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Abstract: Demographic changes, increasing life expectancy, and increasing healthy life expectancy
lead to an increasingly ageing workforce. This condition has a growing impact on the workforce
in today’s industries. However, old workers are not a burden for companies and industries. They
are a fundamental part of the industrial ecosystem due to the consistency of their human factors,
namely their large knowledge, experience, and decision-making ability. For this reason, the ageing
workforce must be incorporated and engaged through the introduction of digital age technologies to
improve their working conditions and extend their active life. This paper focuses on a novel design
of assistive technologies based on the interconnection of motion capture (MoCap) and virtual reality
(VR) systems as a driver for the improvement of the task performance of the ageing workforce. We
intend to explore how this technological tool can help and enhance the work of the ageing workforce.
For this, we study two different areas of application: the training, learning, and communication of
the older workers and the ergonomic analysis and workplace design for the ageing operators. In the
end, a pilot study is proposed to apply this technology in real work environments.

Keywords: ageing workforce; virtual reality; motion capture; training; learning; workplace design

1. Introduction

Population demographic transformations are causing changes all over the world [1].
The ageing of populations that has taken place across the world presents a direct impact on
workforces, and consequently on the employability rate of older operators. This means that
there has been a growth in the number of elderly individuals in companies and industries
who actively remain in the workforce. It is predicted that by 2030 the rate of workers aged
55-64 is expected to be more than 30% of the workforce in several countries [2]. The ageing
workforce is one of the biggest challenges that human beings are facing today because
there are still no clear, detailed, and shared strategies to take corrective and preventive
measures to reduce its impact on production industries [1,3]. Nevertheless, recently, general
requirements and guidelines for an age-inclusive workforce were published in the ISO
25550:2022 for ageing societies, which have the potential of adding value for organizations,
workers, communities, and other stakeholders, with a specific focus on older workers [4].

Older workers experience a reduction in their work capacity due to the negative
impact of age, musculoskeletal pain, and inappropriate ergonomic exposure [5]. In addition,
ageing workers exhibit less adaptability to innovation and information and communication
technologies, as well as a relative loss of their physical strength. Studies show that age
negatively affects response time, being almost double compared to younger individuals, but
does not affect accuracy, for example in a hammering task [6]. Other studies demonstrate
significant differences between age groups in posture during object lifting after prolonged
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exposure to sitting work. In this scenario, older people have a much more reduced total
range of motion [7]. However, these older workers are considered a vital resource for
companies and industries for their human and cultural heritage [1]. Nevertheless, although
humans are an essential key to modern and digitalized production systems, special attention
needs to be paid to the ageing workforce. Thus, it is possible to actively integrate them into
the factories and companies with the use of technologies, such as virtual reality, augmented
reality, exoskeletons, and collaborative robots, which can help and assist the ageing operator
during work tasks [2].

However, in various work situations, working conditions such as safety, well-being,
operational risks, and operator productivity can be effectively improved by applying a
collaborative user-centered approach, also known as human-centric manufacturing [8,9].
The digitalization of industry and its transformation process is a challenge of Industry
4.0 associated with the Fourth Industrial Revolution. This represents a great potential for
innovation but with an impact on the role of the operator who is increasingly involved in
intelligent activities and decision-making processes [5,6]. With industrial development, the
physical effort performed by operators during their work has been reduced, since workers
are now supported and assisted by machines. In contrast, the cognitive skills of human
beings and their decision-making ability add important value and are extremely necessary
for production processes [10]. Therefore, the current debate is about the cost-effectiveness
of new technologies and their advantages for work development versus the empowerment
of the workforce as it must be prepared and trained to handle these new technologies and
the complexity and speed that production requires nowadays [6].

The application of new technologies in different work environments becomes a focus
for improving working conditions as these technologies act as assistance systems for
workers, simplify human-machine interaction, and enhance the physical and cognitive
abilities of operators [6,8]. Virtual reality and motion capture are wearable technologies that
may include inertial immersion units (IMUs), force sensors, and surface electromyography
(EMG) [11]. Virtual reality is a real-time interactive computing technology that enables
the creation and integration of any virtual environment. This technology allows users to
manipulate and perform actions in cyberspace, becoming active participants, no longer just
observers [12,13]. Some studies have shown that exercising with VR can reduce fatigue,
stress, and depression and can provide relaxation, which is reflected in a positive point
for older people when using this new technology [13]. In addition, wearable technologies,
such as smartwatches and wristbands, are present in our daily lives that simply display
health statistics and trends. That is, they are devices that provide real-time feedback that
incorporates biosensor systems that continuously monitor the physiological state of the
user, such as heart rate and rhythm, and skin temperature, among others [14]. These
new technologies are emerging exponentially as useful tools for user performance and
working condition improvements, risk monitoring and assessment, and the design of new
workspaces in industrial environments [11,15-17].

2. Materials and Methods

The main debate between the technological advances in industries and the growing
demographic challenge regarding the ageing workforce leads to numerous questions. From
the issues concerning the cost-effectiveness of applying these technologies in industrial
environments to the adaptation of the workers to the emerging innovative technologies,
especially the older operators. This paper focuses on motion capture systems with virtual
reality systems. Thus, our research question is: how can this technological tool help,
enhance, and improve the work of the ageing workforce?

To respond to this, a survey of scientific papers with different applications of these
technologies for possible industrial environment applications and, if possible, targeting
the ageing workforce was conducted. The following keywords were used: “Ageing Work-
force”, “Older Worker”, “Virtual Reality”, “VR”, “Mocap System”, “Motion Capture”,
and “Wearable Sensors” in the following databases: ScienceDirect, Scopus, and Web of



Designs 2023, 7, 23

3o0f11

Knowledge, with Boolean operators applied. The following database search string was
used: ((“Ageing Workforce”) OR (“Older Worker”)) AND ((“Virtual Reality”) OR (“VR”)
OR (“Mocap System”) OR (“Motion Capture”) OR (“Wearable Sensors”)). In addition, only
scientific articles written in English and whose publication date was within the last 5 years,
i.e., 2018-2022, were selected. From the search, 86 articles were obtained from Science
Direct, 13 articles from Scopus, and 7 from Web of Science, totaling 105 articles. After
that, 1 article was excluded because it was unavailable for full read text. Of the remaining
104 articles, the articles duplicates or triplicates were excluded. Thus, a total of 94 remained
for analysis. The next step was the exclusion by reading the titles and the abstracts. Only
20 papers were eligible for the current study’s purpose, being analyzed and included in
this paper. With this small number of scientific articles focusing on the particular use of
these technologies in work environments highly dependent on the ageing workforce, it
was necessary to use the system of “snowballing” to be able to obtain scientific data that
could be relevant to the work [18]. A total of 37 articles were used for the construction
and development of this paper. The results obtained were analyzed and sectioned into
2 main research area groups according to their purpose of use, which will be addressed in
the following sections.

Finally, for future research, a pilot study proposal is presented where this tool can
be applied to analyze the differences between younger and older workers. Thus, some
conclusions could be drawn regarding their adaptation and involvement at work and,
consequently, their levels of work satisfaction with health and safety improvements.

3. Results and Discussion
3.1. First Analysis and Creation of the Lines of Research

Through the database created with the completed search, the first verification was to
analyze the main keywords of the studies used in this research work. For this, a database
with all the information was used and applied in the software, called VOSviewer 1.6.17. It
allows for generating bibliometric maps with the main relations and interconnections of
the keywords [19,20]. The VOSviewer Map represented in Figure 1 was created through a
fractional counting of the occurrence of the keywords of the articles” index.

collaborative design )

motion capture system | —————————
W ergonomiics

virtual reality |

aem
ergonomic analysis |
____ (nssoutoy
(dsaming environment, )
cooperative workplace =N
(assistance sysems )

Figure 1. VOSviewer Map of keywords” occurrence.

The keywords that had a high occurrence and which had fundamental interconnec-
tions for the study were “Virtual Reality”, “Industry 4.0”, “motion capture system”, and
“cooperative workplace”, which are interconnected and linked to others, such as “design”
and “collaborative design”, “ergonomics” and “ergonomic analysis”, “learning environ-
ment” and “assistance systems”. They are organized into three groups, as represented

in Figure 1, through different colors: “Virtual Reality” as green, “Industry 4.0” as red,
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and “cooperative workplace” as blue. It is important to mention that the interconnection
and the overlapping of the themes in the different clusters are highlighted. This proves
the dependency and the need for interconnection of all these research areas. Thus, as
an example, for the creation and development of cooperative workplaces, it is necessary
to consider the ergonomic analysis and a collaborative design application for operator
assistance systems with Industry 4.0 technologies. These clusters and relations of keywords
allowed the section of the following chapters as research lines that influence the operator
and especially the ageing workforce.

The lines of research chosen are in line with other investigations. Alves, Lima, and
Gaspar (2022) [2] concluded that the application of digital technologies in human-centred
production systems to assist industrial environments with high sociodemographic chal-
lenges, i.e., with the ageing workforce, is very small and still underdeveloped. Therefore,
this work follows a line of research that focuses on training, communication, and learn-
ing that fits with the management strategies for the ageing workforce of Calzavara et al.
(2020) [21]. A second line of research of ergonomic analysis and design of new workplaces
follows the framework of technological solutions as worker assistance by Giakoumis et al.
(2019) [22] and Mark, Rauch, and Matt (2021) [23]. Training and continuous learning and
the application of digital technologies are some of the strategies that can boost and improve
the involvement of ageing workers. Thus, in the first research line, “virtual reality systems”
for the creation of learning, training, and communication environments are discussed. In
the second research line, “virtual reality and motion capture systems” for the design of new
workplaces and ergonomic analysis are discussed.

3.2. Research Area 1: Training, Learning, and Communication

Virtual reality (VR) is one of the Industry 4.0 technologies that allow for a decrease in
design and production costs, maintain product quality, and overcome technical demands
of complexity and efficiency. VR is a widely used tool in teaching and learning, such as
teaching students to simulate safety scenarios. However, to acquire better results and to
bring benefits, it is essential to apply it in real-case scenarios for real-time data collection
and physical motion capture [12].

The use of VR’s immersive capabilities in learning processes allows the discovery of
new knowledge, the possibility to perform experimental tasks that would be impossible
to perform or practice in the real world, and to obtain appropriate knowledge and skills
in real-life situations [24]. Therefore, this technology is a great substitute for the real-life
environment where safety concerns can be reduced and minimized and is therefore suitable
for training new workers [12]. In the future, more adoption of the training-by-technology
technique is intended to promote industry collaboration and involvement in the Immersive
Learning Program [25]. Furthermore, learning in VR-based environments varies depending
on the technology design intent, functionality, and learning objective, but is facilitative
because it potentiates learning through repetitive exploration and practice in a risk-free
learning environment [24].

Virtual reality has been shown to enhance the cognitive learning process in different
social areas and everyday skills, namely in tasks such as shopping, cooking, cleaning, and
in vocational training, improving the skills, and behaviors of the users [26]. In addition, it
has also been applied to motor coordination and balance training systems for older people
to prolong their physical ability [13]. Regarding the application of VR-based training,
virtual reality technology has been employed in manufacturing, construction, and military
operations, and can also be used in more sensitive areas such as medicine and medical
surgery to assess trainee skills. In addition, for high-risk industrial environments, such as
maintenance line workers, who are subjected to and involved in workspaces with high-
risk factors, VR can be used to create virtual environments of complex situations to train
workers and help them to acquire risk prevention knowledge [24]. Therefore, it can be said
that virtual reality training systems (VRTS) can be an effective and safer alternative than
traditional training for high-risk work environments [24]. For example, the application of
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virtual reality as a screening tool for the cognitive health of aviation pilots has been studied
to prevent and manage critical risks in older pilots [27].

On the other hand, VR-based training systems can also be coupled with teleoperated
robotic systems in which the user gives commands to the collaborative robot to perform the
work task virtually [10]. Other strategies that have been developed to counteract isolation
and social distancing when applying virtual reality systems is the use of embedded systems
with networked communication robots, a “Chatbot”, in which they provide the information
needed for task development or contain a database of information about the work area [28].
Another way is the projection visualization of the virtual environment being studied so
that co-workers can intervene and collaborate as a team [29].

3.3. Research Area 2: Design of Workplace and Ergonomic Analysis

The factories of the future aim to optimize their production processes, and their sustain-
ability and give the worker a central role at work. This is fundamental to a human-centered
approach where the operator is a crucial element in the industrial ecosystem [9]. Thus,
the workplace of the future allows a decrease in the physical load of operators, reduc-
ing ergonomic risks and improving Occupational Health and Safety (OHS). In addition,
these improvements enhance greater productivity, better working conditions, and worker
well-being [30]. To enable this, various digital technologies and methodologies have been
applied to analyze and evaluate operators” physical and cognitive conditions [31].

However, nowadays, the prevalence of occupational diseases and risks, associated
with the overload of workers and the possible development of musculoskeletal disorders, is
a huge problem and an important indicator of the working conditions of today [11]. This is
because the human body is the main engine for performing work activities and tasks within
the industrial environment. Therefore, monitoring work activities to preserve the physical
well-being of workers is critical [9]. One way to help workers to prevent occupational
diseases and help the promotion of health and well-being in the workplace is to measure and
monitor work exposure with sensor technology applications [32]. Moreover, as an example,
the use of wearable inertial measurement units (IMUs) is growing among researchers and
practitioners as these devices have a low cost, are easy to use, and outperform traditional
observation assessment methods (which are subjective and lengthy) [33]. There are different
and diverse methods and techniques for analyzing IMU data sensors, but most of them are
prevalent for upper limbs, with a smaller number existing for lower limbs or the whole
body [34]. Studies have adopted an approach using IMU sensors to develop a tool for
on-site balance monitoring of construction workers, coupled with a mobile application to
link the data collected by the IMU. Thus, it is possible to proactively identify workers at
a higher risk of falls [35]. In addition to posture assessment, IMU sensors have also been
used for performance analysis regarding load lifting motion and movement speeds [36].

Initial studies applied IMU sensors with EMG sensors for the evaluation of physical
effort and biomechanical overload to the whole body for ergonomic risk assessment [37].
Then, the application of different sensor technologies has been implemented in workplaces
for measuring and monitoring the adopted working posture and physical fatigue, in
which the collected data can be provided in real-time to the worker. Feedback from this
measurement can help workers to act depending on the data obtained and alert operators
to occupational risks and incorrect work postures [32]. An example of an application is
the use of a motion analysis system that is based on the integration of motion capture
technology (MoCap) with software designed to observe and analyze the human body while
performing tasks/activities in the industrial workplace [38]. MoCap systems can be based
on inertial technology and optical technology with and without markers. MoCap systems
that utilize inertial technology are composed of small inertial sensors that are placed and
spread over the body. A gyroscope, magnetometer, and accelerometer are integrated into
each sensor to record the three geometric axes. As for optical MoCap systems, these can be
applied using markers that are also placed and spread along the body. In this situation, a
set of cameras will detect the position of the markers and create a three-dimensional action



Designs 2023, 7, 23

60f11

space. The markers for optical MoCap systems can be active or passive, i.e., active markers,
usually LEDs, emit their light, while passive markers are spheres coated with retroreflective
materials to be detected by an infrared emitter. Marker-less optical MoCap systems have
become promising, as they use cameras without the need to place markers (in the case of
optical MoCap) or sensors (in the case of inertial MoCap), allowing and freeing the operator
to perform his tasks and functions as normal [38]. A MoCap system allows for the creation
of a digital copy of the operator in real-time, virtually representing the human skeleton
and its movements. Thus, it is possible to accurately track over time the position and
orientation of the operator in a workspace [30]. The MoCap system provides quantitative
data in an automated way for the productive and ergonomic analysis of the operator during
his work, namely the analysis of tasks in terms of execution time and space used, body
movements, and also ergonomic data according to international ergonomic indexes such as
the Ovako Work Posture Analysis System (OWAS) [39], the Rapid Entire Body Assessment
(REBA) [40], and The National Institute for Occupational Safety and Health (NIOSH).
Thus, through this tool, it is possible to analyze and design workplaces in terms of worker
productivity, health, and well-being [38]. Studies have adopted non-intrusive, automated
motion capture methods for assessing physical fatigue in construction workers, allowing to
improve worker resistance to physical fatigue in construction tasks and to alert and raise
awareness among managers to consider the fatigue of their workers [41].

On the other hand, the combined use of motion capture and virtual reality has been
reported as a dual tool to improve workplace design as it allows fast and reliable mea-
surements and ergonomic assessments [30] and can bring economic benefits [11]. This
tool can be applied at various stages of the product life cycle, from concept to design,
in pre-production, and even for the innovation of a manufacturing system. Many auto-
motive and aerospace industries are applying MoCap with VR for real-time evaluation
and streamlining of the pre-production phase. This joint system allows the building and
testing of a virtual prototype of the workplace and the performing of numerous measure-
ments in a short period to optimize the ergonomic design of a workplace [11]. A practical
application example is the use of wearable sensors consisting of IMU and EMG sensors
to monitor muscle strains and postures during the execution of a pick-and-place task in
the automotive industry for ergonomic evaluation in parallel with Rapid Upper Limb
Assessment (RULA) [42] indices. Through the VR system combined with EMG sensors
and an accelerometer, it is possible to experiment with different workplace configurations
and show in real-time the EMG-based ergonomic assessment within the immersive virtual
environment to evaluate cooperative workplaces from an ergonomic point of view [43].
Similarly, the VR-Ergo Log system consists of the integration of a MoCap system with
an immersive VR device and a heart rate monitoring system that allows the evaluation
of possible future configurations of the actual workplace, considering execution time,
ergonomics, and worker fatigue [44]. Another paper focused on the development of a
prototype tool called ErgoSentinel which, through software, allows the continuous and
detailed analysis of posture in real-time and offline. This tool, working in real-time, enables
it to overcome the limitations of observational methods and immediately detect and correct
incorrect operator posture [45]. More recent studies show that this type of evaluation can be
conducted with several workers simultaneously, namely, the WEM Platform, which allows
a progressive analysis and evaluation of the ergonomic indices in real-time simultaneously
with operators carrying out collaborative tasks [46,47].

3.4. Challenges

After reviewing the studies that use the MoCap-VR system, one of the major limitations
is the small number of participants in the studies, namely older workers, as well as the
limitation of the number of workers that can use the system at the same time [46]. In
addition, most of the developed studies resort only to initial simulations and with little
application in real-case scenarios. Another limitation of the use of this system is its cost,
and its cost-effectiveness for industries, especially small industries, must be analyzed.
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On the other hand, several studies report that the use of this system can influence the
operators [44], namely during use and the experiment the users experience symptoms like
sickness, disorientation, nausea, sweating, and headaches leading to vomiting [48]. Studies
show that most uses of wearable inertial sensors prove to be comfortable and do not cause
distraction or overload to operators. However, their use becomes more distracting for the
workers in cyclical work activities and work with older operators. Thus, the concern of
collecting information on the physical exposure of workers to this equipment becomes
important, as personal and work characteristics lead to increased variability in perceptions
of discomfort and distraction [49]. On the other hand, the industrial use of virtual reality
has given special attention to VR sickness. It is important to prioritize studies that analyze
the causes of these effects and the possible measurement of symptoms after its use in a
reliable way. The most common causes for VR disease are directed towards hardware such
as devices and viewing modes, content such as graphic realism and rendering, and human
factors such as demographic characteristics (age, gender, and health history) [50]. With
the use of biometric sensors and motion capture systems in real cases, i.e., with human
applications, ethical issues regarding workforce privacy arise. One of the future challenges
will be to assess these ethical concerns regarding these privacy issues and the human and
workers’ rights when they are monitored.

One challenge for the ageing workforce present in industries is lifelong learning and
training. To allow for a more effective and efficient integration, universal design principles
can be used, creating simple and intuitive systems, perceptible information, tolerance
for error, and flexibility in use. The core principles of Universal Design for Learning are
focused on the educational experience and therefore can be applied to workers. The first
principle, engagement, is aimed at motivating and supporting the operator; the second
principle, representation, is how the content is presented; finally, the third principle, action
and expression, represents how the learning is demonstrated and evaluated [51].

In the future, special attention will have to be paid to the interaction of these digital
technologies with the ageing workforce. A major challenge is how the relationship between
technology and the older operator will be formed, from the implementation of these
digital devices in the industrialized environment with the presence of elderly workers to
the barriers that may arise due to the difficulties of training and acceptance of the ageing
workforce with the latest high-tech devices. The ageing workforce can be actively integrated
into companies and industries by exploiting the heterogeneity of human resources and
the respective individual skills and competencies of older workers. Notably by exploiting
the experiences, knowledge, and decision-making capacity of ageing operators, as well
as their social and interpersonal skills, a more dynamic working environment is enabled.
Thus, with the introduction of heterogeneous and rotating work teams, the training and
continuous learning of older operators will be boosted and improved [2].

3.5. Future Research

For future research, we suggest the practical use of this system (MoCap-VR) in a real
case study, as illustrated in the scheme of Figure 2. This work will be developed in the
metallurgic industry sector, which is characterized by repetitive and highly specialized
work. First, and according to the OECD data and other studies [2,22], two groups of
workers are defined: a group of young workers (20-54) and another of ageing workers (the
older workers present in the industry under study—55-64).

Next, through the motion capture system, using sensors and commercial software, real
working conditions will be evaluated, that is, data regarding the posture and movements
of the operator in the execution of a work task will be collected and evaluated. In the first
analysis, an ergonomic assessment will be conducted and a comparison between the study
groups will be carried out. At this first point, workers can be warned if they have harmful
ergonomic postures.

In the second phase, both groups involved in the study will have training sessions to
be adapted to the virtual reality system. A virtual work environment like the real workplace
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is created for further analysis. In this second stage of the work, conclusions can be drawn
regarding the ability to adapt and accept the new technologies of Industry 4.0, comparing
the groups with different age groups.

Group I Group II
- Young Workers - - Ageing Workers -

(

MoCap - Heart rate monitoring; 15t
(Motion Capture - Sensors) - Posture and movement analysis;

Workplace — Real-world Scenario:

- Ergonomic assessment.

VR

(Virtual Reality) - Virtual Workstation = Real Workstation (24).

Workplace — Virtual Scenario:
- Learning and training for the operators (1%); 2nd

N

MoCap - VR - Posture, movement analysis and ergonomic assessment (2"9); 3rd

VAN

Workplace — Virtual Scenario:
- Virtual Workstation = Real Workstation (1);

- Design of new virtual workplaces (3);
- Posture, movement analysis and ergonomic assessment (4t).

Figure 2. Schematic representation of the pilot study.

Finally, and with the simultaneous use of the MoCap—VR system, we will proceed
again to the analysis of the posture and movements of the operator in the execution of a
work task in a virtual scenario similar to the real world of work. This step could serve as a
“control” group since the differences in working conditions between performing the task in
a virtual versus real workplace could be verified. Similarly, the process could be repeated
for new virtual workplaces designed to improve the individual and ergonomic conditions
of the operators.

In the end, a comparison can be conducted between younger and older workers
according to ergonomic aspects, work capacity, and well-being at work. In this way,
workplaces can be adjusted to the capabilities and characteristics of the ageing workforce
to ensure their health and safety and to extend their working life, with real-time responses.

4. Conclusions

The ageing workforce is a growing concern in companies and industries. Therefore,
measures and strategies must be taken to secure older operators in the industrial environ-
ment, prolonging their active life. Thus, workplaces must provide health and safety for the
operator, in terms of ergonomics and well-being. To facilitate this, the use of motion capture
systems and virtual reality systems has been explored to improve working conditions
by improving learning and training techniques, measuring, and evaluating the postures
and body movements of the operators, and simulating work environments that provide
better working scenarios, especially for older workers. This article summarizes in two
major research areas the application of the MoCap—VR system: learning, training, and
communication and, on the other hand, the design of new workplaces and ergonomic
evaluation. Thus, the use of a virtual reality system with motion capture can become a
useful technological tool that can help and improve the work of the ageing workforce.
From its application in learning and training processes to methodologies and techniques
of analysis to ergonomic assessment that can improve the working conditions of elderly
operators. Due to the limitations found in the analyzed studies, such as the small number
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of participants in the studies and the few existing real cases with the ageing workforce, a
schematic proposal for a future application in a real case is presented. Initially, commercial
software will be applied, and later, if possible, specified and adjusted software for the work
completed by the operators will be created. To perform a first comparative study between
older and younger workers, a preliminary study with a smaller number of workers and one
department should be conducted. In this first evaluation, the equipment will be adjusted,
and management and workers will be open to the development of the work. Then, the
spectrum of workers will be extended to different departments of the industry to include
as many as possible operators. Thus, work environments can be adjusted and improved
in real-time, according to the capabilities and characteristics of the ageing workforce, to
ensure their health and safety and to extend their working lives.

Author Contributions: Conceptualization, J.A. and T.M.L.; methodology, J.A. and T.M.L.; validation,
TM.L. and PD.G.; formal analysis, J.A., TM.L. and P.D.G; investigation, J.A.; resources, TM.L. and
PD.G,; data curation, J.A.; writing—original draft preparation, J.A.; writing—review and editing,
TM.L. and PD.G,; supervision, TM.L. and P.D.G.; project administration, T.M.L.; funding acquisition,
T.M.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Fundagao para a Ciéncia e Tecnologia (FCT) under grant
number UI/BD/151478/2021.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: This work was supported in part by the Fundagao para a Ciéncia e Tecnologia
(FCT) and C-MAST (Centre for Mechanical and Aerospace Science and Technologies), under project
UIDB/00151/2020.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. De Felice, E; Longo, F; Padovano, A.; Falcone, D.; Baffo, I. Proposal of a multidimensional risk assessment methodolgy to assess
ageing workforce in a manufacturing industry: A pilot case study. Saf. Sci. 2022, 149, 105681. [CrossRef]

2. Alves,]; Lima, TM.; Gaspar, P.D. The sociodemographic challenge in human-centred production systems—-a systematic literature
review. Theor. Issues Ergon. Sci. 2022, 1-23. [CrossRef]

3. Ortiz-Barrios, M.; Silvera-Natera, E.; Petrillo, A.; Gul, M.; Yucesan, M. A multicriteria approach to integrating occupational safety
& health performance and industry systems productivity in the context of aging workforce: A case study. Saf. Sci. 2022, 152,
105764. [CrossRef]

4. ISO Standard No. 25550:2022; Ageing Societies-General Requirements and Guidelines for Ana Age-Inclusive Workforce. Interna-
tional Organization for Standardization: Geneva, Switzerland, 2022.

5. Nygaard, N.-P.B.; Thomsen, G.F; Rasmussen, ].; Skadhauge, L.R.; Gram, B. Workability in the ageing workforce—A population-
based cross-sectional study. Int. J. Environ. Res. Public Health 2021, 18, 12656. [CrossRef] [PubMed]

6. Norheim, K.L.; Samani, A.; Madeleine, P. The effects of age on response time, accuracy, and shoulder/arm kinematics during
hammering. Appl. Ergon. 2020, 90, 103157. [CrossRef]

7. Gruevski, KM.; Callaghan, J.P. The effect of age, prolonged seated work and sex on posture and perceived effort during a lifting
task. Appl. Ergon. 2020, 89, 103198. [CrossRef]

8. Lu Y, Zheng, H,; Chand, S.; Xia, W,; Liu, Z.; Xu, X.; Wang, L.; Qin, Z.; Bao, J. Outlook on human-centric manufacturing towards
Industry 5.0. J. Manuf. Syst. 2022, 62, 612-627. [CrossRef]

9.  Manghisi, V.M.; Evangelista, A.; Uva, A.E. A Virtual Reality Approach for Assisting Sustainable Human-Centered Ergonomic
Design: The ErgoVR tool. Procedia Comput. Sci. 2022, 200, 1338-1346. [CrossRef]

10. Grabowski, A.; Jankowski, J.; Wodzynski, M. Teleoperated mobile robot with two arms: The influence of a human-machine
interface, VR training and operator age. Int. |. Hum. Comput. Stud. 2021, 156, 102707. [CrossRef]

11.  Kacerova, I; Kubr, J.; Hofejsi, P; Kleinov4, J. Ergonomic Design of a Workplace Using Virtual Reality and a Motion Capture Suit.
Appl. Sci. 2022, 12, 2150. [CrossRef]

12. Liagkou, V,; Salmas, D.; Stylios, C. Stylios, Realizing Virtual Reality Learning Environment for Industry 4.0. Procedia CIRP 2019,
79,712-717. [CrossRef]

13. Babadi, S.Y.; Daneshmandi, H. Effects of virtual reality versus conventional balance training on balance of the elderly. Exp.

Gerontol. 2021, 153, 111498. [CrossRef]


http://doi.org/10.1016/j.ssci.2022.105681
http://doi.org/10.1080/1463922X.2022.2148178
http://doi.org/10.1016/j.ssci.2022.105764
http://doi.org/10.3390/ijerph182312656
http://www.ncbi.nlm.nih.gov/pubmed/34886382
http://doi.org/10.1016/j.apergo.2020.103157
http://doi.org/10.1016/j.apergo.2020.103198
http://doi.org/10.1016/j.jmsy.2022.02.001
http://doi.org/10.1016/j.procs.2022.01.335
http://doi.org/10.1016/j.ijhcs.2021.102707
http://doi.org/10.3390/app12042150
http://doi.org/10.1016/j.procir.2019.02.025
http://doi.org/10.1016/j.exger.2021.111498

Designs 2023, 7,23 10 of 11

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

Abuwarda, Z.; Mostafa, K.; Oetomo, A.; Hegazy, T.; Morita, P. Wearable devices: Cross benefits from healthcare to construction.
Autom. Constr. 2022, 142, 104501. [CrossRef]

McDevitt, S.; Hernandez, H.; Hicks, J.; Lowell, R.; Bentahaikt, H.; Burch, R.; Ball, J.; Chander, H.; Freeman, C.; Taylor, C.; et al.
Wearables for Biomechanical Performance Optimization and Risk Assessment in Industrial and Sports Applications. Bioengineering
2022, 9, 33. [CrossRef] [PubMed]

Lemos, J.; Gaspar, P.D.; Lima, T.M. Environmental Risk Assessment and Management in Industry 4.0: A Review of Technologies
and Trends. Machines 2022, 10, 702. [CrossRef]

Lemos, J.; Gaspar, P.D.; Lima, T.M. Individual Environmental Risk Assessment and Management in Industry 4.0: An IoT-Based
Model. Appl. Syst. Innov. 2022, 5, 88. [CrossRef]

Wohlin, C. Guidelines for snowballing in systematic literature studies and a replication in software engineering. In Proceedings
of the 18th International Conference on Evaluation and Assessment in Software Engineering, London, UK, 13-14 May 2014;
pp. 1-10. [CrossRef]

Van Eck, N.J.; Waltman, L. Software survey: VOSviewer, a computer program for bibliometric mapping. Scientometrics 2010, 84,
523-538. [CrossRef]

Van Eck, N.J.; Waltman, L. VOSviewer Manual (Version 1.6.17); Univeristeit Leiden: Leiden, The Netherlands, 2021; pp. 1-53.
Available online: http:/ /www.vosviewer.com/documentation/Manual_VOSviewer_1.6.1.pdf (accessed on 9 January 2023).
Calzavara, M.; Battini, D.; Bogataj, D.; Sgarbossa, F.; Zennaro, I. Ageing workforce management in manufacturing systems: State
of the art and future research agenda. Int. J. Prod. Res. 2019, 58, 729-747. [CrossRef]

Giakoumis, D.; Votis, K.; Altsitsiadis, E.; Segkouli, S.; Paliokas, I.; Tzovaras, D. Smart, personalized and adaptive ICT solutions
for active, healthy and productive ageing with enhanced workability. In PETRA "19: Proceedings of the 12th ACM International
Conference on PErvasive Technologies Related to Assistive Environments; Association for Computing Machinery: New York, NY, USA,
2019; pp. 442-447. [CrossRef]

Mark, B.G.; Rauch, E.; Matt, D.T. Worker assistance systems in manufacturing: A review of the state of the art and future
directions. J. Manuf. Syst. 2021, 59, 228-250. [CrossRef]

Santamaria-Bonfil, G.; Ibafiez, M.B.; Pérez-Ramirez, M.; Arroyo-Figueroa, G.; Martinez-Alvarez, F. Learning analytics for student
modeling in virtual reality training systems: Lineworkers case. Comput. Educ. 2020, 151, 103871. [CrossRef]

Forest, D.D. Training the next generation of operators: AFPM immersive learning. Process. Saf. Prog. 2021, 40, 219-223. [CrossRef]
Cheung, ].C.W,; Ni, M,; Tam, A.Y.C.; Chan, T.T.C.; Cheung, A.K.Y,; Tsang, O.Y.H.; Yip, C.B.; Lam, W.K.; Wong, D.W.C. Virtual
reality based multiple life skill training for intellectual disability: A multicenter randomized controlled trial. Eng. Regen. 2022, 3,
121-130. [CrossRef]

Van Benthem, K.; Herdman, C.M. A virtual reality cognitive health screening tool for aviation: Managing accident risk for older
pilots. Int. J. Ind. Ergon. 2021, 85, 103169. [CrossRef]

Trappey, A.J.; Trappey, C.V.; Chao, M.H.; Wu, C.T. Wu, VR-enabled engineering consultation chatbot for integrated and intelligent
manufacturing services. J. Ind. Inf. Integr. 2022, 26, 100331. [CrossRef]

Wolfartsberger, J.; Zenisek, J.; Wild, N. Supporting teamwork in industrial virtual reality applications. Procedia Manuf. 2020, 42,
2-7. [CrossRef]

Simonetto, M.; Arena, S.; Peron, M. A methodological framework to integrate motion capture system and virtual reality for
assembly system 4.0 workplace design. Saf. Sci. 2021, 146, 105561. [CrossRef]

Arkouli, Z.; Michalos, G.; Makris, S. On the Selection of Ergonomics Evaluation Methods for Human Centric Manufacturing
Tasks. Procedia CIRP 2022, 107, 89-94. [CrossRef]

Spook, S.M.; Koolhaas, W.; Biiltmann, U.; Brouwer, S. Implementing sensor technology applications for workplace health
promotion: A needs assessment among workers with physically demanding work. BMC Public Health 2019, 19, 1100. [CrossRef]
Porta, M.; Orrt, PE; Pau, M. Use of wearable sensors to assess patterns of trunk flexion in young and old workers in the
Metalworking Industry. Ergonomics 2021, 64, 1543-1554. [CrossRef]

Filippeschi, A.; Schmitz, N.; Miezal, M.; Bleser, G.; Ruffaldi, E.; Stricker, D. Survey of motion tracking methods based on inertial
sensors: A focus on upper limb human motion. Sensors 2017, 17, 1257. [CrossRef]

Umer, W,; Li, H.; Lu, W,; Szeto, G.P.Y.; Wong, A.Y. Development of a tool to monitor static balance of construction workers for
proactive fall safety management. Autom. Constr. 2018, 94, 438—448. [CrossRef]

Tammana, A.; McKay, C.; Cain, S.M.; Davidson, S.P; Vitali, R.V.; Ojeda, L.; Stirling, L.; Perkins, N.C. Load-embedded inertial
measurement unit reveals lifting performance. Appl. Ergon. 2018, 70, 68-76. [CrossRef]

Giannini, P.; Bassani, G.; Avizzano, C.A.; Filippeschi, A. Wearable sensor network for biomechanical overload assessment in
manual material handling. Sensors 2020, 20, 3877. [CrossRef]

Bortolini, M.; Faccio, M.; Gamberi, M.; Pilati, F. Motion Analysis System (MAS) for production and ergonomics assessment in the
manufacturing processes. Comput. Ind. Eng. 2018, 139, 105485. [CrossRef]

Wahyudi, M.A.; Dania, W.A.P,; Silalahi, R.L.R. Work Posture Analysis of Manual Material Handling Using OWAS Method. Agric.
Agric. Sci. Procedia 2015, 3, 195-199. [CrossRef]

McAtamney, L.; Hignett, S. Rapid Entire Body Assessment. Handb. Hum. Factors Ergon. Methods 2000, 31, 201-205. [CrossRef]
Yu, Y;; Li, H; Yang, X.; Kong, L.; Luo, X.; Wong, A.Y.L. An automatic and non-invasive physical fatigue assessment method for
construction workers. Autom. Constr. 2019, 103, 1-12. [CrossRef]


http://doi.org/10.1016/j.autcon.2022.104501
http://doi.org/10.3390/bioengineering9010033
http://www.ncbi.nlm.nih.gov/pubmed/35049742
http://doi.org/10.3390/machines10080702
http://doi.org/10.3390/asi5050088
http://doi.org/10.1145/2601248.2601268
http://doi.org/10.1007/s11192-009-0146-3
http://www.vosviewer.com/documentation/Manual_VOSviewer_1.6.1.pdf
http://doi.org/10.1080/00207543.2019.1600759
http://doi.org/10.1145/3316782.3322767
http://doi.org/10.1016/j.jmsy.2021.02.017
http://doi.org/10.1016/j.compedu.2020.103871
http://doi.org/10.1002/prs.12246
http://doi.org/10.1016/j.engreg.2022.03.003
http://doi.org/10.1016/j.ergon.2021.103169
http://doi.org/10.1016/j.jii.2022.100331
http://doi.org/10.1016/j.promfg.2020.02.016
http://doi.org/10.1016/j.ssci.2021.105561
http://doi.org/10.1016/j.procir.2022.04.015
http://doi.org/10.1186/s12889-019-7364-2
http://doi.org/10.1080/00140139.2021.1948107
http://doi.org/10.3390/s17061257
http://doi.org/10.1016/j.autcon.2018.07.024
http://doi.org/10.1016/j.apergo.2018.01.014
http://doi.org/10.3390/s20143877
http://doi.org/10.1016/j.cie.2018.10.046
http://doi.org/10.1016/j.aaspro.2015.01.038
http://doi.org/10.1201/9780203489925.ch8
http://doi.org/10.1016/j.autcon.2019.02.020

Designs 2023, 7,23 11 of 11

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

McAtamney, L.; Corlett, N.E. RULA: A survey method for the investigation of work-related upper limb disorders. Appl. Ergon.
1993, 24, 91-99. [CrossRef]

Caporaso, T.; Grazioso, S.; Di Gironimo, G. Development of an Integrated Virtual Reality System with Wearable Sensors for
Ergonomic Evaluation of Human-Robot Cooperative Workplaces. Sensors 2022, 22, 2413. [CrossRef]

Daria, B.; Martina, C.; Alessandro, P.; Fabio, S.; Valentina, V.; Zennaro, I. Integrating mocap system and immersive reality for
efficient human-centred workstation design. IFAC-PapersOnLine 2018, 51, 188-193. [CrossRef]

Manghisi, V.M.; Uva, A.E.; Fiorentino, M.; Gattullo, M.; Boccaccio, A.; Evangelista, A. Automatic ergonomic postural risk
monitoring on the factory shopfloor -The Ergosentinel tool. Procedia Manuf. 2020, 42, 97-103. [CrossRef]

Berti, N.; Finco, S.; Guidolin, M.; Reggiani, M.; Battini, D. Real-time postural training effects on single and multi-person ergonomic
risk scores. IFAC-PapersOnLine 2022, 55, 163-168. [CrossRef]

Battini, D.; Berti, N.; Finco, S.; Guidolin, M.; Reggiani, M.; Tagliapietra, L. WEM-Platform: A real-time platform for full-body
ergonomic assessment and feedback in manufacturing and logistics systems. Comput. Ind. Eng. 2022, 164, 107881. [CrossRef]
Segkouli, S.; Giakoumis, D.; Votis, K.; Triantafyllidis, A.; Paliokas, I.; Tzovaras, D. Smart Workplaces for older adults: Coping

‘ethically” with technology pervasiveness. Univers. Access Inf. Soc. 2021, 1-13. [CrossRef]

Zhang, X.; Schall, M.C.; Chen, H.; Gallagher, S.; Davis, G.A.; Sesek, R. Manufacturing worker perceptions of using wearable
inertial sensors for multiple work shifts. Appl. Ergon. 2021, 98, 103579. [CrossRef]

Chang, E.; Kim, H.T,; Yoo, B. Virtual Reality Sickness: A Review of Causes and Measurements. Int. |. Hum. Comput. Interact. 2020,
36, 1658-1682. [CrossRef]

Dickinson, K.J.; Gronseth, S.L. Application of Universal Design for Learning (UDL) Principles to Surgical Education During the
COVID-19 Pandemic. J. Surg. Educ. 2020, 77, 1008-1012. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/0003-6870(93)90080-S
http://doi.org/10.3390/s22062413
http://doi.org/10.1016/j.ifacol.2018.08.256
http://doi.org/10.1016/j.promfg.2020.02.091
http://doi.org/10.1016/j.ifacol.2022.09.384
http://doi.org/10.1016/j.cie.2021.107881
http://doi.org/10.1007/s10209-021-00829-9
http://doi.org/10.1016/j.apergo.2021.103579
http://doi.org/10.1080/10447318.2020.1778351
http://doi.org/10.1016/j.jsurg.2020.06.005

	Introduction 
	Materials and Methods 
	Results and Discussion 
	First Analysis and Creation of the Lines of Research 
	Research Area 1: Training, Learning, and Communication 
	Research Area 2: Design of Workplace and Ergonomic Analysis 
	Challenges 
	Future Research 

	Conclusions 
	References

