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ABSTRACT

Manual material handling (MMH) tasks are a significant contributor to work-related
musculoskeletal disorders (WMSDs), particularly in industries where repetitive motions,
awkward postures, and excessive loads are common. Recent advances in ergonomic
interventions aim to mitigate these risks, enhancing worker safety and reducing the
incidence of injuries. The integration of automation technologies, such as robotic assistants
and human-machine interfaces, has proven effective in reducing human involvement in
monotonous tasks, thereby alleviating physical strain. Additionally, passive back-support
exoskeletons have emerged as promising tools to provide mechanical support during heavy
lifting, bending, and repetitive movements, effectively reducing musculoskeletal risks.
Technological innovations, including wearable sensors and Al-driven tools, have further
improved ergonomic assessments by providing real-time monitoring and feedback on
workers’ posture and movements. These advancements allow for timely adjustments and
preventive measures, ensuring a safer and more efficient working environment. However,
challenges remain regarding the long-term effects and user acceptance of exoskeletons and
other ergonomic interventions. Studies also highlight the importance of ergonomic risk
assessments, utilizing tools such as the Rapid Entire Body Assessment (REBA) and fuzzy logic
models to identify and mitigate high-risk tasks.
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1. INTRODUCTION

Manual material handling (MMH) tasks in industrial settings are a significant contributor to work-
related musculoskeletal disorders (WMSDs), with studies indicating that a large proportion of
workers engaged in MMH tasks experience injuries over time (Anwer et al.,, 2021). WMSDs are
particularly prevalent in industries where repetitive tasks, awkward postures, and excessive
loads are common. Ergonomic interventions, including technology advancements and the
application of proper risk assessment methods, have been shown to reduce the physical strain on
workers and mitigate the risks of WMSDs.

Recent technological innovations have been increasingly employed to alleviate the risks
associated with repetitive MMH tasks. Automation technologies, such as kinesthetic teaching
systems for laboratory micropipetting tasks, aim to reduce human involvement in monotonous
procedures, thereby decreasing ergonomic risks (Rocha et al., 2022). By automating such tasks,
particularly those requiring fine motor skills, operators can be redirected toward non-repetitive
activities, thus lowering the likelihood of wrist musculoskeletal disorders. Similarly, in industrial
settings, robotic systems and human-machine interfaces offer potential in improving the
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flexibility and usability of such automated systems, making their integration into various work
environments easier.

Industrial exoskeletons have also gained attention as a promising ergonomic intervention to
reduce the burden of MMH tasks. Passive back-support exoskeletons, for instance, provide
mechanical support to workers without relying on power sources, which makes them more
accessible for practical applications in various industries (Madinei et al., 2022). The use of such
exoskeletons is designed to alleviate physical loads, especially in tasks involving repetitive trunk
flexion and extension. Recent studies have demonstrated the potential of these devices to
generate assistive torque during dynamic and static postures, reducing the physical strain on the
back muscles and decreasing the risk of WMSDs in workers who perform frequent bending and
lifting activities.

Several studies highlight the importance of risk assessments in managing the ergonomic
conditions of MMH tasks. One study focused on construction workers found that awkward
postures, manual handling, prolonged work periods, and high job demands significantly
increased the odds of developing WMSDs (Anwer et al., 2021). For example, manual lifting and
bending movements were shown to exert substantial strain on the lower back, resulting in high
rates of back pain and other musculoskeletal injuries among workers. The application of
ergonomic risk assessment tools, such as the Rapid Entire Body Assessment (REBA), provides
insight into the severity of postural risks associated with various MMH activities, emphasizing the
need for ergonomic interventions to prevent these injuries (Chen, 2024).

Fuzzy logic models have emerged as an effective decision-support system for evaluating the
ergonomic risks involved in MMH tasks (Contreras-Valenzuela et al., 2022). By incorporating
variables such as time duration, weight limits, and repetitiveness, fuzzy logic can replicate
ergonomic evaluations with a high degree of precision, as validated against ISO standards. This
approach has proven to be useful for automating risk evaluations in different work environments,
helping to identify high-risk tasks and implement timely corrective actions.

One of the challenges associated with implementing ergonomic interventions in industries is the
manual handling of large and awkwardly shaped materials, such as waste containers. The manual
handling of waste has been identified as a high-risk activity, particularly in door-to-door waste
collection systems, where workers frequently lift and carry heavy bins. Research conducted in
this area suggests that increasing bin capacity and introducing mechanized collection systems
could significantly reduce the ergonomic risks faced by waste collection workers, leading to
improved worker safety and performance (Degli Esposti et al., 2023).

Wearable sensor technologies have shown significant potential in automating ergonomic
assessments for MMH tasks, particularly for monitoring low back disorders (Nurse et al., 2023).
Sensors such as inertial measurement units (IMUs) and pressure insoles can be combined with
machine learning algorithms to provide real-time feedback on workers’ postures and motions.
The data collected from these sensors can be used to assess WMSD risks more accurately,
allowing for better prevention strategies. Studies show that while trunk motion data alone may
not provide strong correlations with WMSD risks, combining it with force data from pressure
insoles can yield highly accurate estimates of injury risks during MMH tasks.

Despite the benefits of new technologies, ergonomic interventions must also consider the social
and organizational challenges that arise with their implementation. The introduction of
automated guided vehicles (AGVs) in production facilities, for instance, requires changes to work
procedures and employee training. A failure to address these human and organizational aspects
may hinder the effectiveness of such interventions, as employees must adapt to new workflows
and develop trust in the technology (Thylén et al, 2023). Therefore, successful ergonomic
interventions need to balance the technical and human factors to optimize worker safety and
performance.
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Finally, the effectiveness of exoskeletons in supporting MMH tasks has been further validated
through practical studies. Preliminary investigations into the use of back-support exoskeletons
in industrial settings reveal that these devices can effectively reduce physical strain during
manual lifting tasks, particularly by lowering the risk of back injuries (Botti etal.,, 2023). However,
concerns remain about the long-term effects of exoskeleton use, as well as the potential for
discomfort or injury if the devices are not appropriately fitted to the user. Continued research is
necessary to explore the full range of benefits and limitations associated with exoskeleton
technology in MMH applications.

2. Recent Technological Innovations in Ergonomic Material Handling

Recent technological innovations have played a vital role in mitigating the ergonomic risks
associated with material handling tasks. Automation of repetitive tasks, robotic assistants,
exoskeletons, and wearable technologies have all contributed significantly to improving worker
safety and reducing the incidence of musculoskeletal disorders (MSDs). These advancements
have been particularly effective in industries where manual material handling is unavoidable,
providing practical solutions to minimize ergonomic risks.

The introduction of kinesthetic teaching systems and similar technologies in automating
repetitive tasks is a key development in this area. These systems are especially useful in
environments such as laboratories, where tasks like micropipetting are both repetitive and
physically taxing on workers. The automation of such procedures helps redirect workers to less
monotonous tasks, thereby reducing the risk of musculoskeletal injuries, particularly in the wrist
(Rocha et al,, 2022). The implementation of these systems allows for greater flexibility in the
workplace, making it easier to adapt to different tasks while improving overall ergonomic
conditions.

In the construction and manufacturing sectors, robotic assistants and exoskeletons have emerged
as promising tools to reduce the physical burden on workers engaged in material handling. Back-
support exoskeletons, for instance, provide mechanical support to workers during lifting tasks,
reducing the physical strain on the lower back. A study demonstrated that passive exoskeletons,
such as the BackX™ AC and Laevo™ V2.5 models, can effectively mitigate the risk of back injuries
by improving trunk stability and reducing the physical demands of repetitive lifting tasks
(Madinei et al.,, 2021). Another study using a vision-based pose estimation algorithm showed that
these exoskeletons reduced workers' ergonomic risk by 31.7% during material handling tasks by
correcting awkward postures (Liu et al., 2024). These findings suggest that exoskeletons can
significantly reduce the risk of work-related musculoskeletal disorders in industries where heavy
lifting is a regular occurrence.

However, despite these benefits, there are concerns about the long-term use of exoskeletons,
particularly regarding their impact on neuromuscular control. Research has shown that while
exoskeletons improve ergonomic conditions during repetitive tasks, they may also compromise
trunk coordination, leading to potential unintended consequences for the wearer’s overall motor
control (Madinei et al., 2021). This highlights the importance of selecting the appropriate type of
exoskeleton based on the specific requirements of the task and the user's physical condition.

The integration of wearable technology, such as sensors and Al-driven tools, further enhances the
ability to monitor and manage ergonomic risks in real-time. Wearable sensors, such as inertial
measurement units (IMUs), have been used to track workers' posture and movement during
manual material handling tasks. These devices provide real-time feedback, allowing for
immediate adjustments to reduce the risk of injury (Humadi et al.,, 2021). Studies comparing
wearable sensors with optical technologies, such as the Kinect V2, have shown that IMUs offer
more reliable and accurate assessments of ergonomic risks in field settings, making them an ideal
choice for in-field ergonomic risk assessments (Humadi et al., 2021). Wearable sensors combined
with Al can also predict potential risks by analyzing workers’ movements and workloads, offering
proactive solutions to prevent injuries.
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Moreover, the use of smart tools and devices like ring scanners and smart glasses in warehouse
settings has proven beneficial for both productivity and worker comfort. Ring scanners, in
particular, have been identified as the most comfortable and efficient wearable devices for
scanning tasks, reducing the physical strain associated with handling handheld devices (Gaddis
et al, 2022). However, smart glasses, while technologically advanced, have been reported to
cause discomfort in the eyes, neck, and shoulders over time, indicating the need for further
refinement before they can be widely adopted in material handling tasks (Gaddis et al., 2022).

In addition to wearable technology, hybrid order-picking systems (HOPS) that integrate human
and robotic collaboration have been developed to reduce the ergonomic risks associated with
repetitive tasks in warehouses. These systems allow robots and humans to work together, with
robots handling the more physically demanding aspects of the job while humans focus on tasks
that require fine motor skills. Studies have shown that these systems can reduce operational costs
and the daily workload of human workers, although attention must be paid to the weight of items
being handled to prevent an increase in the frequency of lifting activities (Zhang et al., 2023).

Another area where wearable technology and robotics are making significant strides is in virtual
reality (VR) simulations. These simulations allow workers to experience the benefits and
limitations of using exoskeletons in a controlled virtual environment. By simulating different
lifting tasks and showing the potential biomechanical risks and benefits associated with
exoskeleton use, these VR programs help workers and managers make informed decisions about
adopting such technologies in real-world settings (Park et al., 2024). The use of VR in this context
not only enhances worker safety but also promotes a better understanding of how these
technologies can be optimized for specific tasks.

3. Impact of Manual Material Handling on Worker Health

Manual material handling (MMH) tasks, common in industries such as construction, nursing, and
logistics, have been closely linked to work-related musculoskeletal disorders (WMSDs). These
disorders primarily affect the back, shoulders, neck, and upper limbs, resulting in pain and
disability, which can significantly impact worker productivity and overall well-being. Research
indicates that WMSDs are prevalent in high-risk occupations due to the physical demands
involved, such as lifting, lowering, pushing, pulling, and handling heavy loads. For instance,
studies have consistently shown a high prevalence of musculoskeletal pain and discomfort among
workers engaged in MMH, with back pain being particularly common (Rajendran et al., 2021).

Workers in sectors such as construction and nursing face a high risk of developing WMSDs due
to the repetitive and physically demanding nature of their jobs. In construction, manual handling
of heavy materials and tools often leads to awkward postures, exerting excessive strain on the
musculoskeletal system. Research in construction environments has revealed that tasks involving
repetitive lifting, especially with awkward postures, substantially increase the risk of
musculoskeletal injuries (Shin & Jeong, 2022). Similarly, in healthcare, nursing staff frequently
engage in tasks that involve moving patients, often without the aid of mechanical lifting devices,
which contributes to an elevated risk of back injuries and WMSDs (Davoudi Kakhki et al., 2024).

Multiple risk factors contribute to the development of WMSDs in occupations that rely heavily on
manual material handling. Physical factors such as awkward postures, repetitive movements, and
manual handling of heavy loads have been identified as key contributors to these disorders.
Ergonomic evaluations using tools such as the Rapid Entire Body Assessment (REBA) and the
National Institute for Occupational Safety and Health (NIOSH) Lifting Equation are commonly
used to assess the physical demands of these tasks. Research has shown that these methods can
effectively identify tasks that place workers at a high risk for musculoskeletal injuries, allowing
for the implementation of preventive measures (Adhaye & Jolhe, 2023).
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In addition to physical risk factors, psychosocial factors also play a crucial role in the development
of WMSDs. Psychosocial stressors such as time pressure, low job satisfaction, and lack of control
over work tasks can exacerbate physical strain and increase the risk of injury. Studies have
highlighted the relationship between mental stress and musculoskeletal pain, particularly in
high-risk occupations like logistics and healthcare. Workers experiencing high levels of stress are
more likely to report musculoskeletal pain, suggesting that both physical and psychosocial factors
must be considered when addressing ergonomic risks (Shin & Jeong, 2022). The interaction
between physical and mental stress highlights the need for comprehensive ergonomic
interventions that address both the physical and psychosocial aspects of work.

Ergonomic interventions, such as the redesign of tasks and the introduction of assistive
technologies like exoskeletons, have been shown to reduce the incidence of WMSDs.
Exoskeletons, in particular, have been effective in reducing the physical load on workers by
providing mechanical support to the body during lifting and carrying tasks. For example, studies
on passive back-support exoskeletons have demonstrated their ability to reduce perceived
physical exertion and improve ergonomic safety in material handling tasks (Davoudi Kakhki et
al,, 2024). Additionally, the use of ergonomic tools like exoskeletons can lead to lower muscle
activation and reduced physical discomfort in the back, shoulders, and knees, thus mitigating the
risk of musculoskeletal injuries (Schrgder Jakobsen et al., 2023).

In occupations such as farming, where workers are often exposed to harsh physical conditions
and ergonomic hazards, musculoskeletal disorders are prevalent. A study of older female farmers,
for example, found that awkward postures, repetitive movements, and manual handling tasks
were significant contributors to musculoskeletal pain, particularly in the upper and lower limbs
(Shin & Jeong, 2022). The study also highlighted the importance of addressing both ergonomic
and environmental factors to reduce the risk of injury in this population.

The introduction of ergonomic tools and assessments has also proven effective in evaluating and
mitigating the risk of musculoskeletal injuries in various industries. For instance, the use of the
NIOSH Lifting Equation and the Ovako Working Posture Assessment System (OWAS) in
evaluating manual handling tasks in a food warehouse revealed that nearly 94% of workers
experienced moderate to severe discomfort in the ankle, knee, and lower back due to the
physically demanding nature of the work. Recommendations for task redesign and the use of
auxiliary devices to assist in lifting and carrying tasks were proposed to reduce the risk of injury
(Adhaye & Jolhe, 2023).

Despite the effectiveness of ergonomic tools and interventions, there is still a need for further
research on how to best implement these solutions in real-world settings. While tools such as
exoskeletons have shown promise in reducing the physical demands of manual material handling
tasks, concerns remain about their long-term use and acceptance by workers. A study on the use
of passive shoulder exoskeletons in logistics revealed that while the exoskeletons reduced muscle
activity and perceived effort, the workers’ emotions towards using the exoskeletons decreased
over time, raising questions about their suitability for long-term use in certain industries
(Schrgder Jakobsen et al., 2023).

4. Assessment Tools and Methods in Ergonomic Risk Evaluation

In the field of ergonomic risk evaluation, a variety of assessment tools and methods have been
developed to address the physical demands of manual material handling (MMH) tasks and reduce
the incidence of work-related musculoskeletal disorders (WMSDs). Ergonomic risk assessment
tools, such as the Rapid Entire Body Assessment (REBA) and the Rapid Upper Limb Assessment
(RULA), are widely used to evaluate the physical postures of workers during MMH tasks. These
tools aim to identify awkward or hazardous postures that can contribute to musculoskeletal
strain and injury. Both REBA and RULA score postures based on their potential risk levels,
allowing for an effective assessment of the ergonomic conditions in workplaces where material
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handling is prominent. Additionally, more advanced methods, including the incorporation of
fuzzy logic interfaces, have been applied to further enhance the precision of risk assessment by
considering complex and continuous movements within the human body (Bairwa et al,, 2022).

A growing trend in ergonomic evaluations is the integration of computer vision and
biomechanical models to complement traditional observational methods. These technologies
offer significant advancements in terms of accuracy and automation. For instance, computer
vision systems, combined with motion capture techniques, allow for real-time tracking of
workers' movements, providing detailed data on posture, joint angles, and body mechanics. This
technology has the potential to significantly improve the efficiency and accuracy of ergonomic
assessments by minimizing human error in observational studies (Wang et al, 2023).
Biomechanical models, on the other hand, enable a more detailed understanding of the physical
forces acting on the body during MMH tasks. By simulating various movements and postures,
these models help predict the risk of injury based on the strain placed on different body parts,
particularly the lower back, shoulders, and legs (Muller et al., 2022).

Several studies have explored the efficacy of computer vision and biomechanical models in
assessing the ergonomic risks associated with manual material handling. One notable example
involves the use of inertial motion capture (IMC) systems, which allow for the estimation of back
loading during MMH tasks without the need for force measurements. This method offers a more
practical and ecologically valid approach to assessing workplace physical exposure, as it does not
rely on the controlled conditions typically required in laboratory settings. IMC-based approaches
have demonstrated their potential in accurately estimating L5/S1 moments, a critical factor in
evaluating lower back strain during lifting tasks (Muller et al., 2022). By providing real-time
feedback on body posture and mechanics, these systems can play a vital role in reducing the risk
of musculoskeletal injuries in workers engaged in MMH activities.

Additionally, simulation models have gained popularity as a means of evaluating ergonomic risks
in complex material handling environments. These models use computer-generated simulations
to recreate workplace conditions and test various ergonomic interventions. For example, studies
have used simulation-based approaches to evaluate the impact of facility layout changes on
material handling efficiency and ergonomic risk. The findings from such studies suggest that the
strategic redesign of workflows and facility layouts can significantly reduce ergonomic risks by
minimizing unnecessary movements and improving the overall flow of materials (Iyer et al,,
2023). Simulation models also allow for the testing of different intervention strategies, such as
the use of assistive devices or modifications to task design, providing valuable insights into the
potential effectiveness of these measures before their implementation in real-world settings.

Another important development in ergonomic risk assessment is the use of wearable sensors and
IoT-enabled devices to monitor workers' physical activity and posture during MMH tasks. These
devices, often integrated with computer vision systems, provide continuous data on workers'
movements, enabling real-time ergonomic assessments. For example, inertial measurement units
(IMUs) and surface electromyography (sEMG) sensors have been used to collect data on
kinematics and muscular activity, which can then be analyzed using machine learning algorithms
to assess the risk of injury and recommend corrective actions. This approach offers the advantage
of continuous monitoring, allowing for the identification of high-risk activities as they occur and
enabling immediate interventions to prevent injury (Bassani et al., 2021).

The integration of wearable sensors and computer vision systems represents a significant
advancementin the field of ergonomic risk assessment. These technologies not only provide more
accurate and detailed data but also allow for the development of personalized interventions
based on the specific movements and postures of individual workers. By continuously monitoring
workers' physical activity and providing real-time feedback, these systems can help reduce the
risk of WMSDs and improve overall workplace safety.
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5. Case Studies and Applications

Exoskeletons have become increasingly prominent in addressing ergonomic challenges,
particularly in industries where manual material handling (MMH) is prevalent. The adoption of
these assistive technologies is primarily aimed at reducing the physical strain experienced by
workers, mitigating the risks of musculoskeletal disorders (MSDs), and enhancing overall worker
safety. Back-support exoskeletons, for instance, have been tested across various industries,
demonstrating their potential to reduce the activation of key muscle groups, particularly the
lumbar erector spinae (LES), which plays a critical role in lower back stability during lifting tasks.
A study on the application of back-support exoskeletons by Di Natali et al. (2024) introduced the
"Equivalent Weight" method, highlighting the reduction in ergonomic risks during material
handling tasks. This pilot study found that using the StreamEXO exoskeleton could reduce the
Lifting Index by up to 64%, emphasizing the potential of exoskeletons in lowering the ergonomic
risks associated with manual lifting, lowering, and carrying tasks.

In addition to back-support exoskeletons, shoulder support exoskeletons are being utilized in
logistics and industrial settings to alleviate shoulder strain. For example, studies have explored
the efficacy of various designs that provide assistance in overhead tasks, which are notorious for
contributing to shoulder fatigue and injury. The implementation of exoskeletons in such
environments has shown a notable reduction in shoulder muscle activity and perceived exertion,
leading to improved ergonomics and worker comfort during repetitive tasks.

Further insights into the use of exoskeletons can be gleaned from studies evaluating passive and
active designs. Kim et al. (2021) assessed the impact of an active back-support exoskeleton on
workers during load-lifting tasks. This study found significant reductions in muscle activity,
particularly in the LES, which underscores the ergonomic benefits of such devices. However, the
study also pointed out that the usability of the exoskeleton was hindered by its weight, leading to
increased time spent performing tasks and higher perceived exertion levels. This highlights the
need for further optimization of exoskeleton designs to balance efficacy with user comfort and
efficiency in the workplace.

On a broader scale, exoskeletons are being tested not only in logistics but also in the construction
industry, where workers frequently engage in dynamic and static MMH tasks. Golabchi et al.
(2022) investigated the use of passive back-support exoskeletons in construction, focusing on the
rate of perceived exertion (RPE), level of discomfort, and overall fit and comfort. The study found
that the exoskeleton significantly reduced discomfort in the lower back, particularly during static
tasks, although some discomfort was reported in the chest area due to the design of the
exoskeleton. These findings suggest that while exoskeletons can be effective in reducing back
strain, their design must also consider other areas of the body to ensure a more comprehensive
ergonomic solution.

The use of exoskeletons is not limited to logistics and construction; industries such as
manufacturing are also exploring their potential. Sharotry et al. (2022) proposed a Digital Twin
(DT) framework for detecting biomechanical fatigue in workers during MMH tasks. This approach
utilizes a simulation model to analyze joint angles and detect fatigue, allowing for more
personalized interventions based on the specific movements of individual workers. By
incorporating exoskeletons into this framework, the DT could provide real-time feedback on the
worker’s posture and assistive needs, optimizing the use of exoskeletons for fatigue management
and injury prevention.

Beyond exoskeletons, automation plays a critical role in improving ergonomics, particularly in
waste collection tasks. Automation of manual waste handling tasks has the potential to
significantly reduce ergonomic risks by minimizing the need for workers to perform physically
demanding tasks, such as lifting heavy waste bins or manually sorting through materials. By
implementing automated systems, waste collection companies can optimize workflow, reduce
physical strain on workers, and enhance overall safety. Automation systems that integrate robotic
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arms, conveyors, and automated sorting technologies have been shown to reduce the need for
manual lifting and twisting, which are common contributors to MSDs in the waste management
sector. Such systems not only improve worker safety but also increase the efficiency of waste
collection processes, reducing the likelihood of accidents and injuries.

In waste collection, ergonomic optimizations can extend beyond automation. Studies have shown
that the redesign of workstations and the implementation of ergonomically designed tools can
further reduce physical strain. For example, the use of height-adjustable platforms or conveyors
allows workers to handle waste at more favorable heights, minimizing the need for bending or
lifting heavy loads. These modifications can lead to substantial reductions in the incidence of
lower back and shoulder injuries, which are common among waste collection workers.

6. Challenges and Future Directions

Recent advancements in ergonomic research related to material handling highlight significant
progress in mitigating musculoskeletal risks and improving worker safety. However, challenges
persist, especially with technological limitations in implementing novel ergonomic solutions,
such as exoskeletons, and the integration of advanced technologies like artificial intelligence (Al),
machine learning, and robotics.

One major issue identified is the long-term impact of exoskeletons in manual material handling
(MMH). Studies, such as those by Ali et al. (2021), show that while exoskeletons reduce physical
strain on the spine, concerns remain regarding their comfort, user acceptance, and overall
practicality in industrial settings. Exoskeletons have the potential to alleviate musculoskeletal
disorders (MSDs), but further research is necessary to assess the long-term physiological impact
on users. Additionally, the lack of standardized practices and guidelines for their implementation
in various MMH tasks hinders widespread adoption (Ali et al.,, 2021). For instance, Maciukiewicz
et al. (2021) found that while ergonomic interventions, such as back-support exoskeletons,
effectively reduce muscle strain, the user’s reluctance to wear such devices throughout the
workday limits their application. Therefore, further studies are necessary to explore these
aspects and address the issue of standardization across different industries.

Another challenge is the high variability in MMH tasks, which complicates the development of
universal solutions. Ryu et al. (2021) pointed out that rule-based ergonomic assessments often
fail to accurately predict MSD risks in tasks involving heavy manual handling. The study showed
that such assessments can result in overestimated risk levels, leading to unnecessary ergonomic
interventions. The lack of comprehensive biomechanical models that accurately account for the
dynamic nature of MMH tasks remains a limitation. Consequently, many researchers advocate for
the use of biomechanical and physiological data to supplement traditional ergonomic risk
assessments (Ryu et al., 2021).

Technological limitations also extend to remote handling systems, such as those employed in
radiation environments. Valenzuela et al. (2023) discussed how the IFMIF-DONES system
requires significant advancements in terms of control interfaces and integration with human
operators. The need for high availability and robust teleoperation systems, which are vital in
radiation-heavy environments, calls for further innovation in control systems to support MMH
tasks in such hazardous settings (Valenzuela et al.,, 2023).

Despite these limitations, there are several promising avenues for future research and
development. The integration of Al and machine learning into ergonomic solutions has the
potential to revolutionize MMH tasks. Al-powered systems could improve real-time risk
assessments and provide personalized ergonomic recommendations based on individual
workers’ movements and physical capabilities. According to Conforti et al. (2020), Al and
wearable sensor networks allow for more precise biomechanical overload assessments,
significantly improving the safety of MMH operations. By using motion capture data and machine
learning algorithms, ergonomic interventions can be tailored to specific tasks, reducing injury
risks more effectively than traditional methods.
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Moreover, advancements in robotics are expected to enhance worker safety in MMH tasks by
reducing the need for human involvement in hazardous or physically demanding activities.
Mahmud et al. (2024) explored the potential of occupational exoskeletons in construction, where
robotic systems can complement human workers by taking over repetitive, heavy-lifting tasks.
This synergy between humans and robots, combined with Al, could lead to a significant reduction
in MSD prevalence in manual labor-intensive industries (Mahmud et al., 2024).

Opportunities for future research include the development of smart wearable technologies to
monitor workers’ movements and physical conditions in real-time. Kjaer et al. (2022) proposed
a classification system using smart insoles to monitor lifting ergonomics, which achieved 98.8%
accuracy. Such technologies could provide immediate feedback to workers, helping them adjust
their movements to prevent injuries. Furthermore, this data can be fed into machine learning
models to continuously improve ergonomic assessments (Kjaer et al., 2022).

7. CONCLUSION

The review of recent advances in ergonomic studies on material handling reveals significant
strides in mitigating musculoskeletal risks and enhancing worker safety. These developments
have been driven by the integration of emerging technologies, such as automation, wearable
devices, exoskeletons, and advanced risk assessment tools. These innovations are addressing
long-standing ergonomic challenges in manual material handling (MMH) tasks, offering
promising solutions to reduce the prevalence of work-related musculoskeletal disorders
(WMSDs). One of the key findings of this review is the positive impact of automation and robotics
in MMH environments. Automated systems, like kinesthetic teaching and robotic assistants, have
proven effective in reducing human involvement in repetitive, high-strain tasks, thereby
decreasing the risk of WMSDs. These technologies enable workers to transition from monotonous
activities to more dynamic roles, enhancing overall safety and reducing injury rates. Additionally,
robotic and human-machine interfaces are becoming more flexible, allowing easier integration
into various industrial settings, improving worker safety while maintaining productivity.
Exoskeletons have emerged as one of the most impactful interventions, providing workers with
mechanical support during physically demanding tasks such as lifting, carrying, and bending.
Both passive and active exoskeletons have demonstrated potential in alleviating back strain,
lowering muscle activation, and reducing the physical burden on the lumbar region during MMH
tasks. However, long-term studies are required to fully understand their physiological effects, user
comfort, and potential drawbacks, such as restricted movement or discomfort from poorly fitted
devices. Wearable sensor technologies, particularly those combined with machine learning, are
advancing real-time ergonomic risk assessments. These devices, including inertial measurement
units (IMUs) and pressure sensors, provide accurate data on posture and physical movements,
allowing for real-time feedback and timely corrective interventions. This capability is especially
valuable in industries where repetitive and awkward postures increase the risk of WMSDs. The
ability to continuously monitor worker conditions and adjust interventions accordingly
represents a significant leap in ergonomic injury prevention. Despite these technological
advancements, several challenges persist in optimizing ergonomic interventions. Issues related
to the long-term usability of exoskeletons, concerns about their impact on worker comfort, and
the variability of tasks across industries highlight the need for continued research. Additionally,
the integration of these new technologies often requires adjustments in workplace culture and
workflows, which may encounter resistance from workers unaccustomed to automated or
assisted labor systems. Looking ahead, future research must focus on enhancing the ergonomics
of MMH tasks by refining existing technologies and developing new solutions. The potential for
artificial intelligence and machine learning to personalize ergonomic interventions based on
individual worker data is promising. These advancements could improve the precision of risk
assessments and interventions, making ergonomic tools more efficient and accessible to diverse
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industries. Moreover, continued efforts to standardize ergonomic tools, particularly exoskeletons,
are essential for their broader adoption and practical application.
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