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Abstract:

The three primary branches of ergonomics/human factors (E/HF), concentrate on the physical, cognitive, and
organizational dimensions, have developed over time. Generally, E/HF is the scientific discipline concerned
with the design and arrangement of work environments, systems, and products to fit the physical, cognitive,
and emotional needs of the people who use them. The goal of E/HF is to optimize human well-being and overall
system performance by improving comfort, safety, efficiency, and productivity while reducing the risk of injury
and strain. E/HF is increasingly relevant in the context of Industry 4.0 characterized by automation, cyber-
physical systems, and interconnected technologies. The integration of advanced technologies such as the In-
ternet of Things (loT), artificial intelligence (Al), robotics, and augmented reality (AR) within manufacturing
environments presents both opportunities and challenges for worker well-being. Development of industrial
technologies requires also a rethinking of traditional E/HF principles to address new human-machine interac-
tions, cognitive demands, and the physical layout of workplaces. E/HF benefits and the threats of Industry
4.0/5.0 technologies must be considered in an integrated manner. The importance of designing systems that
promote user-friendly interfaces, reduce mental and physical strain, and support sustainable work environ-
ments now becomes critical. In this context, this review paper explores the connection between E/HF and
Industry 4.0/5.0, emphasizing the need for a holistic approach to designing work systems that enhance both
human performance and technological innovation.
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factors, including human-machine

interaction,

The rapid technological advancements ushered in by
Industry 4.0 have redefined workplaces, transforming
how humans interact with machines, systems, and data.
This era, characterized by smart factories, interconnected
devices, and automation, has brought significant
productivity gains but also introduced new challenges to
the physical and cognitive well-being of workers. In this
intricate technology-driven work, ergonomics/human
factors (E/HF) has emerged as a vital field focused on
enhancing human  performance and comfort.
Traditionally, E/HF focused on designing tools,
workspaces, and systems to minimize physical strain and
maximize efficiency. However, in the context of Industry
4.0 the discipline has evolved to address a broader range

cognitive load, and the integration of digital tools [1, 2, 3].
As industrial systems grow smarter, E/HF must account
for the dynamic interplay between human workers and
advanced technologies like artificial intelligence (Al),
robotics, and the Internet of Things (loT). The
convergence of E/HF and Industry 4.0 also brings a unique
opportunity to leverage data and emerging technologies
to create human-centric workplaces. By using wearable
devices, augmented reality (AR), and predictive analytics,
organizations can not only enhance worker comfort but
also proactively identify risks and improve overall system
performance. This synergy ensures that technological
progress aligns with the well-being of the workforce,
fostering sustainable and innovative work environments.
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This article explores the evolution of E/HF within the
context of Industry 4.0 and beyond. It explores the
evolution of E/HF from its origins to its current state,
highlighting how it has adapted to meet the demands of
modern industrial environments. Moreover, it examines
the potential for E/HF innovations to shape future
workplaces, where technology and humanity coexist
harmoniously.

E/HF BEFORE INDUSTRY 4.0: HISTORICAL VIEW

E/HF, the study of designing work environments, systems,
and tools that enhance human well-being and efficiency,
has a long and rich history. From its roots in the industrial
age to its evolution in modern workplaces, E/HF has
continually adapted to meet the changing demands of
society, especially as technology advanced over time.
Before the era of Industry 4.0 E/HF was primarily focused
on minimizing physical strain, optimizing task efficiency,
and improving safety within industrial settings (physical
ergonomics). However, as industries advanced, the scope
and methodologies of E/HF evolved as well.

Early developments in E/HF

The origins of E/HF can be traced back to the early 20t
century. During this time, factories and manual labor
became more prevalent, and so did the need to address
the challenges posed by repetitive tasks, poor
workspaces, and unsafe working conditions. Early
proponents of the concepts from which E/HF emerged,
such as Frederick Winslow Taylor and Frank and Lillian
Gilbreth, included concepts aimed at improving
productivity through task optimization and reducing
physical strain [4]. Taylorism, or “scientific management,”
became one of the first systematic approaches that can
trace its way to industrial ergonomics. Taylor”s principles
focused on analyzing and streamlining work processes to
enhance efficiency, which often involved breaking down
tasks into smaller, more manageable parts [5, 6, 7, 8, 9,
10]. However, these early approaches primarily prioritized
efficiency over worker well-being, often leading to
negative consequences like fatigue and physical
discomfort [11]. Meanwhile, the Gilbreths, who studied
time and motion, emphasized the importance of reducing
unnecessary movement and designing tools that
facilitated smoother and more natural workflows. Their
work highlighted the importance of designing tasks that
minimized physical strain, laying the foundation for the
concept of “human-centered design” [12].

The shift towards safety and wellbeing

As industrial practices advanced and automation became
more prevalent, E/HF began shifting focus toward
improving worker safety and well-being. The rise of
occupational health and safety regulations in the mid-20t"
century marked a turning point for E/HF. In this period,
companies started addressing workplace risks by
designing safer machinery, ensuring proper workstation
layouts, and creating environments that reduced physical
hazards. During the 1950s and 1960s, the field expanded

beyond physical ergonomics to encompass mental and
cognitive well-being [4, 13, 14, 15, 16]. Human factors
psychology emerged, focusing on how psychological
factors, such as attention, stress, and cognitive load,
affect workers” ability to perform tasks effectively. This
shift introduced concepts such as user-friendly interfaces,
reducing cognitive load, and designing workplaces that
accommodate diverse human capabilities.

E/HF in the automation era

As automation and technology progressed in the mid-20%"
century, E/HF adapted to meet the challenges posed by
automated systems. Work environments became
increasingly digital, introducing computer-based tasks,
user interfaces, and collaborative systems. The focus
shifted toward human-computer interaction (HCI),
ensuring that these systems were intuitive, reducing the
cognitive burden, and allowing operators to interact
efficiently with complex technologies [17, 18, 19]. During
this period, E/HF research also delved into physical and
psychological aspects of workstation design, including
issues such as repetitive strain injuries (RSls) and mental
fatigue. Innovations like adjustable desks, ergonomic
seating, and anti-fatigue flooring were developed to
provide greater comfort and reduce long-term health
risks.

Internal lessons from the history of E/HF

Throughout its history, E/HF has evolved through a series
of technological advancements and societal changes.
From the industrial revolution to the era of automation
and beyond, the field has consistently sought to create
more balanced and efficient work environments.
However, it wasn”t until the integration of digital
technologies that E/HF truly began to address more
nuanced challenges, such as cognitive ergonomics and
human-machine collaboration [19, 20, 21, 22, 23, 24]. As
we look back at the historical perspective of E/HF, it is
clear that the discipline has always strived to adapt to new
realities. The transition from manual labor to automation,
and now to the interconnected smart factories of Industry
4.0 reflects the continued evolution of E/HF principles to
better serve workers in increasingly complex
technological landscapes [25].

E/HF IN THE AGE OF INDUSTRY 4.0

The dawn of Industry 4.0 has transformed the way
businesses operate, introducing advanced technologies
such as the Internet of Things (loT), artificial intelligence
(Al), robotics, and data-driven decision-making into
industrial environments. As these technologies converge,
the workplace becomes increasingly connected,
automated, and optimized for efficiency. However, this
evolution also brings unique E/HF challenges, requiring a
rethinking of how human workers interact with machines
and digital systems. E/HF in the age of Industry 4.0 must
balance technological advancement with human well-
being to create sustainable, safe, and efficient workspaces
[26]. One of the most significant aspects of E/HF in
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Industry 4.0 is the interaction between humans and
machines. As automation becomes more prevalent, the
focus shifts toward ensuring that these interactions are
intuitive and minimize physical and cognitive strain.
Human-machine interaction (HMI) design must account
for how workers perceive, process, and control complex
systems within an increasingly digital landscape [27, 28].
For example, user-friendly interfaces, real-time feedback,
and adaptive technologies can reduce cognitive overload,
making tasks more manageable and efficient. With the
integration of Al and machine learning, systems can now
predict user needs and adapt to them in real-time,
enhancing the human-machine collaboration. However,
this also creates challenges related to data security,
privacy, and maintaining a balanced workload. E/HF
design in this context ensures that these interactions are
fluid and safe while protecting worker well-being [29, 30].
Now, a new name and concept of E/HF for Industry 4.0 era
is established — cybergonomics, and a new research road
map is proposed for this new subdiscipline of E/HF [31].
Cybergonomics is a new word composed of prefix “cyber”
and word “ergonomics”. In a broader definition, cybergo-
nomics is the study of human performance in interaction
with cyber-technologies to optimize individuals” safety,
productivity, and health. In other words, the study of the
benefits and challenges of emerging technologies in the
Industry 4.0 to adapt these technologies to humans” ca-
pabilities and physical, mental, and spiritual limitations in
the living and working environment will be within the
scope of cybergonomics.

In smart factories, where automation drives productivity,
E/HF design must address the physical and psychological
impacts of automation. Assembly lines that once relied on
manual labor are increasingly populated by robotic arms,
automated vehicles, and self-driving systems. These

advancements reduce repetitive tasks and physical strain
but present new challenges in ergonomically
accommodating human oversight, troubleshooting, and
maintenance. Workers who interface with these
automated systems face challenges such as adjusting to
rapidly changing technologies, navigating between
manual and automated tasks, and maintaining focus amid
a highly interconnected environment. E/HF solutions in
this context include designing comfortable, flexible
workstations, incorporating adjustable settings for
different task requirements, and developing methods to
limit eye strain and physical discomfort.

Cognitive ergonomics in a digital age

Beyond physical ergonomics, cognitive ergonomics plays
an essential role in the age of Industry 4.0. Cognitive
ergonomics refers to the study and application of
designing work systems, tools, and environments that
optimize mental processes and reduce cognitive load,
with the goal of improving overall performance, safety,
and well-being [32, 33, 34]. It focuses on understanding
how people perceive, process, and interact with
information, making sure that tasks, technologies, and
environments are aligned with human cognitive
capabilities and limitations (Table 1).

Cognitive ergonomics aims to minimize errors, manage
mental workload, and enhance decision-making by
creating intuitive and user-friendly systems that support
efficient and effective task execution [34]. As work
increasingly involves managing data, making decisions
based on artificial intelligence outputs, and interacting
with complex digital systems, the mental workload of
workers rises significantly. This shift necessitates
uniqueness needs to understanding how cognitive
processes impact performance and well-being.

Table 1
Three dimensions of ergonomics

Type of ergonomics Figure

Core subject
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Anthropometry, body posture and movement,
workstation design, biomechnics, repetitive
movements and overuse, manual handling,
workplace environment, tolos and egiupment
design

Cognitive ergonomics

Mental workload, information processing,
decision-making, human-computer interaction
(HCl), attention and vigilance, memory

and learning, human error and reliability, situation
awarness, automation and cognitive compatibility,
stress and cognitive performance
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Organizational ergonomics
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Work design and job roles, communication
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policies and schedules, organization culture,
change management, workflows and process
optimization, leadership and decision-making,
occupation health and safety policies, technology
integrationa nd adoption, workpalce design

and spatial layout, training and development
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Cognitive ergonomics focus on optimizing human
performance through thoughtful system design that
reduces decision fatigue, streamlines workflows, and
ensures that cognitive demands are aligned with workers”
capacities [29, 35]. For instance, dashboards with excessive
information or overly complex interfaces can lead to
reduced efficiency and increased stress. E/HF principles aim
to simplify data presentation and facilitate intuitive
navigation to improve productivity and mental health.

TECHNOLOGY-DRIVEN TOOLS FOR E/HF IMPROVEMENT
Industry 4.0 has introduced a wide array of technologies
aimed at improving E/HF [36, 37, 38]. Wearable devices, for
instance, track physiological data such as heart rate,
posture, and movement, providing real-time insights into
workers” physical well-being. These tools help anticipate
potential musculoskeletal issues or repetitive strain
injuries, allowing for timely interventions and adjustments
to work processes. Augmented reality (AR) and virtual
reality (VR) are also transforming training and simulation
within industrial settings [39, 40]. These immersive
technologies help train workers in safe, controlled
environments, reducing physical strain and the risks
associated with high-stress tasks. Additionally, data
analytics and machine learning algorithms enable
predictive maintenance, ensuring that E/HF adjustments
are proactively implemented, preventing workplace
hazards.

In the age of Industry 4.0 the integration of advanced
technologies has revolutionized the way E/HF s
approached. With the rise of automation, artificial
intelligence (Al), the Internet of Things (IoT), and real-time
data analytics, organizations are leveraging technology-
driven solutions to optimize worker well-being and
enhance productivity. These tools not only improve
physical comfort but also address cognitive and emotional
demands in increasingly complex and automated work
environments. Below some of the most prominent
technology-driven tools and applications used to drive E/HF
improvements are described.

Wearable technology

Wearable devices have emerged as a key tool for enhancing
E/HF outcomes. These devices track various physiological
metrics, including heart rate, body posture, movement,
and activity levels, providing real-time insights into
workers” physical well-being. For instance, smart
wearables like fitness trackers, posture correction devices,
and exoskeletons help prevent musculoskeletal disorders
(MSDs) by offering constant feedback on E/HF performance
[41]. Examples of applications of wearable devices: (1)
posture monitoring — wearable sensors detect poor
posture, alerting workers when adjustments are needed to
reduce strain, (2) movement analysis — devices can track
repetitive tasks, identifying risks associated with overuse of
certain muscle groups, allowing for preventive action, (3)
fatigue monitoring — monitoring physiological signals such
as muscle fatigue can lead to customized break schedules

and task adjustments. Benefits of wearable devices for
E/HF are:

(1) real-time monitoring — wearable sensors track various
physical metrics, such as posture, movement, and muscle
strain, providing immediate feedback to workers,

(2) early detection — by collecting data on repetitive
movements and poor posture, wearable devices can
identify E/HF risks before they lead to injuries,

(3) personalized insights — Devices tailored to individual
needs offer insights into personal E/HF habits, helping
workers adjust behaviors to reduce physical strain.

By continuously monitoring E/HF indicators, wearable
technology empowers workers to maintain healthy and
efficient work patterns.

Augmented reality (AR) and virtual reality (VR) in E/HF
training and simulation

AR and VR have transformed the way E/HF solutions are
designed, offering immersive and interactive training
experiences [42, 43]. These technologies enable workers to
practice complex tasks in a risk-free virtual environment,
reducing physical strain and minimizing errors when
transitioning to real-world tasks. Examples of applications
of AR and VR:

(1) safety training — workers can simulate hazardous
situations, such as equipment malfunctions, without the
physical risk, ensuring a safer work environment,

(2) task simulation — VR and AR provide realistic scenarios
where workers can learn to optimize movements and
handle repetitive tasks with precision, reducing the risk of
injuries, (3) workstation optimization — physical tools, inter-
faces, and task design can be designed and tested virtually
to identify issues before being implemented to reduce risk
to workers once fully implemented.

Also, the interaction between these elements (tools, tasks,
environments) before implementation can be presented
virtuall before implementation in real-world environments.
These tools help streamline training processes, ensuring
that employees are familiar with ergonomic best practices
before interacting with actual equipment. These
technologies create a safe environment for workers to
learn complex, high-risk tasks, practice E/HF adjustments,
and gain confidence before applying these skills in actual
work settings.

Artificial Intelligence (Al) and Predictive Analytics
Al-powered systems are increasingly being used to analyze
data and predict E/HF risks. By leveraging data from
wearable devices, 10T sensors, and workstations, Al can
generate insights to proactively adjust workflows,
minimizing strain and reducing the risk of injuries [44].
Examples of applications:

(1) predictive maintenance — Al systems analyze patterns in
sensor data to anticipate when equipment may cause
physical strain or malfunction, reducing downtime and
optimizing E/HF conditions,

(2) task optimization — through machine learning, Al
systems recommend adjustments to tasks based on past
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performance, adjusting for factors like fatigue, motion, or
stress levels,

(3) risk assessment — by correlating past data with potential
hazards, Al can prioritize interventions to reduce E/HF risks
in real-time.

This predictive capability allows organizations to take a
more proactive approach to E/HF, minimizing physical
discomfort and improving workplace safety.

Smart workstations and loT-enabled environments

The Internet of Things (loT) integrates sensors into
workstations and environments, allowing for real-time
adjustments to E/HF factors. Smart workplaces use data to
adapt environments based on user needs, enhancing both
physical comfort and efficiency. Examples of applications:
(1) adjustable workstations — smart desks, chairs, and
monitor systems are equipped with sensors to adjust
height, tilt, and other E/HF settings based on user feedback
or automated adjustments,

(2) environmental optimization — loT systems monitor
lighting, temperature, and noise levels, optimizing
workspaces to reduce physical strain and fatigue,

(3) collaborative work — IoT-enabled collaborative tools
help teams work together while minimizing strain on their
bodies, with real-time adjustments ensuring optimal E/HF
support.

These technologies create highly personalized, adaptive
workplaces that cater to the unique needs of individual
workers.

Data-driven E/HF solutions

As organizations accumulate more data through loT
devices, Al systems, and wearable technology, they can
create tailored E/HF solutions. By analyzing aggregated
data, companies can gain deeper insights into specific E/HF
challenges faced by different tasks, job roles, departments,
or organizations [26]. Areas of E/HF using these kinds of
solutions include:

(1) E/HF audits — through data analytics, companies can
perform comprehensive E/HF assessments, identifying
areas for improvement in workstations, workflows, and
employee performance,

(2) customization — with big data, organizations can provide
customized E/HF solutions that cater to diverse worker
needs, whether it involves managing physical, cognitive, or
emotional demands,

(3) continuous improvement — real-time feedback from
wearable devices and loT systems ensures that E/HF
strategies evolve in response to the dynamic demands of
the workplace.

Real-time feedback systems for E/HF optimization

Real-time feedback systems have become increasingly
integral to the optimization of E/HF in the workplace. These
systems collect data from sensors and wearable devices
and provide immediate insights into physical and cognitive
well-being [44, 45]. By continuously monitoring worker
interactions with their environment, these systems help
fine-tune E/HF components, ensuring the prevention of

injuries and the promotion of a healthy, efficient

workspace. Features and benefits of real-time feedback

systems include:

1. Immediate insights: sensors embedded in workplaces
or worn by workers provide continuous data on
posture, movement patterns, and environmental
conditions, delivering real-time feedback.

2. Customized adjustments: based on collected data,
feedback systems suggest or automatically implement
adjustments to workstations, task sequences, and
workflows to suit individual E/HF needs.

3. Enhanced safety: continuous monitoring reduces the
risk of repetitive strain injuries, providing proactive
E/HF support to workers who may be handling
physically demanding tasks.

These systems also integrate with other technologies such

as loT devices, ensuring that data is collected and analyzed

seamlessly. By combining real-time insights with
automation, organizations can create dynamic, responsive
workplaces that adapt to the needs of workers in real-time.

INDUSTRY 5.0 AND E/HF

Industry 5.0 recognises that Industry 4.0 is too focused on
technology and that re-introducing a more human-centred
approach is required [46]. Instead, Industry 5.0 aims to
address this by fostering industrial practice that has three
qualities: human-centric, resilient, and sustainable [47]. In
particular, because the term “human-centric” is
fundamental to Industry 5.0 it could be argued that
Industry 5.0 is therefore a a perfect fit for E/HF. Human-
centricity isn”t just about ensuring human wellbeing in the
presence of the types of advanced technologies already
discussed, but also about improving human-technology
collaboration so that humans can obtain maximum total
benefits from the Exchange. However, in their review of the
early studies on Industry 5.0 Alves et al. [47] found that the
human-centric concepts had largely been driven by
researchers (usually in the human sciences) rather than by
industry or technology researchers. Another important
aspect to highlight is that Industry 5.0 aims to support the
development of industries that are sustainable. Thatcher
[48] has shown how sustainability and E/HF are mutually
compatible. A degraded environment is one that does not
support health, wellbeing, or effectiveness, therefore E/HF
initiatives that support sustainability, can also be viewed as
supporting E/HF.

Sustainability and E/HF: A symbiotic relationship

In today’s fast-paced, technology-driven world,
sustainability and E/HF are not mutually exclusive concepts.
Instead, they complement each other, forming a symbiotic
relationship that promotes healthier and safer workplaces
while minimizing environmental impact. E/HF focuses on
optimizing human performance and comfort, while
sustainability aims to reduce the ecological footprint of
organizational practices [48, 49]. Together, they aim to
create work environments that are both people-centric and
environmentally responsible [50]. E/HF plays a crucial role
in fostering socially sustainable work practices by ensuring
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that workplaces are designed to reduce strain, improve
productivity, and support long-term employee well-being
[48]. Sustainable ergonomics or green ergonomics not only
focuses on physical health but also considers the
environmental implications of workplace operations (the
“green” side of E/HF). Creating energy-efficient and eco-
friendly workplaces is a cornerstone of green ergonomics.
This approach helps organizations maintain a balance
between worker safety and ecological responsibility. This
involves designing workspaces that optimize energy
consumption while maintaining worker comfort and
efficiency. E/HF solutions might integrate green
technologies or ecological-thinking into the work and
workplace design processes, promoting sustainability
without compromising productivity. Some examples of
strategies for an eco-friendly workplace design are:

1. Smart workstations/workplaces: adjustable, loT-
enabled workstations and workplaces adapt based on
usage, reducing energy waste by turning off
unnecessary lights, adjusting heating or cooling, and
optimizing technology usage.

2. Sustainable materials: selecting eco-friendly materials
for furniture, flooring, and equipment contributes to a
reduced carbon footprint while maintaining comfort.
Where multiple solutions are available, then choosing
solutions that reduce resource use can contribute
towards sustainability goals.

3. Natural lighting and ventilation: incorporating designs
that maximize natural lighting and natural ventilation
not only boosts worker well-being (through external
views) but also lowers energy use for artificial lighting
and climate control systems. Combined with the design
of regionally-appropriate weather and seasonal
clothing policies one can reduce energy consumption
even further.

4. Active workplaces: the design of active workplaces (e.g.,
making stairs more visible, encouraging movement
during work, taking active breaks, etc.) and physically-
active commuting (e.g., walking or cycling facilities,
including storage, showers, and changing facilities) can
not only reduce general energy and resource
consumption, but can facilitate a more physically
healthy workforce.

5. Work-from-home: improving work-from-home
technologies (including using VR and AR technologies)
and practices to reduce the resources (and time)
required for travel, thus improving productivity whilst
also reducing environmental damage.

6. Choice of technology vs. manual work: appropriate
understanding of task-demands can help make
appropriate selections for when to choose a
technological solution and when to choose a manually-
operated solution. Just because humans can automate
a task or process, or have developed an alternative
technology, doesn”t necessarily mean one should use it
in every circumstance. For example, an electronic sit-
stand desk may be appropriate for people whose desks
(when loaded with equipment) are heavy but is
inappropriate if people are already moving around a lot

or the desk only has a laptop (in which case a manually-
operated sit-stand desk may be more appropriate).

7. Recycling: Applying E/HF one can design workplace
activities so that either recycling is not needed (e.g., the
appropriate design of a paperless office) or where
recycling is made easy (collection points are
appropriately located for the activities, and separation
at source is made easy).

The sustainable designs presented above promote
healthier workplaces while supporting long-term
environmental goals utilizing eco-conscious technologies
such as renewable energy sources, energy-efficient
machinery, and waste reduction systems supports both
environmental and E/HF goals (incorporating green
technologies) [48]. However, it should be noted that fully
embracing some Industry 4.0 technologies, especially Al
and big data analytics, needs to be carefully managed due
the high energy consumption required to use these
technologies. While Al can certainly be used to find novel
ways of reducing energy consumption [49], the responsible
(and planned) roll-out of these technologies is therefore
required to match workplace benefits with the expected
increased in energy consumption and the production of e-
waste [52].
A key challenge in promoting sustainable ergonomics is
balancing worker well-being with environmental
objectives. While sustainability seeks to minimize resource
consumption and waste, E/HF focuses on optimizing
human comfort and performance. Striking the right balance
requires thoughtful integration of both concepts.
Sustainability and E/HF are intertwined in their pursuit of
creating efficient, healthy, and responsible workplaces.
Through thoughtful design, the integration of green
technologies, and a focus on both human and
environmental well-being, organizations can build work
environments that promote sustainability without
compromising comfort or productivity. As these principles
continue to evolve, they pave the way for more sustainable
and ergonomically sound workspaces that benefit both
people and the planet.

THE FUTURE OF ERGONOMICS: TRENDS IN INDUSTRY 5.0
AND BEYOND

The evolution from Industry 4.0 to Industry 5.0 signifies a
shift towards a more human-centric approach to
automation and technology integration. While Industry 4.0
focused on optimizing efficiency through automation and
data-driven decision-making, Industry 5.0 emphasizes a
harmonious collaboration between humans and machines,
placing worker well-being at the core of technological
advancements [53].

Industry 5.0 is poised to redefine the relationship between
technology and humans. Unlike Industry 4.0 which focused
on the automation of tasks through artificial intelligence
(Al), machine learning, and the Internet of Things (loT),
Industry 5.0 aims to build more adaptable, collaborative
workplaces where humans and machines work side by side
to optimize productivity and well-being. This shift
acknowledges the limitations of fully autonomous systems
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and emphasizes the importance of integrating human input

into decision-making processes [54, 55, 56].

The key characteristics of Industry 5.0 are as follows [57]:

1. Collaborative robots (cobots): cobots are designed to
work alongside humans in dynamic, adaptive environ-
ments, offering physical support without taking over
tasks completely.

2. Personalized automation: machines and Al systems will
be tailored to individual worker needs, enabling a more
customized approach to E/HF.

3. Emotional and cognitive wellbeing: Industry 5.0 focuses
not only on physical ergonomics but also on mental
health, reducing cognitive strain through better-de-
signed work systems.

As moving into this new era, E/HF will continue to evolve,

integrating advanced technologies and emphasizing per-

sonalization to create workplaces that enhance both
productivity and employee well-being. The artificial
intelligence (Al) and big data will create highly personalized

E/HF solutions in Industry 5.0 [58]. Through continuous

monitoring and analysis of worker data, Al systems are

capable of tailoring work environments to individual needs
in which physical, cognitive, and emotional factors are
taken into account. Al-driven systems can adapt
workspaces, adjusting seating, workstation layouts, and
task prioritization to optimize comfort and efficiency (real-
time adjustment). By analyzing past performance and
health data, Al can predict future E/HF risks, providing
proactive solutions to mitigate strain or discomfort

(predictive analysis). Big data allows for a comprehensive

understanding of workplace dynamics, addressing both

physical tasks and emotional aspects of worker wellbeing,
such as stress reduction and cognitive load management

(E/HF holistic approach).

The personalized solutions from E/HF will create truly

tailored environments for each individual worker.

CONCLUSIONS

While Industry 4.0 offers immense technological
capabilities, ensuring the human-centric aspect of E/HF
remains crucial. Designing work environments that
seamlessly integrate automation with human skills requires
ongoing research and adaptation. The goal is to create
workplaces where technology enhances productivity
without compromising health, safety, and overall well-
being. As we advance toward Industry 5.0 —an era focused
on human-centric automation-E/HF will continue to evolve,
ensuring that technology works in harmony with human
capabilities. The age of Industry 4.0 underscores the
importance of an E/HF approach that embraces both
technological innovation and human-centric design.
Technology-driven E/HF have become an essential
component of modern industrial development. From
wearable devices and Al analytics to AR/VR training and
smart workstations, these tools empower organizations to
create environments that prioritize both efficiency and
worker well-being. As Industry 4.0 evolves, continuous
innovation in these areas will pave the way for even more

advanced, human-centered solutions that ensure
workplaces remain safe, productive, and sustainable.

The future of E/HF is intertwined with emerging
technologies that hold the potential to transform
workplace environments. Wearable devices,
augmented/virtual reality, and real-time feedback systems
are revolutionizing the landscape of ergonomic solutions in
the workplace. These technologies provide not only
physical benefits, such as improved posture and reduced
strain but also mental and cognitive support, enhancing
overall well-being and productivity. The new tools will
continue to shape the future of E/HF, ensuring safer,
healthier, and more efficient working environments, and
will continue to shape how workers interact with their
surroundings, machines, and digital tools.

Industry 5.0 represents a significant evolution in how E/HF
will be integrated into the workplace. Moving beyond
simple automation, this new era emphasizes human-
centric automation, tailored personalization through Al and
big data, and the adoption of emerging technologies. As
workplaces continue to embrace this holistic approach,
E/HF will evolve to support a balanced, sustainable, and
technologically advanced future where workers thrive both
physically and mentally.

ACKNOWLEDGEMENTS

This paper was financed from the project no. BK-
259/R0Z3/2025 (13/030/BK_25/0089) by the Department
of Production Engineering (ROZ3), Faculty of Organization
and Management, Silesian University of Technology.

REFERENCES

[1]  Frank, A.G., Dalenogare, L.S., Ayala, N.F., 2019. ,,Industry 4.0
technologies: Implementation patterns in manufacturing
companies”, International Journal of Production Economics,
210, pp. 15-26.

[2]  Gualtieri, L., Rauch, E., Vidoni, R., 2021. ,,Emerging research
fields in safety and ergonomics in industrial collaborative ro-
botics: A systematic literature review”, Robotics and Com-
puter-Integrated Manufacturing, 67, Article 101998.

[3] Keshvarparast, A., Battini, D., Battaia, O., Pirayesh, A., 2023.
,Collaborative robots in manufacturing and assembly sys-
tems: Literature review and future research agenda”, Jour-
nal of Intelligent Manufacturing, pp. 1-54.

[4] Ptaza, G.,2024. ,Introduction to ergonomics”, in Mleczko K.,
Ptaza G. (eds.) Insights into industrial ergonomics, Mono-
graph, Politechnika Slaska, vol. 1027, Gliwice, Politechnika
Slaska, pp. 11-28. ISBN 978-83-7880-682-0.

[S] Ptaza, G., Karwowski, W., 2024. , Ergonomics as a multi- and
interdisciplinary science”, in Mleczko K. & Pfaza G. (eds.) In-
sights into industrial ergonomics, Monograph, Politechnika
Slaska, vol. 1027, Gliwice, Politechnika Slaska, pp. 29-36.
ISBN 978-83-7880-682-0.

[6] Kolus, A., Wells, R., Neumann, P., (2018. ,,Production quality
and human factors engineering: A systematic review and
theoretical framework”, Applied Ergonomics, 73, pp. 55-58.

[71 Battini, D., Berti, N., Finco, S., Zennaro, |., Das, A., 2022. , To-
wards industry 5.0: A multi-objective job rotation model for
an inclusive workforce”, International Journal of Production
Economics, 250, Article 108619.

[8] Battini, D., Faccio, M., Persona, A., Sgarbossa, F., 2011.,,New
methodological framework to improve productivity and



236

Management Systems in Production Engineering 2025, Volume 33, Issue 2

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

[21]

[22]

ergonomics in assembly system design”, International Jour-
nal of Industrial Ergonomics, 41(1), pp. 30-42.

Neumann, W.P., Winkelhaus, S., Grosse, E.H., Glock, C.H.,
2021. ,Industry 4.0 and the human factor. A systems frame-
work and analysis methodology for successful develop-
ment”, International Journal of Production Economics, 233,
Article 107992.

Sgarbossa, F., Grosse, E.H., Neumann, W.P., Battini, D.,
Glock, C.H., 2020. ,,Human factors in production and logis-
tics systems of the future”, Annual Reviews in Control, 49,
pp. 295-305.

Deng, H., Lu, Y., Fan, D., Liu, W., Xia, Y., 2024. , The Power of
Precision: How Algorithmic Monitoring and Performance
Management Enhances Employee Workplace Well-Being”,
New Technology, Work and Employment, DOI:
10.1111/ntwe.12328.

Pandve, H.T., 2017. ,Historical milestones of ergonomics:
from ancient human to modern human”, Journal of Ergo-
nomics, 7, e169. https://doi.org/10.4172/2165-
7556.1000e169.

Wilson, J.R., 2000. ,Fundamentals of ergonomics in theory
and practice”, Applied Ergonomics, 31, pp. 557-567.
https://doi.org/10.1016/S0003-6870(00)00034-X.
Bartnicka, J., Kabiesz, P., Kazmierczak, J., 2020. ,,Standardi-
zation of human activities as the component of a workflow
efficiency model: A research experiment from a meat pro-
ducing plant”, Production Engineering Archives, 26(2), pp.
15-20. DOI: 10.30657/pea.2020.26.15.

Embrey, D., Blackett, C., Marsden, P. et al., 2006. ,Develop-
ment of a human cognitive workload assessment tool”, MCA
Final Report, Human Reliability Associates.

Neumann, W.P., Ekman, M., Winkel, J., 2009. ,Integrating
ergonomics into production system development - the
Volvo Powertrain case”, Applied Ergonomics, 40(3), pp. 265-
272.DO0I: 10.1016/j.apergo.2008.09.010.

Reiman, A., Kaivo-oja, J., Parviainen, E., Takala, E.-P.,
Lauraeus, T., 2021. ,,Human factors and ergonomics in man-
ufacturing in the Industry 4.0 context — A scoping review”,
Technology in Society, 65, p. 101572.
https://doi.org/10.1016/j.techsoc.2021.101572.
Silva-Martinez, J., 2016. ,,Human systems integration: Pro-
cess to help minimize human errors, a systems engineering
perspective for human space exploration missions”, REACH
— Reviews in Human Space Exploration, 2, pp. 8-23. DOI:
10.1016/j.reach.2016.11.003.

Leonard, P., Tyers, R., 2021. ,Engineering the revolution?
Imagining the role of new digital technologies in infrastruc-
ture work futures”, New Technology, Work and Employ-
ment, 38(2), Special Issue: The ,,new” social relations of dig-
ital technology and the future of work. DOL:
10.1111/ntwe.12226.

Virmani, N., Ravindra Salve, U., 2023. ,Significance of hu-
man factors and ergonomics (HFE): Mediating its role be-
tween Industry 4.0 implementation and operational excel-
lence”, |EEE Transactions on Engineering Management,
70(11), pp. 3976-3989.
https://doi.org/10.1109/TEM.2021.3091398.

Anshari, M., Almunawar, M.N., 2021. ,,Adopting open inno-
vation for SMEs and industrial revolution 4.0”, Journal of Sci-
ence and Technology Policy Management, DOI:
10.1108/JSTPM-02-2021-0070.

Zorzenon, R,, Lizarelli, F.L., Daniel, B.D.A., 2022. ,What is the
potential impact of industry 4.0 on health and safety at
work?”, Safety Science, 153, Article 105802.

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

Fallaha, M., Cinar, Z.M., Korhan, O., Zeeshan, Q. (2020) ,,Op-
erator 4.0 and Cognitive Ergonomics”, Springer, Cham, pp.
217-228. DOI: 10.1007/978-3-030-42416-9_20.

Howcroft, D., Taylor, P., 2022. ,Automation and the future
of work: A social shaping of technology approach”, New
Technology, Work and Employment, 38(2), Special Issue:
The ,,new” social relations of digital technology and the fu-
ture of work. DOI: 10.1111/ntwe.12240.

Kadir, B.A., Broberg, O., da Conceicao, C.S., 2019. ,Current
research and future perspectives on human factors and er-
gonomics in Industry 4.0”, Computers & Industrial Engineer-
ing, 137, Article 106004.

European Commission (2021) Industry 5.0 — Towards a sus-
tainable, human-centric and resilient European industry.
Publications  Office of the European  Union.
https://doi.org/10.2777/308407.

Romero, D., Stahre, J., Taisch, M., 2020 , The Operator 4.0:
Towards socially sustainable factories of the future”, Com-
puters & Industrial Engineering, 139, p. 106128.
https://doi.org/10.1016/j.cie.2019.106128.

Kadir, B.A., Broberg, O., Souza da Conceic¢do, C. 2019. ,,Cur-
rent research and future perspectives on human factors and
ergonomics in Industry 4.0”, Computers & Industrial Engi-
neering, 137, p. 106004.
https://doi.org/10.1016/j.cie.2019.106004.

Badri, A., Boudreau-Trudel, B., Souissi, A. S., 2018. ,,Occupa-
tional health and safety in the industry 4.0 era: A cause for
major concern?”, Safety Science, 109, pp. 403-411.
https://doi.org/10.1016/j.ssci.2018.06.012.

Gualtieri, L., Fraboni, F., De Marchi, M., Rauch, E., 2022. ,De-
velopment and evaluation of design guidelines for cognitive
ergonomics in human-robot collaborative assembly sys-
tems”, Applied  Ergonomics, 104, p. 103807.
https://doi.org/10.1016/j.apergo.2022.103807.

Pouyakian, M., 2022. ,Cybergonomics: Proposing and justi-
fication of a new name for the ergonomics of Industry 4.0
technologies”, Frontiers in Public Health, 10, p. 1012985.
https://doi.org/10.3389/fpubh.2022.1012985.

Kim, 1.J., 2016. ,,Cognitive ergonomics and its role for indus-
try safety enhancements”, Journal of Ergonomics, 6, p.
1000e158. https://doi.org/10.4172/2165-7556.1000e158.
Kabiesz, P., 2024. ,Non-material factors in work environ-
ment”, in K. Mleczko & G. Ptaza (eds.) Insights into industrial
ergonomics. Monograph, Politechnika Slgska, vol. 1027, Gli-
wice, Politechnika Slaska, pp. 103-114. ISBN 978-83-7880-
682-0.

Jamil, T., 2024. ,,Cognitive ergonomics: Towards a concep-
tion of engineering discipline of human factors”, in K. Mlec-
zko & G. Pfaza (eds.) Insights into industrial ergonomics.
Monograph, Politechnika §Iqska, vol. 1027, Gliwice,
Politechnika §Iqska, pp. 103-114. ISBN 978-83-7880-682-0.
Rajendran, S., Giridhar, S., Chaudhari, S., Gupta, P.K., 2021.
,Technological advancements in occupational health and
safety”, Measurement and Sensory, 15, p. 100045.
https://doi.org/10.1016/j.measen.2021.100045.

Gasova, M., Gado, M., Stefanik, A., 2017. , Advanced indus-
trial tools of ergonomics based on industry 4.0. Concept”,
Procedia Engineering, 192, pp. 219-224.
https://doi.org/10.1016/j.proeng.2017.06.038.

Forcina, A., Falcone, D., 2021. ,The role of Industry 4.0 ena-
bling technologies for safety management: A systematic lit-
erature review”, Procedia Computer Science, 180, pp. 436-
445, https://doi.org/10.1016/j.procs.2021.01.260.

Rotatori, D., Lee, E.J., Sleeva, S., 2021. , The evolution of the
workforce during the fourth industrial revolution”, Human


file:///C:/Users/pla.g/Downloads/Pandve,%20H.T.,%202017
file:///C:/Users/pla.g/Downloads/Pandve,%20H.T.,%202017
file:///C:/Users/pla.g/Downloads/Pandve,%20H.T.,%202017
file:///C:/Users/pla.g/Downloads/Pandve,%20H.T.,%202017
Wilson,%20J.R.,%202000.%20
Wilson,%20J.R.,%202000.%20
Wilson,%20J.R.,%202000.%20
Reiman,%20A.,%20Kaivo-oja,%20J.,%20Parviainen,%20E.,%20Takala,%20E.-P.,%20Lauraeus,%20T.,%202021.%20
Reiman,%20A.,%20Kaivo-oja,%20J.,%20Parviainen,%20E.,%20Takala,%20E.-P.,%20Lauraeus,%20T.,%202021.%20
Reiman,%20A.,%20Kaivo-oja,%20J.,%20Parviainen,%20E.,%20Takala,%20E.-P.,%20Lauraeus,%20T.,%202021.%20
Reiman,%20A.,%20Kaivo-oja,%20J.,%20Parviainen,%20E.,%20Takala,%20E.-P.,%20Lauraeus,%20T.,%202021.%20
Reiman,%20A.,%20Kaivo-oja,%20J.,%20Parviainen,%20E.,%20Takala,%20E.-P.,%20Lauraeus,%20T.,%202021.%20
Virmani,%20N.,%20Ravindra%20Salve,%20U.,%202023.%20
Virmani,%20N.,%20Ravindra%20Salve,%20U.,%202023.%20
Virmani,%20N.,%20Ravindra%20Salve,%20U.,%202023.%20
Virmani,%20N.,%20Ravindra%20Salve,%20U.,%202023.%20
Virmani,%20N.,%20Ravindra%20Salve,%20U.,%202023.%20
Virmani,%20N.,%20Ravindra%20Salve,%20U.,%202023.%20
https://doi.org/10.2777/308407
https://doi.org/10.2777/308407
https://doi.org/10.2777/308407
https://doi.org/10.2777/308407
file:///C:/Users/pla.g/Downloads/Romero,%20D.,%20Stahre,%20J.,%20Taisch,%20M.,%202020
file:///C:/Users/pla.g/Downloads/Romero,%20D.,%20Stahre,%20J.,%20Taisch,%20M.,%202020
file:///C:/Users/pla.g/Downloads/Romero,%20D.,%20Stahre,%20J.,%20Taisch,%20M.,%202020
file:///C:/Users/pla.g/Downloads/Romero,%20D.,%20Stahre,%20J.,%20Taisch,%20M.,%202020
Kadir,%20B.A.,%20Broberg,%20O.,%20Souza%20da%20Conceição,%20C.%202019.%20
Kadir,%20B.A.,%20Broberg,%20O.,%20Souza%20da%20Conceição,%20C.%202019.%20
Kadir,%20B.A.,%20Broberg,%20O.,%20Souza%20da%20Conceição,%20C.%202019.%20
Kadir,%20B.A.,%20Broberg,%20O.,%20Souza%20da%20Conceição,%20C.%202019.%20
Kadir,%20B.A.,%20Broberg,%20O.,%20Souza%20da%20Conceição,%20C.%202019.%20
Badri,%20A.,%20Boudreau-Trudel,%20B.,%20Souissi,%20A.%20S.,%202018.%20
Badri,%20A.,%20Boudreau-Trudel,%20B.,%20Souissi,%20A.%20S.,%202018.%20
Badri,%20A.,%20Boudreau-Trudel,%20B.,%20Souissi,%20A.%20S.,%202018.%20
Badri,%20A.,%20Boudreau-Trudel,%20B.,%20Souissi,%20A.%20S.,%202018.%20
file:///C:/Users/pla.g/Downloads/Gualtieri,%20L.,%20Fraboni,%20F.,%20De%20Marchi,%20M.,%20Rauch,%20E.,%202022
file:///C:/Users/pla.g/Downloads/Gualtieri,%20L.,%20Fraboni,%20F.,%20De%20Marchi,%20M.,%20Rauch,%20E.,%202022
file:///C:/Users/pla.g/Downloads/Gualtieri,%20L.,%20Fraboni,%20F.,%20De%20Marchi,%20M.,%20Rauch,%20E.,%202022
file:///C:/Users/pla.g/Downloads/Gualtieri,%20L.,%20Fraboni,%20F.,%20De%20Marchi,%20M.,%20Rauch,%20E.,%202022
file:///C:/Users/pla.g/Downloads/Gualtieri,%20L.,%20Fraboni,%20F.,%20De%20Marchi,%20M.,%20Rauch,%20E.,%202022
file:///C:/Users/pla.g/Downloads/Pouyakian,%20M.,%202022
file:///C:/Users/pla.g/Downloads/Pouyakian,%20M.,%202022
file:///C:/Users/pla.g/Downloads/Pouyakian,%20M.,%202022
file:///C:/Users/pla.g/Downloads/Pouyakian,%20M.,%202022
file:///C:/Users/pla.g/Downloads/Kim,%20I.J.,%202016
file:///C:/Users/pla.g/Downloads/Kim,%20I.J.,%202016
file:///C:/Users/pla.g/Downloads/Kim,%20I.J.,%202016
file:///C:/Users/pla.g/Downloads/Rajendran,%20S.,%20Giridhar,%20S.,%20Chaudhari,%20S.,%20Gupta,%20P.K.,%202021
file:///C:/Users/pla.g/Downloads/Rajendran,%20S.,%20Giridhar,%20S.,%20Chaudhari,%20S.,%20Gupta,%20P.K.,%202021
file:///C:/Users/pla.g/Downloads/Rajendran,%20S.,%20Giridhar,%20S.,%20Chaudhari,%20S.,%20Gupta,%20P.K.,%202021
file:///C:/Users/pla.g/Downloads/Rajendran,%20S.,%20Giridhar,%20S.,%20Chaudhari,%20S.,%20Gupta,%20P.K.,%202021
Gašová,%20M.,%20Gašo,%20M.,%20Štefánik,%20A.,%202017.%20
Gašová,%20M.,%20Gašo,%20M.,%20Štefánik,%20A.,%202017.%20
Gašová,%20M.,%20Gašo,%20M.,%20Štefánik,%20A.,%202017.%20
Gašová,%20M.,%20Gašo,%20M.,%20Štefánik,%20A.,%202017.%20
Forcina,%20A.,%20Falcone,%20D.,%202021.%20
Forcina,%20A.,%20Falcone,%20D.,%202021.%20
Forcina,%20A.,%20Falcone,%20D.,%202021.%20
Forcina,%20A.,%20Falcone,%20D.,%202021.%20
Rotatori,%20D.,%20Lee,%20E.J.,%20Sleeva,%20S.,%202021.%20
Rotatori,%20D.,%20Lee,%20E.J.,%20Sleeva,%20S.,%202021.%20

G. Ptaza et al. — Ergonomics/Human Factors in the Era of Smart And Sustainable Industry... 237

(39]

[40]

[41]

[42]

(43]

(44]

(45]

(46]

(47]

(48]

Resource Development International, 24, pp. 92-103.
https://doi.org/10.1080/13678868.2020.1767453.
Skobelev, P.O., Borovik, S.Y., 2017. ,,0n the way from Indus-
try 4.0 to Industry 5.0: From digital manufacturing to digital
society”, International Scientific Journal “INDUSTRY 4.0”, 2,
pp. 307-311.

Gallo, T., Santolamazza, A., 2021. ,Industry 4.0 and human
factor: How is technology changing the role of the mainte-
nance operator?”, Procedia Computer Science, 180, pp. 388-
393. https://doi.org/10.1016/j.procs.2021.01.364.

Kaare, K.K., Otto, T., 2015. ,Smart health care monitoring
technologies to improve employee performance in manu-
facturing”, Procedia Engineering, 100, pp. 826-833.
https://doi.org/10.1016/j.proeng.2015.01.437.

Longo, F., Nicoletti, L., Padovano, A., 2017. ,Smart operators
in industry 4.0: A human-centered approach to enhance op-
erators” capabilities and competencies within the new
smart factory context”, Computers & Industrial Engineering,
113, pp. 144-159.
https://doi.org/10.1016/j.cie.2017.09.016.

Marino, E., Barbieri, L., Colacino, B., Fleri, A.K., Marino, F.B.,
2021. ,An augmented reality inspection tool to support
workers in Industry 4.0 environments”, Computers in Indus-
try, 127, p. 103412. https://doi.org/10.1016/j.com-
pind.2021.103412.

Moya, A., Bastida, L., Aguirrezabal, P., Pantano, M., Abril-Ji-
ménez, P., 2023. ,Augmented reality for supporting workers
in human—robot collaboration”, Multimodal Technologies
and Interaction, 7(40).
https://doi.org/10.3390/mti7040040.

Mehta, R.K., 2016. ,Integrating physical and cognitive ergo-
nomics”, IIE Transactions on Occupational Ergonomics and
Human Factors, 4, pp. 83-87.
https://doi.org/10.1080/21577323.2016.1207475.
Hermawati, S., Correa, R., Mohan, M., Lawson, G., Hough-
ton, R., 2024. , Defining human-centricity in Industry 5.0 and
assessing the readiness of ergonomics/human factors com-
munities in UK”, Ergonomics, pp. 1-20.
https://doi.org/10.1080/00140139.2024.2343947.

Alves, J., Lima, T.M., Gaspar, P.D., 2023. ,Is industry 5.0 a
human-centred approach? A systematic review”, Processes,
11(1), p. 193. https://doi.org/10.3390/pr11010193.
Thatcher, A., 2013. ,Green ergonomics: definition and
scope”, Ergonomics, 56(3), pp. 389-398.
https://doi.org/10.1080/00140139.2012.718371.

Grazyna Ptaza (correspondence author)
ORCID ID: 0000-0001-5862-0905

Silesian University of Technology

Faculty of Organization and Management
Department of Production Engineering
Roosevelta 26, 41-800 Zabrze, Poland
e-mail: grazyna.plaza@polsl.pl

Patrycja Kabiesz

ORCID ID: 0000-0001-5920-7485

Silesian University of Technology

Faculty of Organization and Management
Department of Production Engineering
Roosevelta 26, 41-800 Zabrze, Poland
e-mail: patrycja.kabiesz@polsl.pl

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

Bolén-Canedo, V., Moran-Fernandez, L., Cancela, B., Alonso-
Betanzos, A., 2024. , A review of green artificial intelligence:
Towards a more sustainable future”, Neurocomputing, p.
128096. https://doi.org/10.1016/j.neucom.2024.128096.
Amjad, A., lkramullah, S., Mujtaba, B., Agha, H., Ahmad, A.,
Zhang, F., Ahmad, S., 2023. ,Integrating ergonomics and
sustainability: A framework with LDA methodology and im-
plementation roadmap”, Technology in Society, 75, p.
102369. https://doi.org/10.1016/j.techsoc.2023.102369.
Wang, Q., Li, Y., Li, R., 2024. ,Ecological footprints, carbon
emissions, and energy transitions: the impact of artificial in-
telligence (Al)”, Humanities and Social Sciences Communica-
tions, 11, p. 1043. https://doi.org/10.1057/s41599-024-
03520-5.

Gamal, M., Osama, A.l., Hesham, F.A. Hamed, Sherif, Fakhry
M.Abd-Elnaby, 2024. ,Engineering”s next leap: how fourth
industrial revolution is shaping the future of the industry”,
ERURY, 3(2), pp. 970-992.
https://doi.org/10.21608/erurj.2024.245917.1086.
Majernik, M., Daneshjo, N., Malega, P., Drabik, P., Barilova,
B., 2022. ,Sustainable development of the intelligent
industry from Industry 4.0 to Industry 5.0”, Advances in
Science and Technology Research Journal, 16, pp. 12-18.
https://doi.org/10.12913/22998624/146420.

Panagou, S., Neumann, W.P., Fruggiero, F., 2024. , A scoping
review of human-robot interaction research towards Indus-
try 5.0 human-centric workplaces”, International Journal of
Production Research, 62, pp. 974-990.
https://doi.org/10.1080/00207543.2023.2172473.

Kabiesz, P., Tutak, M., 2024. , Developing a culture of safety
for sustainable development and public health in manufac-
turing companies: A case study”, Sustainability, 16(17), pp.
1-17. DOI: 10.3390/5u16177557.

Kabiesz, P., 2024. ,Safety culture in SMEs of the food indus-
try: A case study and best practices”, Sustainability, 16, pp.
1-26.

Valette, E., Bril El-Haouzi, H., Demesure, G., 2023. ,Industry
5.0 and its technologies: A systematic literature review upon
the human place into IoT- and CPS-based industrial sys-
tems”, Computers & Industrial Engineering, 184, p. 109426.
https://doi.org/10.1016/j.cie.2023.109426.

Yahia, E., Magnani, F., Joblot, L., Passalacqua, M., Pellerin,
R., 2024. ,Exploring the effects of industry 4.0/5.0 on human
factors: A preliminary systematic literature review”, 18th
IFAC Symposium on Information Control Problems in Man-
ufacturing (INCOM 2024), Aug. 2024, Vienna, Austria.
https://sites.google.com/view/scopusqueryin-
com24?usp=sharing


Rotatori,%20D.,%20Lee,%20E.J.,%20Sleeva,%20S.,%202021.%20
Rotatori,%20D.,%20Lee,%20E.J.,%20Sleeva,%20S.,%202021.%20
Gallo,%20T.,%20Santolamazza,%20A.,%202021.%20
Gallo,%20T.,%20Santolamazza,%20A.,%202021.%20
Gallo,%20T.,%20Santolamazza,%20A.,%202021.%20
Gallo,%20T.,%20Santolamazza,%20A.,%202021.%20
Kaare,%20K.K.,%20Otto,%20T.,%202015.%20
Kaare,%20K.K.,%20Otto,%20T.,%202015.%20
Kaare,%20K.K.,%20Otto,%20T.,%202015.%20
Kaare,%20K.K.,%20Otto,%20T.,%202015.%20
Longo,%20F.,%20Nicoletti,%20L.,%20Padovano,%20A.,%202017.%20
Longo,%20F.,%20Nicoletti,%20L.,%20Padovano,%20A.,%202017.%20
Longo,%20F.,%20Nicoletti,%20L.,%20Padovano,%20A.,%202017.%20
Longo,%20F.,%20Nicoletti,%20L.,%20Padovano,%20A.,%202017.%20
Longo,%20F.,%20Nicoletti,%20L.,%20Padovano,%20A.,%202017.%20
Longo,%20F.,%20Nicoletti,%20L.,%20Padovano,%20A.,%202017.%20
file:///C:/Users/pla.g/Downloads/Marino,%20E.,%20Barbieri,%20L.,%20Colacino,%20B.,%20Fleri,%20A.K.,%20Marino,%20F.B.,%202021
file:///C:/Users/pla.g/Downloads/Marino,%20E.,%20Barbieri,%20L.,%20Colacino,%20B.,%20Fleri,%20A.K.,%20Marino,%20F.B.,%202021
file:///C:/Users/pla.g/Downloads/Marino,%20E.,%20Barbieri,%20L.,%20Colacino,%20B.,%20Fleri,%20A.K.,%20Marino,%20F.B.,%202021
file:///C:/Users/pla.g/Downloads/Marino,%20E.,%20Barbieri,%20L.,%20Colacino,%20B.,%20Fleri,%20A.K.,%20Marino,%20F.B.,%202021
file:///C:/Users/pla.g/Downloads/Marino,%20E.,%20Barbieri,%20L.,%20Colacino,%20B.,%20Fleri,%20A.K.,%20Marino,%20F.B.,%202021
https://doi.org/10.3390/mti7040040
Mehta,%20R.K.,%202016.%20
Mehta,%20R.K.,%202016.%20
Mehta,%20R.K.,%202016.%20
Mehta,%20R.K.,%202016.%20
Hermawati,%20S.,%20Correa,%20R.,%20Mohan,%20M.,%20Lawson,%20G.,%20Houghton,%20R.,%202024.%20
Hermawati,%20S.,%20Correa,%20R.,%20Mohan,%20M.,%20Lawson,%20G.,%20Houghton,%20R.,%202024.%20
Hermawati,%20S.,%20Correa,%20R.,%20Mohan,%20M.,%20Lawson,%20G.,%20Houghton,%20R.,%202024.%20
Hermawati,%20S.,%20Correa,%20R.,%20Mohan,%20M.,%20Lawson,%20G.,%20Houghton,%20R.,%202024.%20
Hermawati,%20S.,%20Correa,%20R.,%20Mohan,%20M.,%20Lawson,%20G.,%20Houghton,%20R.,%202024.%20
Alves,%20J.,%20Lima,%20T.M.,%20Gaspar,%20P.D.,%202023.%20
Alves,%20J.,%20Lima,%20T.M.,%20Gaspar,%20P.D.,%202023.%20
Alves,%20J.,%20Lima,%20T.M.,%20Gaspar,%20P.D.,%202023.%20
Thatcher,%20A.,%202013.%20
Thatcher,%20A.,%202013.%20
Thatcher,%20A.,%202013.%20
file:///C:/Users/pla.g/Downloads/Bolón-Canedo,%20V.,%20Morán-Fernández,%20L.,%20Cancela,%20B.,%20Alonso-Betanzos,%20A.,%202024
file:///C:/Users/pla.g/Downloads/Bolón-Canedo,%20V.,%20Morán-Fernández,%20L.,%20Cancela,%20B.,%20Alonso-Betanzos,%20A.,%202024
file:///C:/Users/pla.g/Downloads/Bolón-Canedo,%20V.,%20Morán-Fernández,%20L.,%20Cancela,%20B.,%20Alonso-Betanzos,%20A.,%202024
file:///C:/Users/pla.g/Downloads/Bolón-Canedo,%20V.,%20Morán-Fernández,%20L.,%20Cancela,%20B.,%20Alonso-Betanzos,%20A.,%202024
file:///C:/Users/pla.g/Downloads/Amjad,%20A.,%20Ikramullah,%20S.,%20Mujtaba,%20B.,%20Agha,%20H.,%20Ahmad,%20A.,%20Zhang,%20F.,%20Ahmad,%20S.,%202023
file:///C:/Users/pla.g/Downloads/Amjad,%20A.,%20Ikramullah,%20S.,%20Mujtaba,%20B.,%20Agha,%20H.,%20Ahmad,%20A.,%20Zhang,%20F.,%20Ahmad,%20S.,%202023
file:///C:/Users/pla.g/Downloads/Amjad,%20A.,%20Ikramullah,%20S.,%20Mujtaba,%20B.,%20Agha,%20H.,%20Ahmad,%20A.,%20Zhang,%20F.,%20Ahmad,%20S.,%202023
file:///C:/Users/pla.g/Downloads/Amjad,%20A.,%20Ikramullah,%20S.,%20Mujtaba,%20B.,%20Agha,%20H.,%20Ahmad,%20A.,%20Zhang,%20F.,%20Ahmad,%20S.,%202023
file:///C:/Users/pla.g/Downloads/Amjad,%20A.,%20Ikramullah,%20S.,%20Mujtaba,%20B.,%20Agha,%20H.,%20Ahmad,%20A.,%20Zhang,%20F.,%20Ahmad,%20S.,%202023
file:///C:/Users/pla.g/Downloads/Wang,%20Q.,%20Li,%20Y.,%20Li,%20R.,%202024
file:///C:/Users/pla.g/Downloads/Wang,%20Q.,%20Li,%20Y.,%20Li,%20R.,%202024
file:///C:/Users/pla.g/Downloads/Wang,%20Q.,%20Li,%20Y.,%20Li,%20R.,%202024
file:///C:/Users/pla.g/Downloads/Wang,%20Q.,%20Li,%20Y.,%20Li,%20R.,%202024
file:///C:/Users/pla.g/Downloads/Wang,%20Q.,%20Li,%20Y.,%20Li,%20R.,%202024
Gamal,%20M.,%20Osama,%20A.I.,%20Hesham,%20F.A.%20Hamed,%20Sherif,%20Fakhry%20M.Abd-Elnaby,%202024.%20
Gamal,%20M.,%20Osama,%20A.I.,%20Hesham,%20F.A.%20Hamed,%20Sherif,%20Fakhry%20M.Abd-Elnaby,%202024.%20
Gamal,%20M.,%20Osama,%20A.I.,%20Hesham,%20F.A.%20Hamed,%20Sherif,%20Fakhry%20M.Abd-Elnaby,%202024.%20
Gamal,%20M.,%20Osama,%20A.I.,%20Hesham,%20F.A.%20Hamed,%20Sherif,%20Fakhry%20M.Abd-Elnaby,%202024.%20
Gamal,%20M.,%20Osama,%20A.I.,%20Hesham,%20F.A.%20Hamed,%20Sherif,%20Fakhry%20M.Abd-Elnaby,%202024.%20
Majerník,%20M.,%20Daneshjo,%20N.,%20Malega,%20P.,%20Drábik,%20P.,%20Barilová,%20B.,%202022.%20
Majerník,%20M.,%20Daneshjo,%20N.,%20Malega,%20P.,%20Drábik,%20P.,%20Barilová,%20B.,%202022.%20
Majerník,%20M.,%20Daneshjo,%20N.,%20Malega,%20P.,%20Drábik,%20P.,%20Barilová,%20B.,%202022.%20
Majerník,%20M.,%20Daneshjo,%20N.,%20Malega,%20P.,%20Drábik,%20P.,%20Barilová,%20B.,%202022.%20
Majerník,%20M.,%20Daneshjo,%20N.,%20Malega,%20P.,%20Drábik,%20P.,%20Barilová,%20B.,%202022.%20
Panagou,%20S.,%20Neumann,%20W.P.,%20Fruggiero,%20F.,%202024.%20
Panagou,%20S.,%20Neumann,%20W.P.,%20Fruggiero,%20F.,%202024.%20
Panagou,%20S.,%20Neumann,%20W.P.,%20Fruggiero,%20F.,%202024.%20
Panagou,%20S.,%20Neumann,%20W.P.,%20Fruggiero,%20F.,%202024.%20
Panagou,%20S.,%20Neumann,%20W.P.,%20Fruggiero,%20F.,%202024.%20
file:///C:/Users/pla.g/Downloads/Valette,%20E.,%20Bril%20El-Haouzi,%20H.,%20Demesure,%20G.,%202023
file:///C:/Users/pla.g/Downloads/Valette,%20E.,%20Bril%20El-Haouzi,%20H.,%20Demesure,%20G.,%202023
file:///C:/Users/pla.g/Downloads/Valette,%20E.,%20Bril%20El-Haouzi,%20H.,%20Demesure,%20G.,%202023
file:///C:/Users/pla.g/Downloads/Valette,%20E.,%20Bril%20El-Haouzi,%20H.,%20Demesure,%20G.,%202023
file:///C:/Users/pla.g/Downloads/Valette,%20E.,%20Bril%20El-Haouzi,%20H.,%20Demesure,%20G.,%202023
Yahia,%20E.,%20Magnani,%20F.,%20Joblot,%20L.,%20Passalacqua,%20M.,%20Pellerin,%20R.,%202024.%20
Yahia,%20E.,%20Magnani,%20F.,%20Joblot,%20L.,%20Passalacqua,%20M.,%20Pellerin,%20R.,%202024.%20
Yahia,%20E.,%20Magnani,%20F.,%20Joblot,%20L.,%20Passalacqua,%20M.,%20Pellerin,%20R.,%202024.%20
Yahia,%20E.,%20Magnani,%20F.,%20Joblot,%20L.,%20Passalacqua,%20M.,%20Pellerin,%20R.,%202024.%20
Yahia,%20E.,%20Magnani,%20F.,%20Joblot,%20L.,%20Passalacqua,%20M.,%20Pellerin,%20R.,%202024.%20
Yahia,%20E.,%20Magnani,%20F.,%20Joblot,%20L.,%20Passalacqua,%20M.,%20Pellerin,%20R.,%202024.%20
Yahia,%20E.,%20Magnani,%20F.,%20Joblot,%20L.,%20Passalacqua,%20M.,%20Pellerin,%20R.,%202024.%20

238 Management Systems in Production Engineering 2025, Volume 33, Issue 2

Andrew Thatcher

ORCID ID: 0000-0002-5342-980X

University of the Witwatersrand

Department of Psychology

School of Human & Community Development

1 Jan Smuts Avenue, Braamfontein 2000, Johannesburg,
South Africa

e-mail: andrew.thatcher@wits.ac.za

Tayyaba Jamil

ORCID ID: 0009-0008-2928-8155

Silesian University of Technology

Joint Doctoral School

Faculty of Organization and Management
Department of Production Engineering
Roosevelta 26, 41-800 Zabrze, Poland
e-mail: tayyaba.jamil@polsl.pl



