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ABSTRACT

The integration of ergonomic principles into machine design has become essential for
improving human-robot collaboration and enhancing workplace efficiency. With the rise of
Industry 4.0 and the forthcoming Industry 5.0, machine design is shifting towards a more
human-centric approach, emphasizing both physical and cognitive ergonomics.
Collaborative robots (cobots) play a pivotal role in optimizing human-robot interaction by
reducing physical strain, minimizing the risk of musculoskeletal disorders, and improving
productivity. Exoskeletons and wearable robotics further enhance these ergonomic efforts
by supporting human movement in physically demanding tasks and rehabilitation scenarios.
In manufacturing environments, cobots have been particularly effective in reducing
repetitive strain injuries while maintaining high levels of productivity. Additionally,
cognitive ergonomics, which focuses on mental workload and decision-making, is becoming
increasingly important as robots become more advanced. Effective human-machine
interfaces (HMIs) designed with ergonomic principles help operators work more efficiently
and comfortably with complex systems. Despite these advances, challenges remain in
balancing functionality, comfort, and cost in machine design. The bulkiness and discomfort
of some robotic systems and the integration of artificial intelligence (Al) into ergonomic
solutions present ongoing technical hurdles. However, future developments in virtual and
augmented reality, coupled with machine learning, promise to bring further ergonomic
improvements to the design of robots and collaborative systems, ensuring safer, more
efficient work environments.

Keywords: machine design, ergonomics, human-robot collaboration, cognitive
ergonomics, collaborative robots, exoskeletons, workplace efficiency

1. INTRODUCTION

In recent years, advancements in machine design have been increasingly influenced by the
integration of ergonomics, particularly in the context of Industry 4.0 and the emerging Industry
5.0. Ergonomics plays a crucial role in optimizing human-robot collaboration, not only to improve
productivity but also to ensure the safety, comfort, and overall well-being of workers in industrial
settings. This shift towards a more human-centric approach in machine design reflects the
growing recognition that ergonomic considerations are essential in addressing the physical and
cognitive demands of operators working with advanced robotic systems.

Cognitive ergonomics, as discussed by Gualtieri et al. (2023), focuses on enhancing the interaction
between humans and machines by improving the working conditions and psychosocial well-
being of operators. With the increasing complexity of robotic systems, ensuring that these
systems are designed to support human operators in terms of mental workload and decision-
making capabilities is vital. Gualtieri and colleagues developed a set of guidelines aimed at non-

humaizi@unimap.edu.my



Ahmad Humaizi Hilmi / Advancements in Machine Design: Integrating Ergonomics for Enhanced Human-Robot
Collaboration and Workplace Efficiency

experts in human factors, emphasizing the importance of considering cognitive ergonomics early
in the design process. These guidelines were validated through qualitative feedback from
researchers in the field, highlighting the need for further refinement and practical application in
industrial settings. This approach aligns with the broader objectives of Industry 4.0, where
human-centered design principles are increasingly being integrated into collaborative robotics
applications.

In the realm of manufacturing, collaborative robots (cobots) have gained significant attention for
their ability to work alongside humans, addressing both productivity and ergonomic concerns.
Liu et al. (2024) conducted a comprehensive literature review on the development and
application of cobots, analyzing their impact on various aspects such as workplace safety, system
design, and task scheduling. The study highlights the potential of cobots to improve ergonomic
conditions by reducing biomechanical overload and repetitive strain injuries, particularly in tasks
that require precision and repetition. The integration of cobots into manufacturing processes not
only enhances productivity but also provides a safer and more ergonomic work environment for
human operators, reducing the risk of musculoskeletal disorders.

Sartore et al. (2022) took this a step further by exploring the optimization of humanoid robot
designs for ergonomic payload lifting. Their research focused on improving the physical
collaboration between humans and humanoid robots by optimizing the robots' kinematic and
dynamic parameters. By considering human models in the optimization process, the study aimed
to reduce energy expenditure for both the robot and the human operator, ultimately improving
the ergonomic interaction during collaborative tasks. The proposed design of the ergoCub robot
exemplifies how ergonomic considerations can be incorporated into the hardware design of
humanoid robots, ensuring that the interaction is not only efficient but also physically sustainable
for human operators.

The application of ergonomics in the design of wearable robotic systems, such as exoskeletons,
has also gained traction in recent years. Ning et al. (2023) examined the design of a passive upper
limb exoskeleton robot intended to assist workers in tasks that involve carrying heavy loads. The
study emphasized the importance of coupling the exoskeleton's design with the human body's
natural movements to enhance comfort and reduce muscle strain. By incorporating ergonomic
principles into the design, the exoskeleton provides a more effective solution for preventing
work-related musculoskeletal disorders, particularly in industries where manual labor is
prevalent. The modular design of the exoskeleton ensures that it can be adapted to different tasks
and users, making it a versatile tool for improving workplace ergonomics.

The integration of ergonomic principles is not limited to physical collaboration; it also extends to
human-machine interfaces. Forsey et al. (2024) explored how human-machine interfaces can be
designed to improve system learnability, particularly in complex industrial environments. By
using a design pattern of progressive disclosure, their study aimed to reduce the cognitive load
on users by presenting them with only the essential functions needed for specific tasks. This
approach enhances user comfort and reduces the time required to learn and operate complex
systems, ultimately improving the overall user experience. The findings from this research
suggest that ergonomic considerations in interface design can play a critical role in improving
both the efficiency and satisfaction of operators working with advanced machinery.

Similarly, in the medical field, Axt et al. (2022) evaluated the ergonomic aspects of a telemedical
interface for a robotic system used in minimally invasive surgery. The study found that certain
configurations of the input device were more comfortable for surgeons, leading to better
performance and fewer errors. The ergonomic design of the interface was key to ensuring that
the system could be used effectively in high-stress environments, such as operating rooms. This
highlights the importance of ergonomic design not only in industrial settings but also in fields
where precision and user comfort are critical to performance.
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2. Human-Centered Design in Robotics and Machine Design

The integration of cognitive ergonomics into human-centered machine design has gained
increasing attention, particularly in the context of human-robot collaboration (HRC). Cognitive
ergonomics focuses on optimizing the mental processes of human operators, such as attention,
perception, and decision-making, during their interactions with robotic systems. Gualtieri et al.
(2024) emphasize the importance of incorporating cognitive ergonomics in the early stages of
design for collaborative robotics, aiming to enhance operators’ cognitive responses and overall
experience. By systematically developing design guidelines based on cognitive factors, this
approach contributes to improving workplace efficiency and worker satisfaction. The
implementation of cognitive ergonomics in machine design has been shown to reduce mental
stress, frustration, and cognitive workload, leading to a more seamless integration of robots in
industrial environments.

Human-centered design, particularly in the field of robotics, is also closely tied to safety and
usability. The safety of workers is a critical concern in environments where humans and robots
collaborate, especially in high-risk industries such as manufacturing. Research by Cao et al.
(2024) highlights the importance of designing HRC systems that consider both social and
technical factors. Their study focuses on a co-creation approach involving factory employees in
the design of human-robot interfaces, ensuring that the systems meet the specific needs and
preferences of the operators. This participatory method not only improves the acceptance of
robotic systems but also ensures that safety measures are aligned with ergonomic principles,
ultimately reducing the risk of accidents and injuries in collaborative environments.

The role of ergonomics in ensuring both safety and productivity is further demonstrated in
automated processes, such as those discussed by Rivas et al. (2022). In their work on automating
the grinding process, the researchers found that ergonomic assessments, combined with
automation, reduced the risk of injury and increased productivity. Similarly, Han et al. (2022)
explored the design of an automatic ergonomics assessment system for robot submarines,
focusing on improving the efficiency and comfort of maintenance operations in confined spaces.
These studies highlight the dual benefits of ergonomic design in enhancing both safety and
usability in industrial settings, leading to more efficient and comfortable working conditions.
Safety and usability are also central to the design of rehabilitation robots, as demonstrated by Shu
and Xing (2023). Their work on a lower limb rehabilitation robot system emphasizes the
importance of ensuring that the system is not only efficient and automated but also ergonomically
aligned with the human body. By employing a user-centered design approach, the researchers
were able to develop a system that provides a complete rehabilitation experience while
minimizing discomfort and maximizing usability. This focus on human factors in machine design
is critical in ensuring that robotic systems are both safe and effective in assisting users in various
applications, from industrial tasks to medical rehabilitation.

In the field of collaborative robotics, Zhang et al. (2023) explored the ergonomic and economic
benefits of hybrid order-picking systems (HOPS) in warehouse operations. Their research shows
that HOPS, which involve both human and robotic pickers working in a shared workspace, can
reduce human workload and operational costs while improving system flexibility. However, the
study also highlights the importance of managing ergonomic risks associated with repetitive
tasks, as the increased frequency of picking activities could lead to a higher risk of
musculoskeletal disorders. This underscores the need for careful ergonomic consideration in the
design of collaborative systems to ensure that the benefits of automation do not come at the
expense of worker health and safety.

Another example of the integration of ergonomics into machine design is the work by Phoonsup
etal. (2023), who used ergonomic studies to design a prototype machine for a traditional gypsum
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powder dropping process. The researchers found that the manual process was associated with
high levels of fatigue and a significant risk of musculoskeletal injuries. By incorporating
ergonomic principles into the machine design, they were able to create a semi-automatic system
that reduced the ergonomic risks while improving productivity. This approach demonstrates the
potential for ergonomic design to transform labor-intensive processes into safer and more
efficient operations.

In terms of safety, Andronas et al. (2023) explored the integration of high-payload robots into
automotive assembly lines. The researchers developed a multi-modal human-robot interaction
system that included gesture-based control and augmented reality training to ensure operator
safety and improve system usability. This study highlights the potential for high-payload robots
to support human operators in physically demanding tasks, improving both safety and
performance through intuitive interaction methods. The integration of ergonomics in the design
of such systems is essential for ensuring that workers can collaborate with robots without
compromising their safety or well-being.

3. Collaborative Robots (Cobots) and Ergonomics

Collaborative robots (cobots) have significantly reshaped the landscape of modern
manufacturing by enhancing both productivity and ergonomics. Unlike traditional industrial
robots, which are often isolated for safety reasons, cobots are designed to work alongside
humans, fostering a safer and more collaborative environment. The integration of these robots
has led to notable improvements in ergonomic conditions, particularly by alleviating the physical
strain on workers and reducing the likelihood of work-related musculoskeletal disorders.
Ronzoni et al. (2021) discussed a framework that focuses on the integration of cobots into labor-
intensive manufacturing environments, which demonstrates how these systems can optimize
task layouts and reduce the physical burden on workers. The iterative closed-loop design method
allowed for reconfiguration of workspaces, showing that adopting cobots is not only economically
feasible but also enhances ergonomic outcomes.

The impact of cobots extends beyond ergonomics into operational efficiency. Chen et al. (2022)
explored human-robot collaboration in the disassembly of electronic waste, highlighting the
reduction in human workload and ergonomic risks. Their findings indicated that cobots
effectively reduced the physical strain on participants by minimizing the awkward postures
typically required in manual disassembly. Although task completion times increased slightly due
to the coordination between humans and robots, the overall benefits in terms of reduced physical
stress and improved safety were clear. This trade-off between ergonomic benefits and
productivity highlights the delicate balance that must be maintained in designing human-robot
collaborative workstations.

In addition, Haninger et al. (2022) proposed mechatronic design methods to enhance the
ergonomic aspects of high-payload manual guidance systems in cobot applications. These
methods incorporated feedback and compliant structures to enable manual guidance with high
stability, demonstrating the potential for cobots to handle heavier loads in a manner that reduces
physical strain on human operators. Such innovations show that cobots can expand the scope of
tasks traditionally reliant on human physical effort, especially in environments where high
payloads are common.

Moreover, the collaborative aspect of cobots is further exemplified in the work by Rusch et al.
(2021), which emphasized the importance of simulation in evaluating the economic and
ergonomic benefits of cobots, especially in the context of demographic changes and skilled labor
shortages. Their research confirmed that the inclusion of cobots in manufacturing systems
improves productivity while also offering ergonomic advantages by reducing physical workload
and improving worker posture. The study provided a simulation-based evaluation framework
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that highlights the dual benefits of cobots in both economic and ergonomic terms, ensuring that
manufacturing processes can adapt to a changing workforce.

Case studies on cobot deployment illustrate real-world benefits in collaborative work
environments. For instance, Papadopoulos et al. (2023) introduced a multi-tool end-effector for
cobots in the automotive sector, which demonstrated significant ergonomic improvements in
material handling tasks. By automating the manipulation of non-rigid materials, this system
reduced manual handling efforts and minimized the risks associated with repetitive tasks,
showing how cobots can be employed to improve both productivity and worker safety in highly
specialized applications.

Another case study by Park et al. (2023) described the development of an elbow exoskeleton to
assist in industrial tasks, where cobots were integrated to enhance ergonomics during manual
handling of objects. The exoskeleton, dubbed "Elbow-sideWINDER," successfully minimized
muscle activation in both the biceps and triceps, reducing the risk of work-related injuries. The
study also highlighted the importance of ergonomic design in cobot systems, showing that
enhancing the interaction between human workers and cobots can lead to better physical health
outcomes while maintaining operational efficiency.

Furthermore, Dammacco et al. (2023) explored how virtual reality (VR) tools can be used to
optimize ergonomic assessments in cobot-integrated production lines. Their research introduced
a "virtual golden zone" approach, which allows for early-stage ergonomic evaluations in complex
manual workstations. By using VR technology, they were able to assess and optimize human-
cobot interactions in a manner that reduced operator fatigue and improved overall system
efficiency. This case study demonstrated how digital tools could complement cobot deployment
by providing insights into ergonomic optimization before physical implementation.

4. Ergonomic Optimization in Humanoid Robots

In the context of humanoid robots, ergonomic optimization plays a pivotal role in ensuring
effective human-robot interaction, particularly in tasks such as payload lifting. Various studies
have explored the integration of ergonomic considerations into the design of humanoid robots to
enhance both safety and efficiency in collaborative environments. For example, Sun et al. (2023)
discussed the development of precise percutaneous robots, emphasizing the importance of
ergonomic design to improve surgeons' comfort and reduce occupational hazards. Their research
utilized simulation software like JACK to evaluate working posture and visibility, leading to
design improvements that significantly enhanced ergonomic conditions during operations. This
focus on optimizing human-robot interaction reflects a growing trend in designing robots to
minimize physical strain and improve user comfort in task-heavy environments.

Similarly, Savrasov and Belikov (2021) proposed a method for determining ergonomic
characteristics in robotic surgical systems by analyzing the movements of surgeons during
minimally invasive procedures. Their study highlighted the importance of considering ergonomic
parameters, such as the manipulation area and access angles, to ensure that robots are designed
with user comfort in mind. The use of video recordings and software-based analysis provided
valuable insights into how ergonomic design can improve the efficiency and precision of surgical
robots, emphasizing the need for human-centered design in the development of collaborative
robotic systems.

Moreover, Hu et al. (2024) introduced a proxy-based guidance system for virtual fixtures with
orientation constraints, which offers an innovative approach to optimizing human-robot
interaction in path-following tasks. This system allows operators to constrain the position and
orientation of the robot's end-effector within ergonomic limits, reducing mental and physical
burdens during complex operations. By incorporating ergonomically designed virtual
constraints, the system enhances task completion efficiency while minimizing operator fatigue.
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Such innovations demonstrate the potential of integrating ergonomic principles into humanoid
robot design to improve task performance and reduce the physical strain on human operators.
The concept of ergonomic indexes in the design phase has also been explored in various
applications, particularly in industrial and medical settings. Grandi et al. (2022) proposed a
human-centric approach to redesigning automatic machinery, emphasizing the need to integrate
ergonomic considerations from the early stages of design. By using digital technologies like
human simulation and physiological data monitoring, their approach allows for the detection of
ergonomic issues during the design process, leading to improved operator comfort and system
performance. The application of this methodology in real-world industrial cases demonstrated
the potential of ergonomic indexes to enhance workplace efficiency and worker well-being.

Additionally, the work of Bassani et al. (2021) focused on developing a dataset for biomechanical
and ergonomic analyses in manual material handling tasks, which are common in human-robot
collaboration scenarios. Their research combined wearable sensors with machine learning
techniques to monitor human motion and muscular activity during physical tasks. This data
provided valuable insights into ergonomic risks and informed the design of robots that can assist
in physically demanding tasks, reducing the likelihood of work-related musculoskeletal
disorders. By incorporating ergonomic parameters into the design and operation of robots, the
study emphasized the importance of using empirical data to optimize human-robot collaboration
in physically intensive environments.

In a similar vein, Ciccarelli et al. (2024) explored the integration of cobots in handcrafted
manufacturing processes, focusing on tasks that require physical dexterity, such as polishing.
Their research applied virtual reality simulations and human-in-the-loop (HITL) methodologies
to enhance collaboration between humans and robots. The study found that ergonomic
considerations, such as reducing the physical demands of repetitive tasks, were crucial in
designing cobots that could seamlessly integrate into complex manufacturing processes. This
approach underscores the importance of ergonomic indexes in the early design phases to ensure
that collaborative robots can effectively support human workers in physically demanding tasks
while maintaining safety and efficiency.

Finally, the research conducted by Bounouar et al. (2022) highlighted the role of human operators
in the design process of cobotic systems. Their study emphasized the importance of involving
end-users in the design phase to ensure that ergonomic considerations are adequately addressed.
By integrating human feedback into the design process, the study demonstrated how cobots could
be designed to better meet the physical and cognitive needs of human operators, enhancing both
the safety and efficiency of collaborative tasks. This approach aligns with the broader trend of
incorporating ergonomic parameters into the design phase to improve the physical collaboration
between humans and robots.

5. Wearable Robotics and Exoskeletons

In the realm of wearable robotics and exoskeletons, significant advancements have been made,
focusing on both passive and active systems designed to support human movement and mitigate
work-related musculoskeletal disorders (WMSDs). Research on wearable exoskeletons primarily
addresses the ergonomic challenges posed by physically demanding tasks, such as lifting,
repetitive motions, and long-term strain, which often contribute to the development of WMSDs.
The integration of ergonomic principles into the design of these devices enhances user comfort
and effectiveness, with innovations aimed at improving both worker productivity and long-term
health outcomes.

Zheng et al. (2023) explored the kinematic characteristics of a lower limb exoskeleton,

demonstrating how anthropomorphic design criteria can be used to optimize human-machine
coordination. Their exoskeleton design, which allows for joint freedom and minimizes movement
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deviation, illustrates the importance of accommodating natural human biomechanics in wearable
technologies. Through the use of advanced simulation tools, the study confirmed that ergonomic
enhancements, such as optimized joint movement, can lead to reduced fatigue and increased
comfort during extended use. These findings are crucial in addressing the ergonomic needs of
workers engaged in repetitive or physically demanding tasks.

Similarly, the work of Liao et al. (2024) on the development of a flexible and portable back-
support exoskeleton highlights how wearable devices can prevent lower back injuries, a common
issue in manual labor environments. By employing a novel cable-driven series elastic actuation
(CSEA) system, the exoskeleton achieves an efficient assistive torque output, reducing lumbar
compression and muscle strain. This design not only enhances the ergonomic interaction
between the user and the exoskeleton but also ensures safety and long-term usability in tasks
requiring trunk flexion and extension. The study demonstrates that with appropriate ergonomic
considerations, wearable robotics can significantly reduce the physical demands on workers,
leading to both enhanced performance and injury prevention.

Further innovations in wearable robotics are evident in the work of Secciani et al. (2021), who
developed a hand exoskeleton designed for both assistive and rehabilitative purposes. This fully
wearable, portable device was tailored for users with motor disabilities, offering ergonomic
improvements that prioritize user comfort and wearability. The exoskeleton's ability to support
activities of daily living and rehabilitation exercises underscores the growing importance of
designing wearable robots that align with the natural biomechanics of the human body. By
focusing on wearability and comfort, the study highlights the role of ergonomic design in
enhancing the functionality of wearable robots for individuals with specific physical needs.

In industrial settings, Kildal et al. (2022) investigated the use of collaborative robots (cobots) to
assist in physically strenuous tasks, such as handling small parts in the Metal Injection Molding
(MIM) process. Their study emphasized the ergonomic improvements achieved by redistributing
non-ergonomic tasks, such as arranging small pieces, to robots, while allowing human operators
to focus on less physically demanding aspects of the job. The careful design of the robot's handling
components ensured that ergonomic principles were integrated into the system, reducing the
physical strain on workers and improving overall workplace efficiency. This approach
demonstrates the value of ergonomic design in creating collaborative systems that protect
workers from the physical demands of repetitive industrial tasks.

Design innovations in exoskeletons have also extended to more specialized applications. Wang et
al. (2022) developed an MR-conditional needle driver for robot-assisted spinal injections,
incorporating ergonomic considerations to improve the usability of the device in medical
procedures. The design modifications included enhancements to the needle driver's handle and
attachment mechanism, ensuring that the system could be safely and comfortably operated in a
clinical setting. These improvements demonstrate the importance of ergonomic design in medical
robotics, where user comfort and precision are critical for both patient outcomes and clinician
performance.

In the field of rehabilitation, Zhang et al. (2023) presented a bioelectronic-controlled hybrid
serial-parallel wrist exoskeleton, designed to assist patients in performing natural hand
movements during rehabilitation. By offering a wide range of motion and supporting wrist
flexion, extension, and radial/ulnar deviation, the exoskeleton facilitates precise, repetitive
rehabilitation exercises. The study emphasizes the importance of ergonomic design in creating
devices that not only support the user's physical movements but also enhance the rehabilitation
process by aligning with the body's natural biomechanics.
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6. Ergonomic Evaluation and Design Frameworks

The development and implementation of ergonomic evaluation techniques and design
frameworks play a pivotal role in optimizing human-robot collaboration, ensuring workplace
safety, and enhancing productivity. Several methodologies and guidelines have been established
to assess and improve ergonomic aspects in machine design, with a primary focus on minimizing
physical strain, cognitive overload, and ensuring a harmonious interaction between humans and
robots.

One of the fundamental approaches to ergonomic evaluation is the use of virtual reality (VR) and
kinematic models, which allow for detailed simulations of human-robot interactions in controlled
environments. Virtual environments provide a unique opportunity to test various machine design
configurations without physically assembling prototypes, thereby saving time and resources. In
particular, Dimitropoulos et al. (2024) emphasize the importance of using bio-inspired robots in
confined industrial spaces, demonstrating how kinematic models can assist in the design and
testing of flexible robots for challenging environments. By simulating movement in tight spaces,
their approach ensures that the robots operate safely and effectively, reducing the need for
human intervention in hazardous environments. Similarly, Ghonasgi et al. (2021) underscore the
importance of distributed measurement of human-robot interaction forces using modular
designs that can be integrated into wearable devices. This type of force sensing, combined with
kinematic modeling, provides real-time feedback on ergonomic factors, ensuring that
interactions between humans and robots are safe and effective.

Human-machine interface (HMI) design is another crucial aspect of ergonomic evaluation. The
development of user-centered HMIs enables operators to control machines more intuitively,
reducing cognitive load and improving overall performance. Papetti et al. (2022) provide insights
into how human-centered design processes can be applied to collaborative robotic systems. Their
framework emphasizes safety, effectiveness, and flexibility, ensuring that the interaction between
human workers and machines is ergonomically optimized. This methodology was applied to a
kitchen manufacturing assembly line, resulting in a 10% increase in production efficiency while
simultaneously reducing the physical and cognitive strain on workers. These results demonstrate
how ergonomic considerations in HMI design can significantly enhance both worker well-being
and productivity in collaborative environments.

In addition to HMI design, ergonomic evaluation frameworks are often based on digital human
modeling (DHM) tools, such as Siemens JACK software, which allow for the simulation of physical
workloads in human-robot collaborative tasks. Ulutas and Yetkin (2024) employed JACK
software to analyze the physical workload of workers in a gear pump assembly workstation. By
simulating different collaborative task allocations between humans and robots, the study
revealed significant improvements in worker conditions when certain physically demanding
tasks were assigned to robots. This type of simulation enables engineers to make informed
decisions regarding task distribution, ensuring that humans are only responsible for tasks that
do not pose excessive ergonomic risks.

Design guidelines for ergonomic evaluation in collaborative robotic systems often emphasize the
importance of considering both physical and cognitive ergonomics. Metzler et al. (2023) discuss
the use of artificial intelligence (Al) to coordinate human-robot collaboration, particularly in
highly flexible work environments. Their study highlights how Al can dynamically allocate tasks
between humans and robots, reducing the physical workload of human operators and mitigating
the risk of musculoskeletal disorders. This type of adaptive task allocation strategy allows for
real-time ergonomic adjustments, ensuring that human workers are not subjected to excessive
physical strain during collaborative tasks.
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Furthermore, the advent of Industry 4.0 has brought significant changes to how ergonomic
evaluations are conducted, especially in control centers and industrial automation. Blahova and
Hromada (2021) emphasize that with increasing robotization, operators will require improved
working conditions to handle the mental and physical demands of more complex tasks. The
integration of human-centered design principles into the layout of control centers ensures that
operators experience minimal physical discomfort and psychological strain. By adopting
ergonomic guidelines early in the design process, workplaces can ensure that the transition to
more automated systems is smooth and beneficial to both workers and productivity.

The use of ergonomic design frameworks is essential for optimizing human-robot collaboration
in industrial settings. Aivaliotis et al. (2021) introduced a Human and Overhead Robot Interaction
(HoRI) framework that focused on enabling safe and efficient collaboration between humans and
robots in shared workspaces. This framework, implemented in the copper industry, utilized
vision and safety sensors to ensure that robots and humans could interact safely and productively
without compromising worker ergonomics. The integration of such safety mechanisms ensures
that ergonomic risks, such as repetitive strain injuries or excessive physical demands, are
minimized during robot-assisted tasks.

In the context of machine design, the ergonomic evaluation of wearable robotics has become
increasingly important, particularly for applications related to rehabilitation and industrial
support. Mo et al. (2020) focused on the design of wearable robots based on shoulder kinematic
analysis, exploring how walking speed influences shoulder joint motion. Their research
demonstrated that increasing walking speed led to increased load on the shoulder joint,
suggesting that ergonomic thresholds should be considered when designing wearable robots for
extended use. Similarly, Liu et al. (2023) analyzed the motion characteristics of lower limb
exoskeletons, emphasizing the need for ergonomic designs that align with the natural
biomechanics of human movement. By ensuring that exoskeletons are designed with human
kinematics in mind, these devices can support users effectively without causing additional strain
or injury.

7. Case Studies and Practical Applications

The integration of ergonomic principles in machine design has brought about significant
advancements in human-robot collaboration, especially in industries such as automotive and
manufacturing. These improvements have positively impacted both performance and worker
well-being by minimizing physical strain, reducing cognitive load, and optimizing work
environments to enhance productivity and safety. Several case studies from various industries
demonstrate the practical applications and challenges of ergonomic machine designs.

In the automotive and manufacturing sectors, human-robot collaboration has been implemented
to streamline production while improving worker ergonomics. Quenehen et al. (2020) explored
different collaboration modes between operators and collaborative robots, aiming to optimize
both economic and ergonomic performance in assembly processes. By experimenting with
various robot collaboration modes, the study highlighted the benefits of balancing economic
output and worker comfort. The use of a multi-objective cost function allowed for an evaluation
of ergonomic variables such as energy expenditure, leading to better task allocation solutions that
enhanced both worker health and overall productivity. These findings underline the importance
of integrating ergonomics in machine design, as it can significantly reduce physical strain while
maintaining or increasing production efficiency.

Similarly, in the construction industry, Sekhar and Maheswari (2020) emphasize the importance
of ergonomics in design optimization, particularly for the constructability of prefabricated
structures. They highlight how ergonomics, when considered early in the design process, can lead
to smoother execution with minimal labor requirements. By focusing on constructability as a
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target in value engineering, the study revealed that ergonomic considerations could optimize
material handling and reduce worker fatigue, ultimately improving both worker safety and
productivity. This case study reinforces the importance of incorporating ergonomic principles
during the design phase to mitigate physical strain and enhance operational efficiency.

In the field of rehabilitation, ergonomic machine designs have been crucial in improving both the
effectiveness of rehabilitation therapy and the comfort of users. Islam et al. (2020) developed an
ergonomic robotic shoulder for upper limb exoskeletons, designed to closely mimic the natural
movements of the shoulder joint. This design addressed the discomfort commonly associated
with exoskeleton use by allowing for additional passive movements that compensate for shoulder
joint dynamics. This innovation highlights how ergonomic considerations in rehabilitation
robotics can significantly improve user experience by reducing pain and discomfort during
extended use. Furthermore, Liu et al. (2021) demonstrated how a lightweight upper arm
exoskeleton robot, controlled by surface electromyography, could enhance muscle rehabilitation.
The ergonomic design of the exoskeleton reduced muscle strain during training, allowing users
to perform progressive resistance exercises more effectively. These examples from the
rehabilitation field illustrate how ergonomic machine design not only improves user comfort but
also enhances the therapeutic outcomes of robotic systems.

Ergonomics has also played a critical role in the design of workstations, particularly in
environments where operators are required to perform repetitive tasks. Sreerag et al. (2020)
redesigned a computer workstation using ergonomic principles to prevent health risks associated
with traditional setups. By incorporating design-for-manufacture and assembly principles, the
new workstation improved user comfort, motivation, and productivity, all while reducing
manufacturing costs. Similarly, He (2020) introduced color ergonomics into the design of coal
mine machinery, demonstrating how the careful selection of color schemes could positively
influence operator comfort and safety. These cases highlight the diverse applications of
ergonomics in machine design, ranging from physical workstation layout to psychological
considerations such as color and visual aesthetics.

In terms of challenges, one of the main issues in ergonomic machine design is the difficulty of
balancing performance and worker well-being in high-pressure environments. For example,
Pacifico et al. (2020) introduced the proto-MATE, an innovative upper-limb exoskeleton designed
to reduce physical strain in repetitive or physically demanding tasks. Despite its ergonomic
benefits, challenges such as user acceptance and adaptation to new technology remain significant
barriers to widespread adoption. However, experimental tests showed that the exoskeleton
significantly reduced physical strain on the upper limb muscles, which indicates the potential for
such devices to improve long-term worker health. This case study exemplifies how ergonomic
solutions can address challenges in physically demanding environments but also underscores the
importance of user-centered design to ensure the successful implementation of new technologies.

In another example, Aromaa et al. (2020) explored the use of virtual prototyping to evaluate
visibility and task performance in mobile machinery. Limited visibility in mobile machines can
lead to accidents and decreased task efficiency, so integrating ergonomic solutions early in the
design process is crucial. The study found that transparency levels in the operator’s field of view
did not significantly affect performance, but participants preferred transparency levels that
offered clearer visibility. This finding illustrates how virtual prototyping can be a valuable tool
for addressing ergonomic challenges, allowing designers to test and refine solutions before
implementation.

Ergonomic challenges also arise in collaborative robot systems, where optimizing the interaction
between humans and robots is critical for both safety and performance. Fischer and Strater
(2020) proposed several design methods for human-robot interaction, focusing on factors such
as layout, production planning, and path planning. These considerations are essential for
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ensuring that robots can work alongside humans in a safe and efficient manner, minimizing the
risk of injury while maximizing productivity. Their research also highlights the importance of
designing systems that account for both human cognitive load and physical ergonomics to
prevent operator fatigue.

To address some of these challenges, innovative solutions have been developed to enhance the
ergonomic design of human-robot systems. Roy and Edan (2020) investigated joint-action in
short-cycle repetitive tasks, identifying the roles of giver and receiver in human-robot
collaboration. By analyzing these roles, the study provided insights into optimizing task allocation
and designing more ergonomic systems. These findings are crucial for improving performance in
industries where short-cycle repetitive tasks are common, such as manufacturing and retail.

8. Future Research Directions

In the exploration of emerging trends within machine design, augmented reality (AR) and
artificial intelligence (Al) are two technologies that are anticipated to drive significant changes in
ergonomic designs. These technologies allow for the enhancement of user experience by
improving interaction with machines, thus optimizing performance and comfort. A growing body
of research has examined the application of AR and Al in human-robot collaboration (HRC)
environments. For instance, Mourtzis et al. (2020) discussed how hybrid assembly stations
utilizing digital twin models can optimize HRC tasks through predictive modeling, reducing errors
and improving worker efficiency. Moreover, Liu et al. (2021) highlighted that Al-driven control
systems in exoskeleton designs provide ergonomic benefits by enhancing user adaptability and
precision in rehabilitation settings, a trend that holds promise for broader industrial applications.

In terms of research gaps, while many studies have examined short-term effects of ergonomic
interventions, there remains a lack of longitudinal studies that investigate the long-term benefits
of these designs on worker health and productivity. For example, Pacifico et al. (2020) introduced
the proto-MATE, an upper-limb exoskeleton aimed at reducing physical strain, but their findings
were limited to immediate physical responses. Further research is necessary to assess the
sustained benefits and potential drawbacks over time, particularly in industries where repetitive
tasks dominate.

Technological opportunities for innovation abound, particularly in the integration of more
advanced feedback systems in HRC settings. Scoccia et al. (2021) emphasized the role of real-time
feedback in improving the safety and efficiency of human-robot collaborations. Similarly, the
research of Gualtieri et al. (2020) identified key design principles that ensure safety, ergonomics,
and productivity, with opportunities for improvement through enhanced sensing technologies
and machine learning algorithms that can better anticipate human movements and actions in
collaborative environments.

Augmented reality is also beginning to be employed in machine design to assist in the
visualization of complex tasks. Virtual prototyping, as noted by Aromaa et al. (2020), allows for
the evaluation of machine transparency and information placement to enhance task performance,
which may significantly benefit industries requiring high precision and low error rates. This
method not only optimizes the design process but also allows workers to train in virtual
environments, reducing the risk of injury and enhancing ergonomic standards before deployment
in real-world settings.

The challenges in applying these technological solutions lie in their accessibility and adaptability
to various industrial contexts. He (2020) explored how color ergonomics in coal mining
machinery design improved user comfort and safety through psychological and physiological
considerations. This indicates that ergonomic designs need to be tailored to the specific needs of

11
humaizi@unimap.edu.my



Ahmad Humaizi Hilmi / Advancements in Machine Design: Integrating Ergonomics for Enhanced Human-Robot
Collaboration and Workplace Efficiency

the industry, ensuring that solutions are not only technically advanced but also aligned with the
unique demands of the work environment.

9. CONCLUSION

In conclusion, advancements in machine design that integrate ergonomic principles have
revolutionized human-robot collaboration and workplace efficiency across various industries.
The emphasis on creating human-centered, ergonomic designs has shifted the focus from purely
functional machines to systems that prioritize worker well-being, safety, and comfort. Through
the application of both physical and cognitive ergonomics, the interaction between humans and
robots has become more seamless, enabling operators to perform tasks with reduced physical
strain, lower cognitive loads, and higher productivity. One of the key outcomes of this integration
is the enhancement of workplace safety. Collaborative robots (cobots), exoskeletons, and
wearable robotics have all been designed with ergonomic considerations, allowing workers to
engage in physically demanding tasks with less risk of musculoskeletal injuries. By redistributing
physically strenuous and repetitive tasks to robots, human workers can focus on more complex
tasks, thereby reducing their exposure to ergonomic risks. In manufacturing, for instance, the use
of cobots has demonstrated a significant reduction in biomechanical overload, leading to fewer
cases of work-related disorders. Cognitive ergonomics has also played an important role in
optimizing human-robot interaction, particularly in environments that require complex decision-
making. By designing human-machine interfaces (HMIs) that reduce mental workload and
enhance system usability, operators can interact with robotic systems more intuitively, leading to
increased efficiency and reduced frustration. This human-centered approach is not only beneficial
in industrial settings but has also proven effective in fields like healthcare, where robotic systems
are used in rehabilitation and surgery. The ergonomic design of these systems improves user
comfort and precision, which is critical in high-stress environments. Wearable robotics, such as
exoskeletons, have further demonstrated the importance of ergonomics in machine design. These
devices are specifically designed to align with the natural biomechanics of the human body,
supporting movement while preventing long-term injuries. The modular and adaptable nature of
many exoskeleton designs ensures that they can be tailored to different users and tasks, making
them versatile tools for improving workplace ergonomics in manual labor settings. Despite these
advancements, there are still challenges to be addressed. The adoption of ergonomic systems,
especially in industries dominated by traditional machinery, requires significant investment and
training. Additionally, while the short-term benefits of ergonomic designs are clear, further
research is needed to assess their long-term impacts on worker health and productivity. As
technological innovations such as augmented reality (AR), virtual reality (VR), and artificial
intelligence (AI) continue to emerge, the potential for even more sophisticated ergonomic
solutions grows, offering new avenues for enhancing human-robot collaboration.
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