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WORKER EXPOSURE TO VIRTUAL AND AUGMENTED
REALITY AND METAVERSE TECHNOLOGIES:

HOW MUCH DO WE KNOW?
1 Introduction

In the dynamic landscape of workplace technology, the EU is witnessing a shift with the advent and
progressive integration of new visualisation technologies, virtual reality (VR), augmented reality (AR),
extended reality (XR) and the metaverse. These technologies are increasingly used in a multitude of
occupational sectors. Originally confined to specialised applications such as flight simulation, these
technologies now play a significant role in a variety of sectors like manufacturing, construction,
education and healthcare. In these diverse fields, AR, VR, XR and metaverse technologies are set to
modify work environments and work organisation. These technologies are currently used for different
purposes across workplaces, including training, data visualisation and remote work. Recent rapid
advancements in mobile internet, sophisticated artificial intelligence (Al), increased computational
power and high-resolution displays have been instrumental in the rapid development of these
technologies (Angelov et al., 2020; Hamad & Jia, 2022; Hoyer et al., 2020; Rauschnabel et al., 2022).

The practical use of AR and VR in training and maintenance, for instance, highlights their benefits. AR’s
role in complex machinery training offers realistic, virtual experiences that improve learning with real-
time feedback. In maintenance, AR provides precise guidance, improving efficiency and safety.

Research Gap on the use of AR, VR and metaverse

However, there is a significant research gap regarding the risks of adopting AR and VR in the workplace,
like cybersickness and ergonomic concerns. As AR, VR, XR and metaverse technologies become
increasingly integrated into day-to-day workplace practices, the associated challenges and
opportunities for OSH are introduced. This evolving landscape requires a proactive approach from all
relevant stakeholders: policymakers, researchers, industry leaders, technology designers and OSH
professionals. They must not only keep pace with technological advancements but also anticipate and
mitigate the related OSH risks. It is vital to comprehensively understand the occupational safety and
health (OSH) implications associated with the use of these technologies.

The European Agency for Safety and Health at Work (EU-OSHA) has already spotlighted OSH risks
associated with VR and AR (EU-OSHA, 2018, 2023a, 2023b). Such risks have been found to be
potentially associated with a variety of negative outcomes for users (in this case, workers using the
technology) (Lavoie et al., 2020; Somrak et al., 2019). In practical terms, this means workers using VR
and AR technologies may experience adverse side-effects (e.g. cybersickness, eye strain, feelings of
confusion, etc.), which could impact their health and wellbeing as well as hinder their work performance
(Oh & Son, 2022; Souchet et al., 2023a; Souchet et al., 2023b). Researchers have argued that it is
important to acknowledge and address the side effects of modern visual technologies in the workplace
(Souchet et al., 2023a). This is essential for the development of standards and guidelines. Ensuring the
OSH of workers using AR, VR, XR and metaverse technologies is paramount; all stakeholders should
be fully aware of the potential benefits and risks associated with the use of these technologies.

Scope of Article

This article presents a comprehensive literature review and integrates it with semi-structured interviews
with seven selected experts who have worked or have knowledge in the field of VR, AR, XR and the
metaverse, including OSH specialists in the sector, industry operators and supervisors with first-hand
experience, national and international safety experts, interest group representatives and industrial
stakeholders. More information about the method applied in this study and the interviewees is available
in the annex.

Safety and health at work is everyone’s concern. It's good for you. It’:ngood for business.
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This first section of this article introduces the foundation for the ensuing discussion. The second section
explores terminologies and concepts, providing thorough explanations to ensure clarity and
comprehension. The third section examines the present applications and opportunities of AR, VR, XR
and metaverse technologies within OSH. The fourth section addresses the OSH risks and impacts on
worker safety and health that are associated with these technologies, drawing on findings from literature
reviews and interviews conducted as part of this study. The fifth and final section discusses the principal
findings, presenting recommendations for the adoption of metaverse technologies in workplace
environments and identifying gaps and needs for future research and policies.

2 Concepts and terminology

A review of the concepts and terminologies related to VR, AR, XR and the metaverse reveals the
heterogeneous and inconsistent use of several terms to describe the same types of hardware and
applications (Laato et al., 2024). This is confusing for scholars and experts navigating the published
literature, as it is not immediately evident what type of technology is being referred to in a given context.

There have been recent efforts to standardise the terminology. In this article, VR is defined as an
immersive experience in a visually isolated three-dimensional space, without meaningful
interaction of the user with the physical world outside the simulation (Rauschnabel et al., 2022).

On the other hand, AR is defined as an experience that integrates virtual elements into the user’s
physical space, with varying degrees of integration of the virtual elements into the physical space
(Rauschnabel et al., 2022).

This article borrows terms and definitions that have been proposed by the recent development of the
xReality! (XR) framework (Rauschnabel et al., 2022). This framework conceives of XR as a
comprehensive concept that includes both VR and AR, and also including all other terminologies in the
literature used to refer generally to VR and AR technologies, like immersive visual technologies (IVTs)
(Grassini & Laumann, 2021), digital reality (DR) (Haleem et al., 2022), virtual environments (Ellis, 1994),
cross reality (Ziker et al., 2021), virtual worlds (Hew & Cheung, 2010) and media-generated reality
(Laato et al., 2024).2 In the present article, the term XR generally includes technologies that use head-
mounted displays (HMDs); under the XR framework, XR is used as an umbrella term to indicate
both VR and AR technologies.3

Figure 1: Example of VR head-mounted display
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! Some authors use the same acronym for the term ‘extended’ or ‘expanded’ reality, referring to a similar concept. See Dwivedi
et al. (2020) and Chuah (2018).

2 In the scientific literature, all these terminologies are also used to refer to technologies that do not use head-mounted displays
(HMDs): examples are the Cave Automatic Virtual Environment (CAVE) (Manjrekar et al., 2014) and large displays (Tan et al.,
2003).

3 It is worth mentioning that scholars often also use the term mixed reality (MR). This term describes the integration of virtual and
physical elements (Farshid et al., 2018, Flavian et al. 2019); it is also an umbrella term including all the previously discussed
technologies (Skarbez et al., 2021). To avoid ambiguity, the term MR will not be used in the current article.

http://osha.europa.eu
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Figure 2: Example of AR head-mounted display

Originating from Neal Stephenson’s 1992 novel ‘Snow Crash’ (Stephenson, 1992), the term metaverse
has evolved to describe a future iteration of the internet and virtual experiences. Today the metaverse
is seen, in some theoretical debate, as the potential evolution of the current internet and XR
technologies (R. Cheng et al., 2022).

It is hypothesised that it may surpass XR frameworks by the strong incorporation of other technologies,
blending elements of connectivity, Al and other innovations to create immersive, interactive
environments such as blockchain (a secure, decentralised digital ledger for recording transactions). It
thus forges an intricate virtual universe where people can perform all activities that today are generally
performed in person (Bale et al., 2022). This is particularly pertinent when the connectivity, the future
integration with Al, the possibility of interacting with digital twins (a virtual replica of a physical object,
process or system, used for simulation, analysis and control), or the use of avatars is a focal point of
the XR use (De Felice et al., 2023).

It stands out for its service-oriented architecture that emphasises social interaction and user-generated
content, diverging from what has often claimed to be the technology-centric essence of the XR
technologies (Dwivedi et al., 2023; Hussain et al., 2023; Zhu et al., 2023). However, defining the
metaverse comprehensively is challenging. As a rapidly evolving digital landscape, it eludes static
definitions. Some researchers (Dolata & Schwabe, 2023) have described the metaverse as a ‘moving
target’ and a buzzword, emphasising its elusive nature and high interpretative flexibility.

For clarity, the present paper will refer to the metaverse as the integration of XR technologies with
connectivity and Al, and with a focus on social interaction between users; it will use XR as a
general term encompassing AR and VR. An explanatory diagram is presented in Figure 3. Since the
metaverse is generally described as a space constituted of XR technologies, all content relating to the
potential risks and impacts of XR on worker safety and health applies is also applicable to the larger
concept of the metaverse.

http://osha.europa.eu
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METAVERSE

xR SOCIAL-INTERACTION Al CONNECTVITY

Source: Author’s elaboration.
The use of HMDs (head-mounted displays)

Users of XR technologies (and, by extension, of the metaverse) predominantly wear HMDs. This
equipment resembles large eyeglasses which users wear to receive images near their eyes. During the
past decade, HMDs have undergone a process of miniaturisation and increase in power. While first-
generation HMDs were bulky and needed a physical connection to a computer with a cable to deliver
images on the goggles, newer technologies are stand-alone (i.e. they do not necessarily need a physical
cable connection to a computer), and they are generally less bulky, lighter (or with a better weight
balance), and more ergonomic compared to their predecessors (Fang et al., 2023; Greenwald, 2023;
Lang, 2017; Truly, 2023). In some cases, HMDs have become heavier with newer technological
iterations, as in the case of some of the Meta/Oculus products (see Bérastégui (2024). However, it is
worth noting that these newer HMDs feature also improved ergonomics and better weight balance (as
well as higher technical specifications) that may compensate for the increase in weight.

Ergonomic improvements in recent HMDs include adjustable straps and contoured padding, which
ensure a more comfortable fit for a wide range of head sizes and shapes. Additionally, advancements
in weight distribution help reduce strain on the neck and shoulders, enhancing user comfort during
extended use. Furthermore, the screen resolution and refresh rate have increased, making the
experience more immersive and pleasant overall. HMDs commonly include a computational unit able
to process information, and a battery or cables for power.

Modern VR employs HMDs almost universally. Similarly, widely used AR devices also fall under the
HMD category. However, AR can be experienced through alternative methods: smartphone cameras
can interact with real environments to augment them digitally, and transparent screens can overlay
digital information onto the physical surroundings, offering another avenue for engagement with AR.

3 OSH opportunities in XR and metaverse technologies: an
overview

VR technology —training and health and safety

Over the years, VR technology has emerged as an important tool in training programmes across
numerous industries, particularly in fields such as construction, mining and energy. These sectors, often
characterised by the need to conduct training in potentially dangerous environments, adopted VR
technology early on to improve both the safety and efficiency of their training methodologies (Grassini
& Laumann, 2020b). Current literature on the topic reveals that VR technology is crucial for facilitating
hands-on training and simulations across a broad range of industries.

For example, some studies have highlighted VR’s critical role in creating virtual factories in the chemical
and biochemical engineering domains, enabling the safe simulation of complex industrial processes
(see for example, Luo et al. (2015)). Other studies have demonstrated VR’s effectiveness in the mining

http://osha.europa.eu
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industry, particularly in improving emergency preparedness and operational versatility among
underground coal miners (Grabowski & Jankowski, 2015). Moreover, the construction industry benefits
from VR in improving its operator training (Babalola et al., 2023). These lines of evidence underscore
VR’s integral role in advancing training models, offering a safe and efficient alternative to traditional
training methods.

AR and metaverse — beyond training and the use for health and safety

The application of AR and the metaverse in general has now extended beyond training; it includes other
uses like the design of workplaces and remote operations (e.g. remote operator assistance). These
technologies offer also potential for OSH practices: for example, facilitating access of workers to real-
time, immersive, virtual information necessary to work safely; and improving the way they assess and
address OSH risks with the support of an Al-generated information overlay. They can also provide a
platform where workers interact within a fully immersive, 3D virtual environment, replicating real-world
scenarios (digital twins),* but without the OSH risks associated with the real-world working
environments. Thanks to digital twins, workers can practice and hone their skills, make decisions and
learn from mistakes — without the fear of real-world consequences such as accidents and OSH risks.

Figure 4: Main OSH-related uses and current opportunities offered by XR and metaverse technologies

Construction, Mining, and Energy Industries
Virtual Facteries for Chemical Engineering
VR in Training & Simulation

Emergency Preparedness in Mining

Operator Training in Construction

Immediate Access to Information
AR in Safety & Risk Management Hazard Identification in Construction

Sensor Data Visualisation

Maintenance Operations Visualisation
XR Technology & Metaverse in 0SH ———— AR in Operational Efficiency AR-driven Instructions for Novice Workers

Control Systems in Robotic Manufacturing

Efficiency in Manufacturing

VR and BIM Integration in Construction
XR in Design Prototyping & Planning
Remote Geological Simulation in Qil & Gas

Space Planning and Hazard Monitoring in Construction

Real-time Data Access in Oil & Gas
AR for Collaboration & Remote Assistance Remote Monitoring in Mining

Virtual Replicas for Safety Audits

Source: Author’s elaboration.

AR technology has proven to be crucial in enhancing safety and risk management, thanks to its
provision of immediate access to vital information during emergencies, which promotes rapid decision-
making and accident prevention. In the chemical industry, the integration of AR with digital twin
platforms is key to creating simulated environments for training and testing safety procedures (Blchner
et al., 2022). It has highlighted how the application of XR technologies in the construction industry can
help in hazard identification in building sites, risk assessment and safety management, affirming XR’s
role in improving safety performance and worker safety awareness (Babalola et al., 2023). XR
technologies have also been used to elaborate and visualise sensor information, thereby increasing
safety, and this has proved important in industrial sectors like the construction industry (Salinas et al.,
2022).

4 Virtual replicas of physical entities, systems or processes, designed to simulate, monitor and analyse their real-world
counterparts in real time, enabling optimisation, prediction and improved decision-making.

http://osha.europa.eu
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AR technology - use for increase of operational efficiency and aid maintenance operations

AR technology has been used to increase operational efficiency and aid maintenance operations in
various industries (Palmarini et al., 2018). AR technology has been identified as an asset particularly in
maintaining industrial equipment, significantly reducing the time needed to search for and process
diverse information during maintenance activities, and thereby impacting operators’ safety (Koteleva
et al., 2020, 2021). Van Lopik et al. (2020) acknowledge AR’s beneficial impact not only for industries,
but also for small businesses, by improving maintenance operations and providing economic
advantages while ensuring safety. Innovations like the Mobile Augmented Reality Maintenance
Assistant (MARMA)> are pivotal in enhancing OSH (Konstantinidis et al., 2020), for example by guiding
novice workers through complex maintenance operations with AR-driven instructions and camera-
based asset identification, thereby significantly reducing the risk of accidents and improving safety
protocols. In managing robotic manufacturing, AR is essential for creating efficient and user-friendly
control systems (Caiza et al., 2020), reducing potential risks for the users. Moreover, AR’s use in
presenting computer-aided manufacturing (CAM)® instructions? is crucial for ensuring worker safety and
operational efficiency, thanks to its provision of clear operational guidelines (Mourtzis et al., 2018).

XR technology - to aid design prototyping

The use of XR technologies has been proposed to aid in design prototyping in the manufacturing
industry (Bottani & Vignali, 2019), increasing efficiency and reducing risks for operators. The
combination of VR with building information modelling (BIM)8 in the construction sector highlights its
utility in contexts like design and planning (Johansson & Roupé, 2024). Chen et al. (2022) detail how
VR, when integrated with BIM, leads to improved decision-making, improved work quality and increased
productivity, while also facilitating early hazard identification during the design phase.

A recent study (Babalola et al., 2023) on the construction industry found that XR technologies have
successfully been used in this sector for OSH risk prevention and management, including training,
hazard identification and visualisation, risk assessment and design for safety. XR technologies have
been found to be important for several key factors influencing safety on construction sites (Rivera
et al., 2024), including general factors (e.g. rules and regulations, safety, organisation, culture and
climate), material and equipment factors, site factors, and human factors (e.g. motivation,
competency, work pressure, worker behaviour and communication).

VR-based safety training in the construction industry suggests that VR can effectively improve
safety performance, potentially reducing accidents and improving worker safety awareness
(Chellappa et al., 2022). When combined with BIM, a digital process for generating and handling
information about a building development across its life cycle, VR improves decision-making,
leading to superior work quality, increased productivity and substantial cost reductions, and
preventing OSH risks by supporting informed decisions (Chen et al., 2022). VR’s potential in
visualising building design and transitioning from traditional computer-aided design to immersive
models significantly aids in hazard identification and planning for safer construction processes
(Whyte et al., 2000). From an OSH perspective, the metaverse may offer safer and more efficient
planning tools, reducing the risk of mistakes in planning and miscommunications, and improving
safety protocols in construction environments.

The use of VR and AR in different sectors

In the oil and gas industry, VR’s capability to simulate geological areas for remote exploration minimises
the need for on-site drilling, thereby reducing worker exposure to hazardous environments (Jampeisov,

5 A tool that uses augmented reality to provide real-time, visual guidance and information to assist in maintenance tasks, improving
efficiency and accuracy.

5 1t refers to the use of software and computer-controlled machinery to automate manufacturing processes, including planning,
managing and executing production tasks.

" For example, in CNC bending (a manufacturing process where computer-controlled machines are used to bend sheets of metal
or other materials into specific shapes and angles with high precision and efficiency).

8 A digital representation process that integrates physical and functional characteristics of building structures, enabling
stakeholders to efficiently manage information throughout a building’s life cycle.

http://osha.europa.eu
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2019). Furthermore, XR technologies have been used in the construction sector for aiding safe and
effective construction managements, including space planning, monitoring of the site environment, and
prediction of possible hazards to minimise risks before and during construction processes (Zhao et al.,
2023).

AR technology can be used to improve collaboration and facilitate remote assistance of operators
(Lukosch et al., 2015). In some industrial sectors, as in the oil and gas sector, AR wearables have been
used to provide real-time data access to operation in the work sites, thus improving safety in challenging
conditions (H. Cheng et al., 2022). In mining, AR enables remote monitoring through command-control
systems, merging with real-time environmental sensor data to provide safety solutions, particularly
during emergencies (Buddhan et al., 2019). XR has been used for remote monitoring and incident
response in real time, providing OSH professionals and managers with tools to manage OSH
proactively. For instance, virtual replicas of physical workspaces in the metaverse can allow for remote
inspections and safety audits, reducing the need for a physical presence in hazardous environments
(Al-Gnbri, 2022; Wang et al., 2022).

VR’s role in improving worker safety awareness is crucial in mining, a sector prone to OSH hazards,
although the full potential of the technology in worker safety management is not yet fully realised
(Duarte et al., 2019). VR is used in the comprehensive training of underground coal miners,
enhancing their readiness for various mining scenarios and emergencies (Grabowski & Jankowski,
2015). Furthermore, VR is used to visualise complex information to address mining location safety,
environmental effects and machinery upkeep (Duarte et al., 2021).

The introduction of VR-based training systems has outperformed traditional methods, offering a
more effective and immersive learning experience. Mining operation trainees find VR-based training
more immersive, intuitive, interactive and easy to use compared to a traditional screen-based
system (Zhang, 2017). VR also plays a key role in simulating dynamic, three-dimensional mining
environments for purposes like virtual design (Strzatkowski et al., 2024), in a process that can
improve the safety of mining work environments. The use of VR in modelling ergonomic challenges
related to mining equipment could aid in the design of safer machinery (Foster & Burton, 2004).

AR can also improve worker safety in mining, thanks to remote-monitoring command-control
systems that combine AR with real-time environmental sensor data, offering worker safety
solutions, particularly in emergencies (Buddhan et al., 2019). AR has been integrated with
technologies like radio-frequency identification (RFID) for effective management of mining
production processes, including the identification and localisation of moving objects (Vladimir et al.,
2014), which is significant in preventing collisions with workers. Wearable AR interfaces aid in
inspecting belt conveyors in mining by assisting drone pilots in enhancing worker safety and
efficiency (Keller et al., 2018). AR, along with other sensing technologies, is helping mining
operations by using 3D visualisation and energy autonomous sensor nodes for localisation,
mapping, maintenance and safety (Kiziroglou et al., 2017).

AR’s role in Ergonomics 4.0 within Industry 4.0 includes integrating human factors and ergonomics
in mining operations for increased worker safety and operational efficiency (Paul & Briceno, 2021).

Finally, the integration of AR and VR in mining education is exemplified by projects like the Mixed
Reality Handbooks for Mining Education (MiReBooks), which is developing AR- and VR-based
interactive mining manuals for immersive educational tools, by simulating otherwise inaccessible or
hazardous environments (Daling et al., 2020).

4 XR and metaverse in the workplace: OSH risks and
worker safety and health outcomes

In the context of XR and metaverse technologies, VR stands out as the most extensively researched.
VR has been used in professional settings more extensively than AR and the metaverse, which is why
the OSH implications of its use have been more comprehensively considered. Most of the literature on

http://osha.europa.eu
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OSH implications of the use of VR at work focuses on ergonomic issues associated with the hardware
that facilitates the VR experiences. As previously mentioned (see Chapter 2), this consists of an HMD
worn by workers close to their eyes and commonly bound to the head and/or neck using straps. Recent
research has highlighted various OSH risks associated with the use of VR in the workplace (Souchet
et al., 2023a). Despite the fact that the short-term adverse effects of VR have been documented in the
scientific literature, there remains a stark lack of in-depth scientific studies on the medium- and long-
term side effects of prolonged VR technology usage.

Other OSH risks, especially those related to the psychosocial aspects associated with VR technology
use and related to workers’ mental health and wellbeing, generally less represented in the scientific
literature, are presented in this section. These risks were identified in the relevant literature and their
description was complemented by information gathered through the expert interviews.

The OSH risk categories discussed below are interconnected and should not be analysed in isolation
(e.g. physical and ergonomic factors as well as privacy concerns can affect also psychosocial risks).
Figure 5 maps the OSH risks and health outcomes related to the use of XR and metaverse technologies
in the workplace.

Infectious diseases
transmission

Confusion, disorientation, Sleep disturbance

altered sense of
time/space Skin irritation

Biological risks
Addiction
Perception and cognition -
Psychosocial risks OSH Risks and Outcomes

Overreliance on
technology

Epilepsy

Frustration and anxiety Injuries related to Musculoskeletal disorders

batteries Physical and ergonomic
risks Cybersickness

Cyberbullying

Sedentarism
Reduced situational Tripping and falling

awareness Vision problems and

Sense of isolation
ocular health

Acute stress and
technostress

Source: Author’s elaboration.
The risks in Figure 5 span four areas:

= Physical and ergonomic risks relate to the HMD’s ergonomics (weight, form factor, wearability),
blue light emission close to the eyes, the reduced need for physical movement during XR operations
and potentially malfunctioning technology. Furthermore, cybersickness can be experienced due a
combination of physical and ergonomic factors of HMDs.

» Psychosocial risks relate to the potential of these technologies to cause stress due to the need to
learn new skills and interact with new equipment, reduced physical interactions and interaction with
peers, and isolation and risks related to the interaction with and between avatars. These also
include sensory or cognitive overload, difficulty distinguishing between virtual and real
environments leading to disorientation, and impacts on cognitive functions (attention, memory,
spatial awareness).

= Ethical-legal risks relate to the new and unregulated nature of the technology, the ethical
implication of digital interactions, and the technical features of the technology that make them prone
to privacy breaches.

= Biological risks relate to potential pathogen contamination of the equipment worn by the user.

XR and metaverse technologies introduce several OSH physical risks stemming from the design and
usage of the hardware needed to enable the XR experience. These risks are analysed in this chapter.
Key concerns include the ergonomic challenges posed by the form, fit and weight of HMDs, which can
lead to discomfort, neck strain and musculoskeletal issues. Additionally, the proximity of screens to
users’ eyes raises the risk of visual strain due to the requirement for the eyes to constantly adjust to
varying perceived distances within the virtual environment.
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Cybersickness

Cybersickness® has a notable negative impact on the health of workers using VR technology in both
personal and professional settings, and it has been extensively studied since the early 1990s (Kennedy
et al., 1993). This phenomenon is among the most studied in the context of side effects of HMD use
and has often been a significant factor hindering widespread adoption of these technologies (Garrido
et al., 2021). This phenomenon, said to resemble motion sickness,10 is believed to arise due to a
sensory conflict experienced by users, where the information received by the vestibular system is at
odds with the visual perception, with symptoms akin to the motion sickness and simulator sickness
identified in earlier research: eye strain, headaches, nausea and disorientation (Reason & Brand 1975).
Other theoretical approaches posit that the users’ postural instability causes cybersickness (Stoffregen
& Smart, 1998).

Despite initial optimism for overcoming this issue with the advent of HMDs (Biocca, 1992), discomfort
during VR sessions remains a significant concern. Some findings show that about one-third of general
users of VR of experience discomfort, with 5% reporting severe symptoms, and in some contexts,
between 80% and 95% of users are affected (Kim et al., 2005; Stanney et al., 2020; Stanney et al.,
2021). According to Bérastégui (2024), symptoms such as a feeling of unsteadiness or drunkenness
worsening with head movement (similar to symptoms of postural ataxia) may last for several days after
exposure. Although modern HMDs have improved, reducing some risk factors, cybersickness has not
been eradicated (Caserman et al., 2021; Gallagher & Ferre, 2018).

The side-effect of cybersickness was highlighted in all the interviews carried out as part of this study.
One of the interviewees (Interview 1) reported that cybersickness is one of the factors for which
companies and organisations seek advice and which potentially chiefly hinders the adoption of VR
technologies. There is evidence that the negative impacts of XR technologies build up with use over
the week, particularly in the case of nausea; this raises concerns about their sustained use in work
settings (Bérastégui, 2024). In VR settings that simulate office environments and where user movement
is minimal, cybersickness is less prevalent than in other settings (Filho et al., 2018; Filho et al., 2019a).
However, our understanding of cybersickness is incomplete, and further scrutiny is required (Tian et al.,
2022). The research primarily examines conflicts between proprioceptive (including i.e. the perception
of self-movement and the body position in space), visual, and vestibular inputs, with some studies
investigating visual issues such as vergence-accommodation conflict experienced during 3D image
processing in VR (Chang et al., 2020; Descheneaux et al., 2020; Fuchs, 2017; Koohestani et al., 2019).

In fact, current theories on cybersickness remain a topic of scientific debate. Studies have revealed
gender differences in cybersickness, with women experiencing symptoms more frequently, a disparity
that might be related to the ergonomic design of HMDs or inherent motion sickness susceptibility,
though this finding is contentious (Grassini & Laumann 2020a). The influence of the type of VR
simulation, the exposure time (Thorp et al., 2022) and the hardware features like screen latency are
acknowledged but not fully agreed upon, due to experimental variability (Grassini et al., 2021; Stauffert
et al., 2020). Using HMDs with larger fields of view and greater visual realism of the virtual environment
may increase the likelihood of suffering cybersickness (Bérastégui, 2024). VR exposure duration is a
known factor in cybersickness severity (Duzmanska et al., 2018), and individual traits as well as health
conditions also contribute to varied experiences of symptoms (Grassini et al., 2020; Kim et al., 2021;
Widyanti & Hafizhah, 2021).

While AR may induce cybersickness like VR (Kaufeld et al., 2022), it has been shown that such adverse
symptomatology is relatively small in AR: a study reported only negligible symptoms of cybersickness
across participants, with most experiencing no discomfort and only a few facing minimal symptoms
(Vovk et al., 2018). A relatively low frequency of cybersickness in AR was also noted in Interview 6.
However, the interviewee noted that symptoms like cybersickness could affect operators in control
rooms. Operators monitoring live streams from AR systems on 2D screens have been reported to
experience cybersickness, particularly during certain camera movements from the HMDs streamed to
their monitors.

® Sometimes the phenomenon is referred to as simulator sickness, VR sickness, cyberkinetosis or visually induced motion
sickness.
10 The sense of discomfort that may be experienced e.g., while travelling as a passenger on a vehicle.
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Vision problems and ocular health

HMDs use stereoscopic images to create depth perception, which can induce visual strain (Grassini &
Laumann, 2021; Hodges & Davis, 1993; Parker, 2016; Urey et al., 2011). Although significant visual
strain is associated with HMD use, current research does not conclusively link it to myopia after short
exposures (Turnbull & Phillips, 2017). Still, prolonged use of HMDs may encourage behaviours
conducive to myopia and affect long-term visual functions (Németh et al., 2021). Stereoscopy in HMDs
aims to mimic real-world depth perception through binocular and proprioceptive cues, depending on the
inter-pupillary distance (IPD), which varies widely across individuals (Lambooij et al., 2009; Stanney
et al., 2020). Misaligned IPD settings can be accountable for visual fatigue (Hibbard et al., 2020) and
can as well be responsible for eye strain when the brain cannot merge images at certain positions and
distances, causing double vision (Patterson, 2015).

Individuals with compromised binocular depth perception or age-related stereo acuity decline face
increased risks (Bosten et al., 2015; Hess et al., 2015; Lambooij et al., 2009; Ramadan & Alhaag, 2018;
Schubert et al., 2016). Additionally, blue light from organic light-emitting diode (OLED) and liquid-crystal
display (LCD) screens may contribute to this fatigue, affecting retinal health and eye focus (Ahmed
et al., 2018; Heo et al., 2017; Lawrenson et al., 2017), with display brightness and colour dynamics also
playing a part (Erickson et al., 2020; Kim et al., 2016; Kweon et al., 2018). Finally, the unavoidable
viewing of extreme angles inside VR headsets is linked to a heightened chance of developing
heterophoria, a disorder characterised by the misalignment of the eyes when not focusing (GOV.UK,
2020).

Recent research indicates that to prevent adverse eye symptoms, usage sessions should be limited to
between 55 and 70 minutes (Kourtesis et al., 2019). However, it has been shown that this guideline is
often exceeded in professional contexts (Bérastégui, 2024).

The specific wavelengths and intensities of blue light are also known to pose risks of both temporary
and permanent damage to ocular structures, with the retina being particularly vulnerable (Cougnard-
Gregoire et al., 2023). Although there is no conclusive evidence to suggest that ordinary screen
exposure negatively impacts retinal health, the implications of blue light exposure through advanced
XR technologies on ocular health have not been thoroughly investigated.

Form factor issues that interact with user vision were also reported in Interview 7. Some AR devices
obscure a significant portion of the user’s field of vision, particularly in low-light or confined spaces. This
limitation can impair situational awareness and operational efficiency, increasing the risk of accidents.
In addition, the psychological impact of reduced field of vision can lead to heightened anxiety and
reduced task efficiency.

Sleep disturbance

Research also demonstrates that being exposed to certain types of lighting common in screens, such
as blue light, suppresses melatonin secretion, a hormone pivotal in regulating sleep cycles (Tahkamo
et al., 2019). However, the implications of blue light exposure through advanced XR technologies on
sleep disturbances have not been thoroughly investigated.

Epilepsy

VR headset manufacturers include safety warnings about epilepsy risks, noting that a small fraction of
users (approximately one in 4,000) may experience severe dizziness, epileptic seizures or blackouts
due to exposure to light flashes or patterns (Tychsen & Thio, 2020). It has recently been noted that the
fluctuating brightness levels in VR HMDs may pose a risk especially for those prone to photosensitive
epilepsy (Bérastégui, 2024), and such occupational risk has been previously reported by the French
Agency for Food, Environmental and Occupational Health & Safety (ANSES, 2021, as cited in
Bérastégui, 2024). However, there is currently limited research on the topic, and the incidence of
epilepsy in VR users seems to be small (Tychsen & Thio, 2022).

Musculoskeletal disorders

Historically recognised since the 1990s (Nichols, 1999) in the context of early VR systems, VR muscle
fatigue has been compared to fatigue caused by traditional computer tasks. VR users show higher
physical stress due to factors like the HMD weight on the head, neck and shoulders (Kim & Shin, 2018).
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In VR, user interactions with computer-generated environments mainly depend on handling HMDs and
hand, head, eye and body movements (Kim et al., 2020; Monteiro et al., 2021). These interactions can
result in muscle fatigue due to non-habitual, repetitive gestures and hardware use.

It has been hypothesised that other potential factors may be somehow related to musculoskeletal
fatigue and discomfort (Souchet et al., 2023a; Souchet et al., 2023b); however, they are not fully
explored in the context of VR technologies. These include cognitive exertion (Brown et al., 2020),
illumination of the environment and brightness of the screen (Merbah et al.,, 2020), and stress
(Dehdashti et al., 2017).

HMD weight impacts neck joint torque and perceived exertion (Chihara & Seo, 2018; Yan et al., 2018),
influencing muscle fatigue. Different interaction gestures, including micro gestures, can also be
responsible for musculoskeletal discomfort (Li et al., 2020). Bourdin et al. (2019) have indicated higher
physical fatigue in VR and unconscious motor adjustments in VR environments.

While VR may offer task variation that could alleviate musculoskeletal discomfort and therefore mitigate
existing OSH risks in the workplace (Luger et al., 2014), there is a risk of injuries due to repetitive
movements (van Tulder et al., 2007). The literature suggests the need to consider muscle fatigue in VR
use and user comfort in OSH, though the full extent of this issue in VR is not yet clear. As AR equipment
is lighter compared with VR equipment, the issue of muscle strain is likely to be less prominent for AR-
like technologies; however, little evidence is available in the current scientific literature (Marklin et al.,
2020).

The current knowledge on the potential for HMDs to induce musculoskeletal problems underscores the
need for advancements in HMD design, specifically their ergonomics and weight, to mitigate ergonomic
risks and improve user comfort (Ito et al., 2021; Vi et al., 2019). Inadequate or poorly designed XR
systems may contribute to work-related musculoskeletal disorders in the workplace, as well as and
other ergonomic issues (Souchet et al., 2023b).

Sedentarism at work

Two interviewees (Interviews 3 and 4) shed light on a growing concern related to XR technologies in
the context of OSH: their capacity to increase prolonged sedentary behaviour. XR technologies,
designed to immerse users in virtual environments often through (generally) seated interactions,
inadvertently promote extended periods of physical inactivity in the users. This shift towards increased
sedentary time raises significant OSH concerns, given the well-documented health risks linked to
prolonged sitting such as musculoskeletal disorders, cardiovascular issues and mental health
challenges.

Skin irritation

Interviews revealed that extended use of HMDs can lead to dermatological concerns, including skin
irritation, in regions where the HMD rests against the skin (Bérastégui, 2024). This issue tends to
become worse the longer the device is used and is further exacerbated by an increase in the user’s
body temperature (generally observed when the user wears the headset in front of his or her eyes for
an extended period), which leads to sweating. The current ergonomic design of HMD equipment plays
a significant role in this problem. The existing scientific and medical literature has not sufficiently tackled
this issue yet, making it challenging to assess the problem’s scope or the number of individuals
impacted.

Body damages or injuries related to batteries

Significant issues such as thermal injuries from overheating batteries have been identified from an
interview (Interview 6). Batteries that overheat or malfunction can lead to skin damage and burns,
especially if they are located near the user’s body.!! Furthermore, overheated or damaged lithium
batteries have the potential to ignite or explode, posing immediate harm to the user and escalating
further risks in safety-critical environments. This is especially relevant for AR systems designed to, for

11 please note that the risk of overheating and explosion from lithium batteries of XR systems is the same as in equipment like
cell phones and laptops. However, as wearable technologies are generally in close contact with the user’s body, the potential
for physical harm is high (see OSHA.gov, 2019).
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example, assist workers during in high-risk environments, where sparks and ignition may cause
explosions.

Slips, trips and falls

Workers using HMDs for VR can only see the virtual environment, not the real surroundings, which
increases the risk of injuries due to collisions with objects in the real environment or trips over the VR
system cables (Bérastégui, 2024). The use of HMDs with no cables and with virtual boundaries, allowing
the user to stay within a safe area in the real world, can help reduce these risks (Bérastégui, 2024).
According to a 2020 report (GOV.UK, 2020), VR also has a detrimental impact on users’ balance and
coordination when wearing the HMD over prolonged sessions. In addition, post-VR use, individuals
often exhibit diminished depth perception, delayed reaction times and concentration difficulties. These
cognitive and perceptual deficits heighten the risk of injuries from mishaps like slips, trips and falls.

The fact that the use of VR may lead to falls has only been marginally discussed in the scientific
literature. Notably, Warner and Teo (2021) documented a case where a minor fall during VR usage led
to severe outcomes, including spinal cord and hypoglossal nerve damage, vertebral artery dissection
and traumatic brain injury. The adverse effects of the use of VR technology may be especially relevant
for older adults, as age and other comorbidities could lead to significant damage, even from minor falls.
A possible increase in physical accidents, such as tripping or falling due to being distracted by AR
content, was also mentioned in some of the interviews (Interviews 2 and 6).

The XR implications for OSH are increasingly critical due to the potential mental health risks (Spiegel,
2017); however, these risks have been often neglected in VR use in occupational settings, and only
recently has the literature started to systematically assess them (Biener et al., 2022). These risks are
related to the immersive nature of the XR that tends to isolate the user in confined virtual work
environments. Furthermore, these technologies are often a novelty, used by relatively inexperienced
users typically lacking adequate training. This is a factor further heightening the psychosocial risks
associated with XR and leading to an increase in stress. In addition, the interaction between avatars in
the metaverse opens up the potential for psychologically damaging social interactions.

Perception and cognition

OSH risks related to perception and cognition are commonly reported in the context of XR technologies.
These risks are related to the quantity of information shown by the displays and can interfere with the
normal perceptive function of the users. For example, the technologies can distract users from the real
environment or cover with digital overlays important parts of the users’ work environment, leading to
risks to workers’ safety (e.g. accidents) and health, in particular mental health.

Indeed, one of the main consequences of increased cognitive load is increased distraction, which
implies a higher probability of workplace accidents and injuries. Cognitive load and mental workload
(terms often used synonymously) refer to the utilisation of cognitive resources during a task, with their
application varying across learning and ergonomic contexts (Leppink, 2017; Orru & Longo, 2019; van
Acker et al., 2018). Office-like tasks (i.e. tasks like those workers generally perform at an office desk)
performed in VR show varied impacts on mental workload (Broucke & Deligiannis, 2019; Filho et al.,
2018; Filho et al., 2018; Filho et al., 2019a; Filho et al., 2019b; Makransky et al., 2019; Shen et al.,
2019; Tian et al., 2021; Zhang et al., 2017). It was found that VR can either reduce or increase mental
workload, depending on task characteristics and interface design (Biener et al., 2020; Geiger et al.,
2018; Speicher et al., 2018; Zielasko et al., 2019).

Factors like task spatialisation (the way a particular task is distributed in the virtual space) and user
expertise in VR also may be responsible for cognitive overload (Armougum et al., 2019; Baceviciute et
al., 2021; Bernard et al., 2019; Wismer et al., 2018). This highlights the importance on the one hand of
good user interface designs that do not excessively increase the cognitive overload of users, despite
being information-rich, and on the other hand of worker training in better handling the type of information
displayed in VR.
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Confusion, disorientation, and altered sense of time and space

One of the interviews revealed that a significant impact was noted on workers’ perception and cognition,
leading to confusion and disorientation (Interview 7). This effect may be greater for novice users or
those without proper training in the use of XR technologies.

It has been proposed that excessive VR use may also be linked to a distorted sense of time (Mullen &
Davidenko, 2021). While such evidence may be related to settings outside work, it is nonetheless
potentially relevant for OSH in the context of situation awareness of users that may expose them to
work-related risks and potential injuries. The use of AR has been found to be associated with users’
misinterpretation of time and space in real-world situations, for example, the underestimation of the
speed of oncoming vehicles or overestimating reaction time, leading to increased risk of hazards
(Sabelman & Lam, 2015).

Reduced situational awareness

AR technologies can increase human errors in critical human-machine interaction settings, as is the
case in manufacturing workplaces (Bahaei, 2020). Implementing AR in safety systems presents risks
due to device design and possible work distractions, potentially critical especially in high-risk workplaces
(Tatic & Tesic, 2015). Vehicle head-up display (HUD)!? illustrates a specific type of AR that has been
linked to an increase in driving errors. Such systems, while aiming to improve safety, might obscure
real traffic scenarios, raising the risk of accidents (Kim & Hwang, 2017). Wang et al. (2021) found that
AR HUDs could cause inattentional blindness®3 in high workload driving but might mitigate it when
pedestrians are highlighted. Additionally, some AR devices reduce the user’s field of vision, especially
in dim or tight spaces (Interview 7), compromising situational awareness and leading to accidents,
anxiety and lower task efficiency. The safety effect of HUD is particularly important in the context of
OSH, as heavy work vehicles are often integrated with such types of technologies.

Overreliance on technology

Interview 7 highlighted concerns about how data inaccuracies impact user situational awareness,
especially when machine learning algorithms are employed to analyse environmental data (e.g.
sensors). These inaccuracies pose substantial OSH risks. Specifically, the misalignment of XR content
— where virtual information does not correctly overlay or correspond with the real world — was
pinpointed as a source of potential operational errors. This misalignment could lead to human errors in
machinery operation or incorrect responses because of overreliance on the (possibly faulty) technology.

Interview 7 also highlighted the possibility that users may become generally too over-reliant on XR
technologies, especially in the context of AR. The excessive dependence of operators on digital
guidance could lead to severe errors or misjudgements in scenarios when they cannot use the
technology and can no longer gather environmental data using analogue sensors, for example. This
dependence also raises questions about skill loss and the ability of workers.

Sense of isolation

Although it has been suggested that VR promotes social isolation in specific and non-work settings
(Schober, 2017), the evidence is not conclusive; a broader link between computer technology and social
isolation has been discussed over the past few decades (Hampton, 2009). The long-term effect of the
feeling of isolation in VR has not been explicitly studied in work settings, but due to the potential impact
on workers’ mental health, this deserves to be investigated in work environments requiring workers to
use VR for an extended amount of time. The interviews data revealed that the sense of isolation may
not be hypothetical. One of the people interviewed (Interview 4), an instructor in the context of VR
training, specifically mentioned that some workers preferred traditional classroom training to VR training
because of the feeling of loneliness in VR simulated environments. However, this may have been
attributable to the specific training setting and not generalisable to XR and metaverse technologies.

12 Systems projecting data, like vehicle speed, onto windshields.
13 Inattentional blindness is a psychological phenomenon where an individual fails to notice a fully visible but unexpected object
because their attention is engaged in something else.
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Frustration and anxiety

In the context of OSH, the anxiety-inducing aspects of VR are particularly concerning. VR’s immersive
nature can be distressing. Recent findings indicate that the challenging usability of current XR
technologies (e.g. challenges in operating HMDs) negatively affects mental health. A comparison
between participants’ experiences working a 40-hour week in VR versus a conventional office setting
(Biener et al., 2022) revealed that users experienced higher levels of frustration (42%) and anxiety
(19%) when using HMDs.

Cyberbullying

The advancement towards more realistic virtual environments introduces risks of unwanted interactions.
Cyberbullying, as identified by researchers (Upadhyay et al., 2023), becomes a significant issue in
immersive spaces, allowing for new forms of user interaction (Bérastégui, 2024; Dwivedi et al., 2023).
This form of bullying includes harassment and simulation of physical assaults, potentially affecting
victims emotionally and psychologically (Porta et al., 2024). Ongoing developments in haptic technology
that allow users to feel virtual contact like real physical sensations, when used together with XR or
metaverse technologies, could also transform virtual violence, for example between two avatars, into a
real physical form of violence, due to the improvement in sensing technologies (Bérastégui, 2024).

In addition, the selection of an avatar significantly affects user behaviour in digital interactions
(Bérastégui, 2024). Research shows that individuals adapt their actions to align with their avatar’'s
appearance (Pefa et al., 2022), displaying more confidence and extroversion with avatars perceived
as tall and attractive. This phenomenon, known as the Proteus effect, has been recently identified in
the literature on the risk of metaverse technologies (Bérastégui, 2024). This effect could exacerbate
cyberbullying in VR, where avatars mediate all interactions. XR technologies have been shown to
amplify the Proteus effect more than traditional 2D displays (Beyea et al., 2022).

Furthermore, engaging with a confrontational virtual character can provoke significantly higher anxiety
levels in VR than on a flat screen, largely due to the increased sense of physical presence (Dickinson
et al.,, 2021). The incidence of avatar-based harassment and virtual sex crimes (Brandon, 2024;
Clement, 2022; Wiederhold, 2022) raises serious concerns for worker safety, demanding the
implementation of stricter legal and regulatory measures alongside technological safeguards like two-
factor authentication and biometric verification to combat impersonation and trace malicious activities.
These measures are crucial for ensuring a secure, safe and respectful virtual workplace. The challenge
for providers is balancing protective measures while maintaining the immersive quality of the
experience.

Addiction

Personal neglect associated with addiction has been observed with excessive media use (Andreassen
et al.,, 2012; Dam et al., 2023), and it is anticipated that prolonged VR exposure could intensify this
concern. It has been found that between 2% and 20% of users of VR technology show compulsive VR
use (Barreda-Angeles & Hartmann, 2022), underscoring the potentially addictive nature of such
immersive technologies. Other studies have also highlighted the potential addictive problem connected
to the metaverse (Boji¢, 2022). Although these concerns have not been experimentally tested in work
settings, the evidence from other domains suggests that further investigation of the potential OSH
implications is needed.

Acute stress and technostress

XR technologies in workplaces can trigger both acute stress and technostress due to issues including
technological complexity, digital skill gaps and information overload. Acute stress is characterised by
sudden or short-term stress responses that can impair cognitive functions such as executive function,
selective attention, working memory, memory consolidation and recall (Klier & Buratto, 2020; LeBlanc,
2009; Shields et al., 2016). Technostress, meanwhile, arises specifically from the use of digital
technologies in the workplace (Bondanini et al., 2020; Khan, 2023; Mahapatra & Pillai, 2018). Managing
multiple information streams can also increase work pace and volume, contributing to technostress
(Atanasoff & Venable, 2017; Tarafdar et al., 2019). Additionally, VR meetings can provoke public-
speaking anxiety, a known stressor (Owens & Beidel, 2015; Takac et al., 2019).
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Due to the immersive nature of XR and the interconnected digital landscapes of the metaverse, there
are ethical and legal considerations for user privacy, data security, content moderation and the potential
for misuse of the technology. These represent areas of OSH risks that could cause an increase in
worker stress and anxiety (Canbay et al., 2022; EU-OSHA, 2023b).

As workers navigate these digital spaces, the blurring lines between reality and virtuality pose distinctive
challenges in ensuring ethical interactions and safeguarding against the infringement of rights. The
creation of digital avatars, the collection of biometric and behavioural data, and the potential for
surveillance and monitoring within these technologies are all examples of OSH risks stemming from the
use of the XR and metaverse technologies in the workplace. Privacy concerns and the possibility of
personal data breaches are examples of risks that, if not properly prevented and/or managed, can cause
stress for workers using XR technologies. All the interviews pointed to the potential continuous
monitoring of workers as one of the most critical points for adoption of the technologies.

Recording of personal data, continuous monitoring and worker management

XR technology’s integration into workplaces poses serious worker data privacy and data security issues,
which both represent OSH risks (EU-OSHA, 2022a, 2022b, 2023b) due to the ability of the technology
to collect personal data in various ways (Hine et al., 2023), including personal ‘kinematic fingerprints’14
(Spiegel, 2017). This concern extends to AR devices, which can record surroundings and bystanders.
It raises issues for both consensual (the existence of recorded data is critical for the user, even in
consensual recordings, as data can be stolen or misused)!5> and non-consensual recording and privacy
invasion, as well as concern for the inappropriate or uninformed use of such recordings.

As sensor-embedded HMDs enable the monitoring of workers and their performance, the use of such
devices may exacerbate the OSH risks associated with remote working when used in this form of work,
such as increased work intensity, performance pressure and micromanagement (Bérastégui, 2024; EU-
OSHA, 2023c). More generally, there are concerns that the metaverse can lead to strengthened
managerial control (Bérastégui, 2024).

Surveys and studies highlight discomfort with AR’s potential for unpermitted recording and a preference
for technologies that prevent it (Denning et al., 2014; Rauschnabel et al., 2018). The omnipresence of
cameras in XR technologies necessitates strict data protection and privacy policies to safeguard
workers, underlining the importance for employers and OSH managers of prioritising these concerns,
especially in the metaverse context. All the interviews touched on the privacy issue of recording
personal data, with some specifically referring to the fear of continuous monitoring as a common
concern (Interviews 5 and 7).

Diminished moral responsibility

From an OSH perspective, the notion of ‘abandonment of external constraints’ in VR (Cranford, 1996)
highlights the risk of diminished moral responsibility due to a perceived lack of real-world risks and
consequences. This phenomenon is akin to the documented negative impacts of anonymity online,
sparking concerns over VR’s influence on societal ethics. Gooskens (2010) stresses the emotional
immersion in VR s compared to traditional stage plays, warning of the moral hazards should virtual
actions begin to affect real-world behaviour. This issue is particularly acute in multi-user and connected
settings (Ford, 2001), where the distinction between virtual and real identities becomes obscured,
leading to increased behaviour against the common moral standard or the law, which could impact on
worker safety and health, including mental health.

Security breaches

The metaverse brings significant OSH challenges, given its foundational property of interconnectedness
(Sharma & Zamfiroiu, 2023). This feature permits malign entities, potentially external to the work
environment, to gather sensitive data from workers, including worker behaviours and biometrics. So,
the issues of cybersecurity and personal data protection within the metaverse are crucial from an OSH

14 Specific patterns of movements that may be used to identify a person, for example, eye movement and reflexes.
15 In this context also see O'Brolchain et al. (2015) for a discussion on digital footprints and potential cases of personal data
misuse in the context of XR.
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perspective, requiring solutions to prevent risks and their impacts in terms of stress and mental health
issues (EU-OSHA, 2023b). This susceptibility of the metaverse augments the potential for fraud
(Cheong, 2022; Smaili & de Rancourt-Raymond, 2022) and identity theft (Dwivedi et al., 2023), posing
significant OSH concerns when these systems are integrated into workplaces.

HMD equipment can become a vehicle for pathogens that users can pass to each other. The potential
for user cross-contamination with bacteria is relatively high in the context of HMD use, as several
different users commonly use the same equipment in work settings. Research by Creel et al. (2020)
identified strains of Staphylococcus aureus with high antibiotic resistance on VR HMDs’ nosepieces
and foreheads, used in a software development course. These bacteria, commonly found on the skin
and in the airway, can lead to severe health conditions like bloodstream infections, pneumonia, and
infections in bones and joints in healthy individuals. Other bacteria, part of human normal flora but
potentially harmful to those with weakened immune systems or other health risks, were also found in
the study. Virus contamination has been less studied in the context of HMDs; however, it is known that
some viruses can survive a relatively long time on surfaces (Marzoli et al., 2021) and this is especially
hazardous due to the proximity of HMDs to a wearer’s eyes and mouth.

The issue of transmission between workers is especially critical when the equipment is not properly
cleaned between users. Some guidance on how to handle risks of contamination of HMDs has been
proposed recently (Roberts et al.,, 2022). Isopropy! alcohol or alcohol-free quaternary ammonium
cleaning wipes have been found effective in reducing VR headset contamination and infection risks.
Given the challenges some users face in cleaning HMDs properly (Easa, 2021), innovations like
replaceable face masks and protective foam for headsets are emerging as effective strategies to
mitigate biological risks. At the peaks of the COVID-19 pandemic, several companies proposed UV
light-based sanitation products specifically designed for HMDs (Moore et al., 2021).

The interviews highlighted a range of additional issues related to the use of XR and metaverse
technologies with OSH implications that are worth analysing.

Problematic integration with personal protective equipment

A notable issue is the challenge of integrating XR hardware into existing personal protective equipment
(PPE), particularly head-mounted equipment and protective goggles (Interview 2) and helmets.
Misalignment can compromise the effectiveness of both the XR system and the protective gear, leading
to safety hazards. Psychological implications include decreased confidence in personal safety and
increased cognitive load due to concerns about equipment reliability.

User discomfort due to hardware ergonomics

Most of the interviews pointed to the fact that wearing HMDs is somehow uncomfortable. This is a
serious problem to address when introducing XR technologies in the work environment. Not only could
it negatively impact workers’ technology acceptance and overall job performance, but more importantly,
it may also impair worker concentration and exacerbate existing OSH risks, increasing stress levels and
the risk of accidents.

Lack of empirical data for different industrial contexts

A general empirical data gap on OSH risks in the use of XR in the workplace, and specifically, a lack of
empirical data on risks by type of industry and use, was reported in the interviews. The lack of empirical
data on the risks associated with AR hampers comprehensive understanding and mitigation strategies
(Interview 6). This gap in research makes it difficult to create informed OSH policies and guidelines,
potentially leading to unaddressed OSH risks. Furthermore, non-tested use of XR equipment was
reported, where industries use the equipment for purposes not tested by the producer (Interview 6).
This use of XR technology in untested scenarios poses additional risks, as the safety and effectiveness
of the devices are not empirically established, leading to potential safety oversights and unaddressed
hazards in the workplace.
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Limited knowledge of long-term uses and risks

XR technologies are primarily used for specific tasks or short training sessions. This limits our
understanding of their full potential and associated risks in the long term, in cases where these
technologies are implemented for longer in some occupational settings. This affects how OSH risks are
perceived and managed: employers perceive the risks to be limited (since OSH knowledge is limited to
the short time that the technologies are in use in the workplaces) and therefore do not effectively
communicate these risks and potential criticalities to operators. This, in turn, may impact workers’
perception of the technology’s reliability and safety. This criticality was highlighted in some of the
interviews (Interviews 2, 3 and 4). A potential lack of reporting of criticalities and risks (Interview 5) and
a concerning lack of empirical evidence on the risks of XR use (Interview 2) were also evidenced.

Limited workplace risk assessment communication of OSH risks to workers

The interviews showed that companies frequently overlook XR technologies in the workplace risk
assessment, which is the employer’s legal obligation as per the OSH Framework Directive. This
oversight appears to stem from two different reasons. First, in many sectors, there is a lack of
awareness regarding the potential risks associated with XR usage. Second, management often
perceives these risks as minimal, rationalising that the use of XR technologies is typically brief and
confined in scope. The data consistently pointed to a widespread shortcoming of both awareness and
communication of these risks across various industries. However, it was observed that industries with
a longstanding history of XR device use have developed a more robust approach towards risk
assessment, communication and the establishment of clear guidelines (Interview 7).

The digital divide and inequality

Differences in the understanding and adoption of XR technology, particularly among different age
groups and levels of digital literacy, can influence how XR is integrated and managed in the workplace,
potentially leading to disparities in technological proficiency in and acceptance of the technology
(Interview 1). Many HMD-based XR devices are not designed for diverse users (Derby et al., 2023;
Grassini & Laumann, 2020a), potentially excluding certain demographics and limiting the technology’s
inclusivity and effectiveness. This exclusion can have significant mental health implications, contributing
to feelings of marginalisation and inequality in the workplace.

5 Discussion and conclusions

From an OSH perspective, the integration of XR technologies and the metaverse in the workplace
presents both potential benefits and inherent risks. This necessitates ensuring a balanced approach
between the use of technological advancements and OSH risks prevention and management.

The application of XR technologies in the workplace offers significant opportunities in various OSH-
related domains: OSH-related training, remote working and guidance, complex and fast interpretation
of environmental or sensor data, and design of a more rational and safe work environment. However,
these opportunities should be considered in the context of several identified OSH risks, particularly in
environments with inherent hazards. The literature review and expert interviews indicate the use of
these technologies is generally endorsed, underlining their potential to improve work performance,
efficiency and overall workplace safety and health, and stressing that most reported risks today can
be mitigated with technological advances in software and hardware.

The use of XR and metaverse technologies marks a step forward in enhancing OSH through risk-
free training environments, allowing for the simulation of hazardous scenarios without real-world
risks. For example, construction workers can safely experience high-altitude work, while manufacturing
workers can operate heavy machinery at a distance in a virtual setting. Immersive training sessions in
VR not only aid in skill development but could also promote a culture of safety and OSH awareness, as
well as help identify work-related risks.

The adoption of metaverse-like technologies for remote collaboration significantly reduces OSH
risks by removing workers from hazardous environments, eliminating the need for physical travel to the
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worksite (with the OSH opportunities and risks that this entails),'¢ proving crucial during global health
crises, and maintaining effective communication and teamwork. Furthermore, these technologies help
prioritise safety and ergonomic considerations in the design and prototyping phases, addressing
potential OSH risks at an early stage, and promoting a safer environment for workers. They also ensure
workplace accessibility, potentially offering customised interfaces for workers with disabilities, vital
for inclusivity and compliance with legal safety standards. In real estate and space planning, XR and
metaverse tools facilitate the assessment of safety and emergency protocols, aiding in the
development of safer commercial and residential spaces. In healthcare, these technologies increase
patient and practitioner safety by offering platforms to improve patient education and for practice without
the risk of real-life errors.

Lastly, integrating sensor data and analytics into XR and metaverse environments improves OSH
management by allowing for intuitive visualisation of potential hazards, compliance monitoring and
maintenance planning, ensuring a safer working environment.

However, exploring XR and metaverse technologies requires a thorough analysis of the multifaceted
risks and implications these technologies bring to OSH. Their incorporation in professional settings
introduces a complex blend of OSH risks and impacts on worker safety and health that this article
attempts to categorise as physical or ergonomic, psychosocial, ethical or legal, and biological,
expanding previous attempts to categorise OSH risks in the use of XR in the workplace (The AREA,
2024a).

The use of XR technologies at work is primarily affected by significant physical and ergonomic risks
due to the ergonomics of the HMD equipment. The discomfort, neck strain and visual fatigue stemming
from the design and use of HMDs should stimulate ergonomic improvements in future iterations of the
technologies, if these are to be effectively implemented in work environments. Moreover, the occurrence
of cybersickness, which mirrors symptoms of motion sickness, highlights the critical need for a
collaborative effort from hardware and software developers to design experiences that are both user
friendly and not harmful to worker safety, health and wellbeing. OSH issues frequently reported by the
interviewees also include the risk of seizures triggered by specific visual patterns and thermal risks
associated with XR device batteries.

Alongside physical risks, psychosocial risks associated with XR technologies raise serious concerns
for workers’ mental health. Examples of such psychosocial risks include social isolation, anxiety and
the potential for negative interactions in virtual environments, such as avatar-based harassment and
cyberbullying. Creating XR environments that foster positive social engagement and provide adequate
support mechanisms is essential for maintaining a healthy balance between technology use and mental
health. Importantly, the interviews carried out under this study revealed that these risks are among the
least assessed, and the scientific literature provides very limited evidence about such risks relevant
for the workplace use of XR technologies. Further assessments are therefore urgently needed.

Furthermore, XR and metaverse technologies can potentially overwhelm workers, leading to cognitive
overload, impaired decision-making and an increase in errors, putting workers’ safety and health at
risk. The increased risks of accidents such as trips and falls due to high cognitive workload or
distraction by XR content were highlighted by the interviewees, reflecting concerns about loss of
awareness of one’s surroundings. Such important negative effects highlight the importance of
creating XR interfaces that are cognitively ergonomic and tailoring XR experiences to support workers’
cognitive processes without causing undue stress and accidents. The goal is to ensure that XR
technologies contribute positively both to workplace productivity and OSH. To mitigate such risks, user
experience or interface (UX/UI) experts and engineers should work together, attempting to create
cognitive-friendly interfaces and software, and to create guidelines for effectively displaying information
in VR simulations or in the AR overlays to the real environment.

Ethical and legal concerns also play a crucial role in the OSH implications of XR and metaverse
technologies. Privacy issues, data security challenges, and the risk of data breach and misuse
necessitate the establishment of stringent ethical standards, robust privacy protections and clear legal
frameworks. It is critical to ensure that XR platforms not only respect workers’ rights but also promote
ethical interactions. This involves protecting workers’ personal data, preventing avatar-based

16 See EU-OSHA publications on the OSH implications of remote work at
https://osha.europa.eu/en/publications-priority-area/remote-and-hybrid-work
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harassment, and upholding a clear distinction between virtual behaviours and real-world ethical
standards. With the advent of the metaverse (and the possibility for it to include Al-generated content),
risks related to data uses are prominently emerging. These ethical and legal issues may generate stress
and anxiety in workers and have negative consequences for workers’ mental health.

The literature review also identified biological risks related to the use of HMDs. These relate to the
possibility for the equipment to be contaminated with pathogens, and therefore to potentially contribute
to bacterial and viral transmission and infections among users.

Inclusivity and accessibility are critical considerations in the deployment of XR technologies in the
workplace, and these emerged in both the scientific literature and the interviews. Many XR HMDs are
not designed for a diverse range of users, and may exclude certain demographics (e.g. women are
commonly more susceptible to side effects like simulator sickness). The interviews highlighted concerns
about the suitability of XR devices for different body types, ages and abilities. These issues limit the
technology’s effectiveness and inclusivity and can have significant mental health implications,
contributing to feelings of marginalisation and inequality in the workplace. This emphasises the need
for inclusive design practices that accommodate the diversity of the workforce.

Finally, the interviews also revealed that current XR has limited standardisation procedures or obligation
to comply with certification requirements (Interview 6). The current lack of standardisation obstructs
the adoption of these technologies, especially in risk-prone work environments that may be more
reluctant to introduce technologies with uncertified specifications that may not be trusted as inherently
safe. Furthermore, some industries face the challenge of integrating HMDs with existing safety
equipment (e.g. protective goggles, safety helmets), due to the issues of poor HMD ergonomics.

In conclusion, addressing these risks and challenges is important for ensuring workers’ OSH in
environments employing XR and metaverse technologies, especially if HMDs are worn for long
periods of time. As the negative impacts on users of such technologies seem cumulative with
frequency of use, there are concerns about their sustained use in work contexts.

While the present paper acknowledges the positive potential for XR and metaverse technologies to be
integrated in the workplace, it also emphasises the need for a comprehensive understanding of their
OSH implications. In particular, there is a need to investigate the effects on workers of combined
exposures to the full range of potential OSH risks, and not only those associated with the XR or
metaverse technologies themselves, but with the occupational environment as well, rather than to each
risk separately. This understanding is crucial for the development of effective strategies and
frameworks that prevent and mitigate OSH risks, ensuring the safe and ethical integration of these
technologies in occupational settings and in the society at large.

6 Considerations and policy pointers

Incorporating XR technologies into work settings requires tailored guidance taking into consideration
the OSH perspective. The following guidance focus on ensuring the security and privacy of XR systems
as well as the safety, health and wellbeing of the workers using them. Recommendations for the
introduction of XR in workplaces have been made in other literature; the guidance presented here take
into account previous discussions, policies and practices (see, for example, Abraham et al. (2022),
Adhyaru and Kemp (2022), and The AREA (2024b)) as well as the new insights emerging from this
study, in particular from the interviews and the OSH perspective from which the literature reviewed was
analysed.

= Ergonomic design of XR devices. XR devices used in the workplace should be ergonomically
designed to prevent strain or injury. This includes adjustable straps, lightweight materials and
considerations for prolonged usage. OSH guidelines on ergonomic practices must be integrated
into the design and deployment of these devices.

= Regular training and awareness programmes. Hold regular training sessions to familiarise
workers with the safe and efficient use of XR technologies. These programmes should also cover
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privacy practices, data security protocols and awareness of potential OSH risks impacts, aligning
with OSH standards.

= Monitoring and mitigating impacts on workers’ mental health. Put in place monitoring
mechanisms to assess the impact of (prolonged) XR usage on workers’ mental health, such as XR-
related cognitive overload, fatigue or disorientation. Providing mental health support and setting
usage limits can help to prevent or mitigate the risks.

= Emergency response protocols in XR environments. Develop and integrate emergency
response protocols into XR systems. In a real-world emergency, users should be able to quickly
disengage from the XR environment. These protocols would include easy-to-access exit
procedures and alerts that can disrupt the immersive experience.

= Compliance audits for XR usage. Schedule regular compliance audits by specialised audit firms
or internal compliance teams, to ensure the XR technology’s use meets legal, ethical and OSH
standards. These audits can help identify areas for improvement and ensure that XR technologies
are being used responsibly and safely.

= Transparency in personal data collection and usage. In a workplace setting, it is crucial to
transparently communicate to workers what data the XR systems are collecting and when.
Additionally, clarity on where and how data are processed (internally or externally) is essential for
workers. This transparency not only aligns with privacy standards but also promotes a trustful work
environment.

= Development of workplace-specific XR standards and guidelines. The interviews carried out
for this research have emphasised the current lack of — and need for — workplace-specific
standards and guidelines for the use of XR and metaverse technologies. These standards and
guidelines should encompass data collection, privacy and security issues, but also the prevention
of the risks to worker’s safety and health associated with XR use highlighted in this paper. This will
contribute to the creation of safe and healthy XR environments and safeguard worker safety, health
and wellbeing.

= Involvement of workers in the design and implementation of XR and metaverse
technologies. Worker consultation is the employer's obligation as per the OSH Framework
Directive. This is critical as workers” involvement ensures that the technology is aligned with their
needs and OSH requirements. It encourages a sense of ownership and commitment to safe and
healthy practices.

= Consideration of XR and the metaverse in workplace risk assessments. The use of XR and
metaverse technologies should be incorporated into workplace risk assessments, as per the OSH
Framework Directive. This consideration will ensure that potential risks associated with the use of
these technologies at work are identified and managed effectively, promoting a safe and healthy
work environment.

= Evaluate workers’ long-term health impacts, including mental health. Carry out longitudinal
studies to assess the long-term health impacts of prolonged and/or repetitive XR usage in
occupational settings, focusing on physical aspects like vision and posture as well as psychosocial
aspects such as cognitive load and mental wellbeing. These studies should aim to draw from robust
experimental designs such as randomised controlled trials. Additionally, future research
endeavours should study the impact of XR tools on worker productivity, job satisfaction and overall
workplace morale. Understanding these aspects can help optimise the use of XR for worker
wellbeing and efficiency.

= Quantitatively evaluate the effectiveness of XR training programmes. Investigate the
effectiveness of XR-based training and educational programmes in improving workplace OSH.
Compare traditional training methods with XR-based methods to determine efficacy in terms of
retention, engagement and practical application, and assess when and how XR technologies should
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best be used for training purposes. It is important to strike the right balance between maximising
the benefits of using XR technologies and mitigating the associated OSH risks.

= Carry out real-time OSH monitoring. Study how to best use psychophysiological sensors, Al and
algorithms within XR devices to monitor real-time indicators of workers’ OSH such as stress levels,
eye strain and posture, while avoiding the pitfalls of data privacy and worker surveillance issues,
which, in turn, negatively impact workers’ (mental) health. For example, real-time alerts may be
integrated to prompt workers to adjust their posture, take breaks or stop working with XR
technologies for a certain time, in line with OSH best practices.

= Research possibilities for standardisation of XR equipment and protocols. Investigate the
needs to support the development of standardisation in XR equipment and safety protocols across
various industries. This research should aim to establish common standards and best practices for
the safe and healthy use of XR technologies.

= Integrate OSH considerations into XR development. Conduct research on the impacts on
workers and their OSH and integrate findings into the XR design and development stage to provide
human-centred technologies. For this, OSH experts should collaborate with XR technology
developers to integrate OSH considerations into the early stages of XR system design. This should
also be done in consultation with end users, meaning the workers using these technologies.

= Establish comprehensive OSH policies. Develop and put in place comprehensive OSH policies
specifically tailored for XR and metaverse applications in the workplace. These policies should
address potential risks to OSH, including physical, ergonomic and psychosocial, as well as ethical
and data privacy concerns, and ensure the safe, healthy and ethical use of such technologies.

= Support research and development. Allocate resources and funding to support research on XR
safety and usability and its implications for worker health and productivity. Policymakers should
encourage partnerships between governmental bodies, academic institutions and industry experts.

= Create guidelines for virtual workplace interactions. Draw up guidelines to govern interactions
within virtual workplaces in the metaverse. These should cover aspects like virtual harassment,
ethical behaviour and avatar impersonation. Guidelines should be flexible and adaptable, to keep
pace with a fast-developing technology and diverse modes of use.

= Runtraining and certification programmes. Promote the introduction of training and certification
programmes for XR technology use, focusing on OSH and best practices. This ensures that workers
are adequately prepared to use these technologies in a safe, healthy and effective way.

= Ensure inclusive policymaking. Involve a diverse group of stakeholders in the policymaking
process, with multidisciplinary expertise and various backgrounds, including XR users or workers
and employers, developers, OSH experts and legal professionals. This ensures that diverse
perspectives and experiences are considered.

= Assess workplace impact. Regularly monitor and evaluate the impact of XR technologies on
worker safety and health to support evidence-based policymaking and prevention. This is
particularly important for the development and applications of XR technologies and the metaverse,
as the shifting sands in this area have the potential to constantly reveal new and emerging OSH
risks and challenges.
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Annex: Methodology of the study

Selection criteria for papers

To investigate the effects of virtual reality (VR), augmented reality (AR), and the metaverse in
occupational safety and health (OSH), specific inclusion and exclusion criteria were defined prior to the
beginning of the literature selection process.

Inclusion criteria

= Time frame. Publications from 2016 to September 2023. This period is selected based on the
significant developments in VR and AR technologies, particularly after the release of the first
Oculus in 2016. However, articles published before 2016 were included from additional
searches, previous knowledge of the article author, or from the backward snowballing method
applied from the primary search. Due to the rapidly evolving field, articles published between
September 2023 and February 2024 were also included when relevant during the revision
phase of the article if encountered by the article author.

= Language and accessibility. Articles must be written in English and be accessible for review.

= Publication type. Peer-reviewed articles or grey literature.

= Content relevance. Articles must explicitly mention VR, AR (or also MR and XR, as these are
commonly used terminologies), or metaverse technologies, focusing on their implications in
ergonomics, safety, health (including mental health) and the workplace environment.

= Keywords. Papers should mention specific keywords (detailed below) related to OSH concerns
in the context of these technologies.

Exclusion criteria

= Language limitations. Non-English papers or those containing sections in other languages.

= Availability. Incomplete or inaccessible articles.

= Content irrelevance. Papers not addressing the specified keywords or OSH concerns related
to VR, AR, MR, XR and the metaverse in workplace contexts.

= Specialised populations. Studies involving clinical populations or non-workplace-related
technology usage. Some exceptions were made if the articles described risks and factors
related indirectly to OSH.

Keywords for initial paper selection

The search incorporated a range of keywords, including terms: ‘cybersickness’ or ‘simulator sickness’,
‘nausea’, ‘dizziness’, ‘visual fatigue’, ‘muscle fatigue’, ‘ergonomic risks’, ‘musculoskeletal disorders’,
‘stress’, ‘anxiety’, ‘work intensity’ or ‘intensification’, ‘mental workload’ or ‘cognitive load’, ‘lone work’ or
‘isolation’, ‘autonomy’ or ‘job control’, ‘trust’, ‘worker privacy’ or ‘data privacy’, ‘transparency’, ‘accident’,
‘falls’, ‘trips and slips’, ‘collision’, ‘occupational health’ or ‘workplace safety’ or ‘work-related disorder’ or
‘work-related disease’ or ‘work-related accident’, ‘occupational risks’ and ‘occupational hazards’, ‘OSH
risks’ and ‘OSH hazards’, ‘work risks’ and ‘hazards’, ‘mental health’, and the terms: ‘work’, ‘virtual
reality’, ‘augmented reality’, ‘mixed reality’, ‘extended reality’, or ‘metaverse’.

Furthermore, for each of the industrial uses for which the article focused on, further separate research
was done using the keywords: (‘chemical sector’ OR ‘construction’ OR ‘healthcare’ OR ‘manufacturing’
OR ‘military’ OR ‘mining’ OR ‘oil’ OR ‘gas’) AND ‘VR’ OR ‘AR’ OR ‘metaverse’.

The research was conducted using Scopus, Web of Science, ACM digital library, IEEE xplore and
Google Scholar, focusing on articles dealing with workplace contexts and reporting these keywords in
the titles, abstracts and keywords.

A backward snowball method was used for identifying additional relevant literature, beginning from the
initially identified sources. This was necessary especially for finding additional studies delving into the
use and the criticalities of XR and metaverse technologies in specific sectors. Further articles were also
added based on prior knowledge of the study author.
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The study author selected the works that were determined to be more pertinent or relevant for the scope
of the article.

Overview

The study includes six interviews with a total of seven interviewees (within six interview sessions),
encompassing a diverse range of perspectives related to XR in OSH (see Table 1). According to the
agreed study data protection framework, the people interviewed first received a Privacy Statement
informing them about the processing of their personal data.as part of the study. All information about
the interviewees and as well as information collected during the interviews were kept anonymous. This
was done anonymising the interview script after the recording and creating interview summaries/notes
that reported the main information gathered from each of the interviews without details that may directly
or indirectly disclose the people interviewed. Any reference to the interviews in the text is made in a
fully anonymous way.

Participant demographics

= Profiles: OSH specialists in the XR sector, industry operators and supervisors with direct
experience in XR, national and international safety experts, interest group representatives of
XR technology, and industrial stakeholders (see Table A 1).

Interview structure

= Format: Semi-structured interviews, incorporating both qualitative and quantitative elements.

= Data analysis strategy. Content analysis, in which the answers were analysed to extract
common themes and insights.

= Adaptation. The interview script is tailored to suit the diverse contexts and expertise of the
interviewees. The interview script was developed to be easily adaptable to various contexts
and to be tailored to the answers received from the people interviewed. The people interviewed
often preferred to talk freely about their direct experience or their expertise.

= Narrative reporting. Findings from the interviews are reported in a narrative way within article,
including reference to specific facts narrated by the interviewed when fitting the scope of the
article or reported generally.

Table A 1 below features the interview number, as referred to in the main article, and a short description
of the role and expertise of the people interviewed.

1 Expert and consultant in the field of OSH and XR/metaverse technologies.

2 Coordinator of an organisation dedicated to promoting the integration of Augmented
Reality technology within the business sector.

3 Senior advisor for business and industry, with expertise on safety and inclusivity.

4 Head of the health and safety unity for an industry organisation (national level). Direct
experience with training operations using XR.

5 Senior advisor at national unit of the authority for labour inspection.

6 Technical expert of safety operation in a company developing XR solutions.

7 Operators’ supervisor and first-hand user of XR technologies in the context of high-risk
industries.
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