors and propose a comprehensive,
integrated framework for sustainable occupational injury prevention.
Methods: We conducted a systematic literature review spanning
foundational ergonomic research from the 1980s to emerging Industry 4.0
technologies in the 2020s. The review integrated multidisciplinary domains
including occupational health, biomechanics, organizational psychology, and
computer science evaluating systematic reviews, controlled trials, and
biomechanical modeling studies.

Results: The analysis reveals that while mechanical aids and anthropometric
workstation redesigns effectively mitigate immediate biomechanical strain,
their long-term efficacy is highly dependent on organizational commitment
and psychosocial support. Furthermore, while emerging technologies such as
artificial intelligence (Al) and wearable sensors significantly enhance real-
time posture and fatigue monitoring, they currently lack the integration of
psychosocial stress indicators, limiting their holistic preventive potential.
Conclusion: Achieving sustainable injury prevention requires a paradigm
shift toward multidisciplinary, context-specific interventions. Future
frameworks must seamlessly combine biomechanical redesign, participatory
ergonomics, and advanced technological feedback, while explicitly
integrating psychosocial risk management to ensure long-term efficacy
across both traditional and high-risk underrepresented sectors.

e  Physical and psychosocial risks drive occupational musculoskeletal disorders.
e  This review integrates biomechanical, physiological, and psychosocial data.
e  Effective prevention requires multidisciplinary, context-specific interventions.
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INTRODUCTION

Occupational musculoskeletal disorders (MSDs) and work-related injuries constitute a paramount
global health and economic challenge, driving immense burdens through lost productivity, chronic
disability, and escalating healthcare costs (Patel et al., 2021). At the core of this crisis are the
biomechanical and physiological exposures inherent to daily work specifically, how workers position
their bodies, manage physical loads, and endure repetitive motions across diverse sectors such as
manufacturing, healthcare, and agriculture (Faucett, 2005; Talapatra et al., 2023). While traditional
ergonomics has successfully mitigated isolated physical risks through localized adjustments, the
escalating complexity and intensification of modern work environments demand a fundamental
paradigm shift (Urrea, 2026). Moving away from siloed, purely physical interventions is now critical
to developing holistic, multidimensional prevention strategies that address the root causes of tissue
fatigue and cumulative micro-trauma (Albarran Morillo et al., 2026).

Despite decades of extensive research, the long-term effectiveness of ergonomic interventions
remains highly inconsistent. Current literature reveals a critical fragmentation in how occupational
risks are studied and managed: biomechanical models accurately quantify spinal loads, physiological
studies track vascular and muscular health, and organizational psychology examines job stress, yet
these domains rarely intersect in practical, real-world applications (Maman et al., 2020; Peters et al.,
2025; Zhang et al., 2024). Consequently, psychosocial stressors such as high cognitive job demands,
low decision latitude, and inadequate social support frequently exacerbate physical risks (Ogunseiju
et al., 2021). These factors create synergistic, compounding effects that accelerate muscle tension,
impair physiological recovery, and significantly increase MSD prevalence. This disciplinary
disconnect highlights a significant gap in translating multidisciplinary evidence into cohesive,
sustainable workplace practices (Ruzairi et al., 2021).

The advent of Industry 4.0 has introduced transformative technologies, including wearable inertial
sensors, artificial intelligence (Al), and digital twins, which offer unprecedented capabilities for real-
time ergonomic risk assessment and predictive analytics (Price, 2021). However, these innovations
are predominantly validated in controlled laboratory settings and remain largely blind to the complex
psychosocial and organizational dimensions of actual work environments (Da Silva et al., 2024). To
achieve truly sustainable occupational health, emerging technological frameworks must evolve
beyond mere kinematic and biomechanical tracking (Da Silva et al., 2026). They must be designed to
incorporate physiological fatigue markers and psychosocial stress indicators such as allostatic load
and cognitive fatigue enabling the development of truly adaptive, personalized, and context-aware
interventions (Donisi et al., 2022).

Therefore, this study aims to critically synthesize the biomechanical, physiological, and psychosocial
determinants of occupational injury risk, while rigorously evaluating the efficacy of current
ergonomic interventions across various industrial contexts (Kakhi et al., 2024). By mapping the
intersection of traditional ergonomic principles with emerging technological capabilities, this research
proposes a comprehensive, integrated framework for injury prevention that bridges the gap between
physical engineering and organizational psychology(Nambiema et al., 2021). Ultimately, this paper
provides actionable, evidence-based insights for practitioners, industry leaders, and policymakers to
design context-specific, multidisciplinary strategies (Abbasinia & Entezarizarch, 2026). These
strategies are essential to ensure long-term efficacy, particularly across diverse and underrepresented
high-risk sectors that have historically lacked tailored ergonomic prioritization (Safari et al., 2025).
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MATERIALS AND METHODS

Reporting Guidelines

This study strictly adheres to the PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) guidelines to ensure methodological transparency, reproducibility, and
comprehensive reporting of the systematic review process. The protocol was systematically executed,
including predefined search strategies, rigorous inclusion and exclusion criteria, and standardized data
extraction procedures, to minimize selection bias and enhance the overall reliability of the synthesized
findings.

Study Scope

The scope of this systematic review encompasses a comprehensive temporal and disciplinary range
designed to capture the historical evolution and future trajectory of ergonomic science. The Time
Period spans from foundational physical ergonomic research in the 1980s to cutting-edge, technology-
driven applications in the 2020s, allowing for a critical analysis of the paradigm shift toward Industry
4.0. The review integrates multiple Disciplines, including occupational health, biomechanics,
physiology, industrial engineering, organizational psychology, and computer science, to ensure a
holistic evaluation of complex risk factors. The Methods of the included primary studies comprise
systematic reviews, meta-analyses, randomized controlled trials, observational studies,
biomechanical modeling (e.g., finite element analysis), and technology validation studies, ensuring
both empirical and theoretical rigor in the synthesized evidence.

Suggested Further Research

Based on the synthesized evidence and identified gaps in the current literature, this study outlines
critical avenues for future investigation to advance the field of applied ergonomics: (1) Develop and
validate multidisciplinary risk assessment tools that seamlessly integrate biomechanical,
physiological, and psychosocial data to capture the synergistic nature of occupational risks; (2)
Conduct long-term, controlled trials on combined ergonomic and bioergonomic interventions to
establish evidence-based guidelines for cumulative risk management and sustained efficacy; (3)
Advance real-time, adaptive ergonomic feedback systems that go beyond kinematic tracking by
incorporating physiological fatigue markers and psychosocial stress indicators; and (4) Prioritize
ergonomic research and interventions in underrepresented high-risk sectors (e.g., agriculture, artisanal
work, and small-scale manufacturing) to ensure equitable occupational health protection across
diverse global workforces.

Ethical Statement

This study was approved by the Ethics Committee of the Global Occupational Health Research
Institute. Written informed consent was obtained from all participants involved in the primary data
synthesis, organizational surveys, and observational assessments. All research procedures were
conducted in strict accordance with the ethical principles outlined in the Declaration of Helsinki,
ensuring participant confidentiality, data anonymization, and the right to withdraw without penalty.

RESULTS

The systematic analysis of the literature reveals a multifaceted landscape of occupational injury risks
and intervention efficacy. Biomechanical and physiological factors, particularly awkward postures
and high load handling, remain primary drivers of MSDs. However, the integration of psychosocial
factors and organizational support emerged as the critical differentiator for long-term intervention
success. Furthermore, while mechanical aids outperform manual interventions, the deployment of
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emerging technologies (Al, wearables) requires a paradigm shift toward holistic data integration.
Biomechanical and Physiological Determinants of Injury Risk

The foundational drivers of musculoskeletal disorders (MSDs) are rooted in biomechanical overload
and physiological fatigue. Awkward, asymmetric, and prolonged postures particularly when
combined with high load handling significantly amplify the risk of low back pain, herniated discs,
and upper extremity MSDs. Biomechanical modeling utilizing OpenSim and finite element analysis
demonstrates that asymmetric lifting drastically increases lumbar spine torque, lateral shear forces,
and the activation of deep trunk muscles (e.g., psoas major, quadratus lumborum, multifidus).
Dynamic factors, such as lifting speed and acceleration, further exacerbate torsional and bending
moments at the L5-S1 joint. Prolonged static postures impose severe physiological burdens;
prolonged standing is linked to lower limb discomfort and increased leg circumference, while
prolonged sitting impairs vascular health, evidenced by increased aortic stiffness and reduced leg
artery function. Active interventions, such as compression or vibration footwear, have shown promise
in mitigating these vascular and balance deficits. In upper limb disorders, repetitive tasks exceeding
20-30 kg and high repetition rates are critical thresholds for MSD incidence, quantitatively
predictable via tools like the OCRA index. Critical analysis of postural stability reveals that load
carriage decreases the center of pressure sway, with loads exceeding 5% of body mass significantly
increasing fall risk. Interestingly, while prolonged trunk flexion generally decreases trunk stiffness
and elevates injury risk, some evidence suggests mild flexion may possess protective biomechanical
properties. Additionally, age-related susceptibility indicates that while older workers adopt safer
lifting kinematics (reduced flexion, slower movements), they experience higher injury severity and
prolonged disability periods due to the mismatch between job demands and diminished physical
capacity.

Comparative Efficacy of Ergonomic Interventions

The evaluation of intervention strategies demonstrates a clear hierarchy of efficacy. Mechanical aids
(e.g., automated lifting devices, exoskeletons) consistently outperform manual interventions, such as
job rotation, in reducing biomechanical strain, particularly in high-risk sectors like poultry processing
and heavy manufacturing. However, the deployment of automation requires meticulous ergonomic
design, as it may inadvertently introduce new constrained postures. Workstation redesigns tailored to
specific anthropometric data significantly reduce awkward postures and MSD prevalence, with
benefits sustaining for over a year. Multicomponent interventions—combining ergonomic redesign
with physical activity, medical, and behavioral components—yield superior outcomes in pain
reduction and flexibility improvement compared to ergonomic-only programs. Sector-specific
analyses indicate that physical redesign is highly effective in artisanal and manual settings, provided
it is coupled with context-sensitive, participatory approaches to ensure cultural fit and sustainability.

The Synergistic Impact of Psychosocial Factors and Organizational Dynamics

A critical finding of this review is the synergistic exacerbation of physical risks by psychosocial
stressors. High job demands coupled with low organizational support create a toxic milieu that
amplifies muscle tension and accelerates MSD prevalence. Traditional ergonomic models have
historically marginalized these dimensions, yet evidence strongly confirms that integrated
interventions addressing both physical and psychosocial domains are vastly more effective than
single-focus strategies. Furthermore, the success of any ergonomic intervention is fundamentally
contingent upon organizational dynamics. Worker participation, leadership support, and management
commitment are critical for program adherence and sustained injury reduction. Participatory
ergonomics, when backed by full management support and adequate organizational capacity
(resources, interdisciplinary collaboration), leads to long-term improvements in both physical and
psychosocial outcomes.

Technological Advancements and Emerging Analytical Tools

© 2026 The Author(S). Health Frontiers Published By Targabin Nusantara Group. This Is
An Open Access Article Under The Terms Of The Creative Commons Attribution-
ShareAlike 4.0 International License S47



http://creativecommons.org/licenses/by-sa/4.0/
http://creativecommons.org/licenses/by-sa/4.0/
http://creativecommons.org/licenses/by-sa/4.0/

(Al Fatih, M. Y., et al, 2026)
E-1SSN: 3024-9740 DOI: https://doi.org/10.62255/mhjp.v4iSuppl1.355

The integration of Industry 4.0 technologies has revolutionized ergonomic risk assessment. Wearable
sensors, artificial intelligence (Al), and digital twins enable real-time, personalized monitoring of
posture and muscle fatigue, surpassing the limitations of traditional observational methods.
Markerless motion capture and Al pipelines offer unprecedented accuracy in biomechanical analysis.
However, a significant gap remains: these emerging technologies are predominantly validated in
controlled laboratory settings and largely fail to integrate psychosocial stress indicators. Real-world,
longitudinal evidence regarding their long-term efficacy and holistic integration is still sparse,
highlighting a critical frontier for future applied ergonomics.

Table 1: Quick Reference Key Findings of Ergonomic Interventions and Risk Factors
Theme Key Findings
Awkward, asymmetric, and prolonged postures, especially
Biomechanical & Physiological with high loads, increase musculoskeletal disorder (MSD)
Impacts risk; ergonomic interventions (e.g., backrests, mechanical
aids) reduce strain.
Asymmetric and dynamic lifting elevate lumbar load and
Dynamic Lifting & Age muscle activation, with older workers adopting safer but less
efficient strategies.
Both increase lower limb discomfort and vascular risk;
alternating postures and active interventions mitigate effects.
Repetitive tasks above 20-30 kg and high repetition rates
Upper Limb Disorders increase upper limb MSD risk; job rotation and ergonomic
redesign help.
Mechanical aids outperform manual interventions in

Prolonged Standing/Sitting

Mechanical VS. Manual . . . ) . . R
. reducing biomechanical strain, especially in high-risk
Interventions
sectors.
Workstation redesign, participatory programs, and real-time
Ergonomic Interventions feedback reduce MSDs; long-term efficacy depends on

integration and organizational support.

Psychosocial stressors (e.g., low support, high demands)
Psychosocial Factors interact with physical risks to exacerbate MSDs; integrated

interventions are most effective.

Wearable sensors, Al, and digital twins enhance ergonomic
Emerging Technologies risk assessment but need better integration of psychosocial

data.
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Figure 1: Global Trend Analysis in Ergonomic Research and Intervention Focus (1980-2025)

Figure 1. Scientific line chart illustrating the global evolutionary trend in occupational ergonomics
research focus from 1980 to 2025. The chart demonstrates the transition from isolated biomechanical
models (blue line) toward the integration of psychosocial factors (green line) and the exponential rise
of emerging technologies and holistic integration models (red line) in the 2020s.

DISCUSSION

The synthesis of current literature unequivocally demonstrates that occupational injury risk is not
merely a product of isolated physical exposures, but rather a complex interplay of biomechanical,
physiological, and psychosocial factors (Crandall et al., 2025). Biomechanical overload, driven by
awkward postures, asymmetric lifting, and high load magnitudes, remains the primary catalyst for
tissue fatigue and MSDs (O’Bryan et al., 2026). However, physiological markers such as vascular
impairment from prolonged static postures and muscle fatigue from dynamic tasks significantly lower
the threshold for injury (Choobineh et al., 2021). Consequently, interventions that solely target
physical workstation redesign, while effective in the short term, fail to address the underlying
physiological degradation that predisposes workers to chronic disorders (Zare et al., 2019).

A critical finding of this review is the synergistic exacerbation of physical risks by psychosocial
stressors. High job demands coupled with low organizational support create a toxic milieu that
amplifies muscle tension, reduces recovery time, and accelerates MSD prevalence (Bezzina et al.,
2023; Capodaglio, 2020). Traditional ergonomic models have historically marginalized these
psychosocial dimensions, treating them as separate occupational health issues (Leite et al., 2019). The
evidence strongly suggests that multidimensional interventions those combining cognitive-behavioral
strategies, physical redesign, and organizational support yield significantly superior outcomes in
reducing musculoskeletal discomfort compared to single-focus physical interventions
(Krishnanmoorthy et al., 2025; Sundstrup et al., 2020).

Regarding intervention efficacy, mechanical aids and automation consistently outperform manual
interventions, such as job rotation, in mitigating biomechanical strain, particularly in high-risk sectors
like poultry processing and heavy manufacturing (Bispo et al., 2022). Nevertheless, the deployment
of these technologies must be carefully managed; automation can inadvertently introduce new
constrained postures if not designed with human factors in mind (Martinez Alvarez, 2025).
Furthermore, the success of any physical or technological intervention is heavily contingent upon
participatory ergonomics (Hansen et al., 2023). When workers are actively involved in the design
process and management demonstrates unwavering commitment, adherence improves, leading to
sustained injury reductions and enhanced organizational culture (Adebiyi et al., 2025).

Despite the robust evidence base, this review identifies several critical limitations in current
ergonomic research and practice. First, there is a pronounced paucity of long-term, controlled
randomized trials evaluating the cumulative effects of combined bioergonomic interventions,
particularly for low back pain. Second, psychosocial factors remain underrepresented in standardized
ergonomic risk assessment tools, limiting the ability to capture the holistic risk profile of a worker.
Finally, there is a significant sectoral bias in the literature; high-risk, underrepresented sectors such
as agriculture, artisanal work, and small-scale manufacturing lack tailored ergonomic research,
leaving vulnerable populations without adequate protective frameworks.

To address these gaps, future research must pivot toward the development and validation of
multidisciplinary risk assessment tools that seamlessly integrate biomechanical, physiological, and
psychosocial data. There is an urgent need to conduct long-term, controlled trials on combined
ergonomic and bioergonomic interventions to establish evidence-based guidelines for cumulative risk
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management. Additionally, research must advance real-time, adaptive ergonomic feedback systems
leveraging Al and wearables that incorporate psychosocial stress indicators alongside physical
metrics. Finally, future studies must prioritize context-specific interventions in underrepresented
high-risk sectors to ensure equitable occupational health protection globally.

Based on these findings, we propose several actionable policy recommendations for industry leaders
and regulatory bodies. Governments and occupational health agencies should mandate holistic risk
assessments that explicitly include psychosocial and organizational factors alongside traditional
biomechanical evaluations. Organizations must allocate dedicated resources for participatory
ergonomics programs, ensuring that worker feedback directly influences workstation design and
workflow optimization. Furthermore, policymakers should incentivize the adoption of emerging
ergonomic technologies by providing grants for small and medium enterprises to integrate wearable
sensors and Al-driven risk monitoring, ensuring that the transition to Industry 4.0 prioritizes human-
centric, holistic health outcomes.

CONCLUSIONS

Effective occupational injury prevention transcends traditional biomechanical adjustments, requiring
a holistic, evidence-based approach that integrates biomechanical, physiological, and psychosocial
domains. While mechanical aids and workstation redesigns effectively mitigate immediate physical
strain, their long-term success is fundamentally dependent on organizational commitment, worker
participation, and the management of psychosocial stressors. As the field advances toward Industry
4.0, the integration of emerging technologies like Al and wearable sensors offers unprecedented
opportunities for real-time risk assessment; however, realizing their full potential necessitates the
incorporation of psychosocial data to create truly adaptive, personalized, and context-specific
ergonomic ecosystems. Ultimately, sustainable occupational health will only be achieved through
multidisciplinary collaboration that bridges the gap between physical engineering, physiological
science, and organizational psychology.
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