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Unsafe behaviour in the workplace and disaster events can lead to serious harm and damage. Safety training has
been a widely studied topic over the past two decades. Its primary aim is to save lives and minimise damage but
requires regular refreshers. New digital technologies are helping in the process of enhancing safety training for
better knowledge acquisition and retention. Among them, Virtual Reality (VR) can provide an engaging and
exciting training experience, and there is a need to evaluate its application and effectiveness in safety training.

This study aims to investigate VR safety training solutions applied to various industries (excluding medical and
military applications), such as construction, fire, aviation, and mining. This was achieved by systematically
reviewing 52 articles published between 2013 and 2021 to answer nine research questions. Fourteen domains
were examined, with construction and fire safety training being the most prevalent since 2018. Findings reveal
that only a small percentage (9.6 %) of the studies explicitly adopted theories while developing and testing VR
applications. Additionally, this review highlights a critical need for long-term retention measurements, as only
36 % of studies provided such data. Finally, the two meta-analyses proposed in this work demonstrate that VR

safety training outperforms traditional training in terms of knowledge acquisition and retention.

1. Introduction

Safety training is a key activity worldwide for accident prevention
strategies that aim to reduce the impact of accidents and disasters on
humans and property (Hale, 1984). It represents one of the keystones of
many occupational health and safety programs (Robson et al., 2012).
Safety training plays a key role in enhancing humans’ abilities and skills
to identify risks and analyse the magnitude of these risks. These abilities
and skills are among the key factors determining humans’ behaviour and
safety while performing dangerous tasks (Sacks et al., 2013). Previous
studies have identified strong evidence of the effectiveness of safety
training on workers’ behaviours (Robson et al., 2012). Several of them
have demonstrated the significant impact of safety training on humans’
disaster preparedness (Hsu et al., 2013; Nazli et al., 2014).

Traditionally, safety training has been delivered using different
methods. These include safety manuals, videos, in-person or online
lectures, and drills (Feng et al., 2018). However, most of these methods
have critical pedagogical limitations. For example, drills often do not
provide feedback to participants, which could help them assess their
choices retrospectively (Gwynne et al., 2019). Moreover, traditional

1 Readers can refer to Section 2 for definitions.
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methods face numerous challenges in effectively illustrating what a
hazardous event looks like for trainees. In most cases, replicating
extreme scenarios in the physical world would be impossible, given
time, cost, and safety constraints (Pedram et al., 2017).

New digital technologies are making the process of safety training
more effective. Virtual Reality (VR), in particular, is one of the most
promising technologies that can enhance the effectiveness of safety
training. Previous studies have shown that VR is a suitable tool for
designing safety training systems and investigating human behaviour in
emergencies (Lovreglio, 2020). VR has been adopted in its immersive
and non-immersive versions' to deliver safety training in many in-
dustries and for different types of disasters (Kanade and Duffy, 2022;
Lovreglio, 2020). Combined with gamification, it can make the content
of safety training programs more engaging and promote learning (Feng
et al., 2018). To date, several works have demonstrated the benefits and
limitations of VR training in different domains, such as evacuations in
different disasters (Feng et al., 2018; Gagliardi et al., 2023), construc-
tion (Menzemer et al., 2023; Zhao and Lucas, 2015; Li et al., 2018; Bhoir
and Esmaeili, 2015; Gao et al., 2019), and mining (Tichon and Burgess-
Limerick, 2011). Broader reviews are provided by Kanade and Duffy
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(2022) using bibliometric analysis and Stefan et al. (2023) focusing on
domains and evaluation methods. Nonetheless, there is currently a gap
in the literature when it comes to a thorough review of VR applications
in safety training. The need for a systematic and comprehensive un-
derstanding of how VR safety training has been implemented and tested
across various domains remains evident. Combining insights from
different domains can provide reliable answers on whether and the
extent to which VR is a valuable safety training solution. Further, a
meta-analysis comparing the effectiveness of VR safety training against
traditional safety training is another research gap in the literature.

This study aims to evaluate how VR has been applied to safety
training for various sectors, such as construction, fire, aviation, and
mining, as well as to assess its efficacy when compared with traditional
tools. In this study, the safety training under investigation is mainly
about training provided to individuals to deal with a scenario or process;
thus, large-scale safety programs such as civil protection and crisis
management were not included. To achieve this aim, we conducted a
systematic literature review assessing 52 papers published between
2013 and 2021. The knowledge gained from this review is further
advanced by two meta-analyses comparing the effectiveness of VR and
traditional safety training in terms of knowledge acquisition and
retention. This work represents a new milestone in the VR safety training
research, bringing new insights into how VR has been adopted for safety
training and whether and the extent to which it is more effective than
traditional training methods.

2. Background
2.1. Virtual reality

The modern-day concept of VR originated from the development of
the stereoscope in the 19th century. Modern VR technology had its
initial introduction with the development of the Sensorama device in the
1960s, which was designed to incorporate five short films, engaging
multiple senses, including vision, hearing, olfaction, and haptics,
creating an immersive experience for the users (Rendevski et al., 2022).
In 1994, the “3i” features of VR were proposed, namely, Immersion,
Interaction, and Imagination (Burdea and Coiffet, 2003). They allow
users to experience the virtual world beyond reality (Berg and Vance,
2017). In the following decades, VR has been demonstrated as a
powerful tool and applied in various industries for different purposes
(LaValle, 2023).

Some VR setups deliver immersive experiences, while others deliver
non-immersive ones (Buttussi and Chittaro, 2021; Paes et al., 2021).
Both types of VR are computer-generated simulations. While immersive
VR involves the use of visual display devices delivering a high level of
immersion and visual realism, closely resembling real-life experiences,
non-immersive VR is often based on standard computers (Jennett et al.,
2008; Lee and Lee, 2004; Robertson et al., 1993).

The most well-known immersive VR devices are VR headsets (head-
mounted displays, HMDs) and projection-based displays. VR headsets
are the most common visual display devices for VR that can deliver the
3i features, and their market size is growing rapidly (Chen et al., 2021).
These headsets provide users with a stereoscopic 3D visual experience
and often incorporate head-tracking technology to allow users to look
around and interact with the virtual world. HMDs are typically light-
weight and designed for comfortable wear, making them ideal for
extended VR experiences (Ito et al., 2021).

There are several types of head-mounted displays for VR, each of-
fering different features and capabilities (Angelov et al., 2020). Tethered
HMDs are physically connected (usually wired) to a computer and
provide high-quality graphics and performance. They typically offer an
immersive experience, but their physical connections limit users’
freedom of movement. In some cases, these limitations can be overcome
using wireless communication with a computer, which could often be
unstable. In turn, standalone HMDs feature built-in hardware required
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to fully reproduce a computer-generated virtual environment, such as
graphics processing units, display for image visualisation, measurement
sensors, headphones, storage, and batteries. Despite not needing an
external computer, they trade off freedom of movement with perfor-
mance related to hardware specifications. The smartphone-based VR
headsets, named mobile HMDs, produce the VR content relying on the
user’s smartphone. These headsets feature a slot to place the smartphone
that acts as the processing unit and visual display for the VR experience.
Despite being affordable and widely accessible, they perform poorly
than standalone or tethered HMDs. Among the most common models are
the Sony PlayStation, Oculus Rift, HTC Vive Pro, HTC Vive Cosmos,
Valve Index and Samsung HMD Odyssey+ (Angelov et al., 2020).

Projection-based VR provides users with an interactive and immer-
sive experience by projecting virtual content onto screens or surfaces.
Among the most widespread setups is the Cave Automatic Virtual
Environment (CAVE) (Creagh, 2003; Sandin et al., 1993), which dis-
plays 3D images on walls, floors, and ceilings. Users wear special 3D
glasses to perceive the 3D images and interact with the virtual envi-
ronment using handheld controllers. CAVEs can deliver high-level vi-
suals and immersion but come with limitations, such as the cost and
complexity of the setup and limited freedom of movement (Havig et al.,
2011). Powerwalls, in turn, are basically large-scale, high-resolution
displays also used to create interactive virtual environments on flat or
curved screens. It shares many features with the CAVE system, such as
the use of 3D glasses and devices to interact with the virtual environ-
ment while trading off immersion for cost and mobility (de Vasconcelos
et al., 2019).

In non-immersive VR, users do not undergo a fully multisensorial
simulation, but their perception of the physical world is not blocked so
that they maintain a certain degree of awareness of the real environ-
ment. These technologies are desktop-based: the virtual experience
content is accessed on different kinds of screens, while the interaction is
performed using a mouse, keyboard, or other input devices. These
technologies are typically more accessible and do not require specialised
hardware like HMDs.

2.2. Safety training

Unsafe behaviours can potentially lead to fatalities, injuries, or
economic repercussions in the context of workplace accidents or disaster
events. Safety training stands as a primary mechanism for enhancing
human behaviour while engaging in dangerous tasks (Sacks et al.,
2013). It has become a globally vital factor of accident prevention
strategies, aiming to minimise the impact of accidents and disasters on
humans and property (Hale, 1984). It is also a legal requirement in
numerous countries across various industries, underscoring its status as
a regulatory imperative (Loosemore and Malouf, 2019). For instance, in
New Zealand, construction workers are required to attend a Health and
Safety course every two years (Site Safe Passport Courses - Third Edition,
2019), and in the US, employers take significant responsibilities
regarding worker safety training requisites (Weiss, 2022). Also, safety
training related to disasters has become a legal requirement worldwide,
such as Australia’s annual evacuation exercise for emergencies in fa-
cilities and the UK annual fire drill for workplaces, including schools
(Fire safety in the workplace, Model Work Health and Safety Regula-
tions, 2023).

Traditionally, safety training methods consist of videos, lecture slides
and safety manuals, which tend to create a passive learning environment
for trainees (Buttussi and Chittaro, 2021; Avveduto et al., 2017). They
have been criticised for their potential shortcomings in facilitating
knowledge acquisition, which could be attributed to the limited sense of
presence and engagement they offer. Consequently, these methods are
argued to be insufficiently motivating, leading to reduced trainee
attentiveness and concentration over short durations (Cherrett et al.,
2009; Harfield et al., 2007). Additionally, they have been associated
with high costs and may not represent the most optimal solution for



D. Scorgie et al.

effective safety training (Forst et al., 2013).

Within the transition to industrial 4.0, the utilisation of digital
technology in safety training is becoming more and more widespread
and applied across various industries (Liang et al., 2020; Validakis,
2015). For instance, U.S. military and intelligence community have used
VR for many safety training projects, such as nuclear attacks by terrorists
and urban warfighting operations (Wilson, 2008), and the British Safety
Council used Augmented Reality (AR) to deliver occupational health and
safety knowledge (Virtual and augmented reality training). Previous
studies have also proved that innovative safety training methods are
overall better than traditional methods (Feng et al., 2021; Lovreglio
et al., 2021).

3. Methodology

This study incorporates a systematic literature review and two meta-
analyses. The systematic literature review employed the “five steps for
conducting a systematic review” by Khan et al. (2003): defining research
questions, identifying the relevant work, assessing the quality of the
studies, summarising the evidence, and interpreting the findings. Two
separate meta-analyses have been conducted to assess and compare
knowledge acquisition in the context of VR and traditional training, as
well as to compare knowledge retention between the two training so-
lutions. Hedge’s g is employed to assess the standard mean differences in
the two meta-analyses, as it is the best solution when the sample sizes
are small (<20) (Shadish et al., 2014; Takeshima et al., 2014).

3.1. Framing the research questions

To comprehensively understand how VR is used for safety training,
we expand upon the examination of the state of research by considering
the types of technique, the topics taught, the methods to evaluate
learning outcomes, and the delivered learning outcomes (Benitti, 2012).
To address these aspects, nine research questions were formulated as
follows.

Question 1: What domains and topics have been taught in VR safety
training?

Question 2: Which theories were used to develop and test the VR
safety training?

Question 3: Which types of VR hardware have been used?

Question 4: Which measurements were used to assess the training
effectiveness?

Question 5: What are the learning outcomes?

Question 6: What are the instructional methods?

Question 7: What are the experimental results?

Question 8: What are the outcomes of previous studies comparing VR
training and traditional training?

Question 9: What are the outcomes of previous studies comparing
different VR solutions?

3.2. Identify the relevant works

The publications included in the systematic literature review were
collected from Scopus and Web of Science, two world-leading scholarly
databases. Scopus is the largest scientific literature database (Bar-Ilan,
2008), and Web of Science is another large database of peer-reviewed
literature in science and engineering (Wuchty et al., 2007).

The literature employs inconsistent terminology. For instance,
different papers refer to virtual reality as VR, virtual environment, or
virtual simulation. To achieve the broadest possible range of publication
coverage, the search string used is as follows: “virtual reality” OR “vir-
tual environment” OR “virtual simulation” OR “VR” AND training OR
education AND safety. The searches yielded 1688 results, 867 from
Scopus and 821 from Web of Science. Upon organising the identified
results by title, 551 duplicates within the set were found. After removing
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the duplicates, the pool of eligible papers was constrained to those
composed in English and published from 2012 to 2021. The items were
limited to non-military and non-medical-related topics. The reason is
that most VR medical studies mainly focus on the safety implications of
administering medication or treatments to patients instead of providing
safety training to individuals to deal with a scenario or process. There-
fore, those medical studies fall beyond this research’s scope. Similarly,
military studies were excluded as they focus on non-civilian applica-
tions, which are also out of the scope of this research.

The titles and abstracts of each paper were examined; only the ones
containing VR-based safety training and related terms were regarded as
eligible. Following the screening, 302 papers remained. 193 of these
were excluded via quickly reading the full text according to the
following criteria: (i) there was no VR training prototype proposed; (ii)
there were no following no experiments or case studies; (iii) there was
no data analysis of the outcome to evaluate and validate the prototype.
The remaining 109 papers were selected. Fig. 1 shows the selection
process.

3.3. Assessing the quality of studies

To evaluate the relevance of the 109 selected articles to answer the
nine research questions, a 3-point Likert scale (3 — high, 2- medium and
1 - low) was adopted to assess three dimensions of each paper: (i) how
relevant is the topic or focus of the paper to “VR safety training”; (ii) the
extent to which the prototype and design align with the questions of this
review; and (iii) how appropriate and relevant the research results are to
the questions of this review. The scoring criteria were developed based
on Connolly’s quality assessment approach (Connolly et al., 2012). Each
paper could get the highest point of 9 and the lowest point of 3 in all
three dimensions. As a result, 17 papers were marked as 8-point, 21
papers were marked as 7-point, 14 papers were marked as 6-point, 33
papers were marked as 5-point, 19 papers were marked as 4-point, and 5
papers were marked as 3-point. Ultimately, 52 papers which were scored
6 points or above were shortlisted and adopted in this review. These
papers (called hereafter the eligible papers) were summarised in Table 1.

3.4. Meta analysis tools

One of the sub-goals of this work is to run a comparison between the
efficacy of VR training and traditional training using two meta-analyses.
Meta-analyses are tools allowing researchers to formally and systemat-
ically gather data available in specific research domains and draw
conclusions based on all currently published information (Rosenthal and
Schisterman, 2010). In this study, quantitative comparison was done by
focusing on knowledge acquisition and retention. To date, different so-
lutions have been adopted to assess the effect size for two independent
groups (Becker, 2000). As shown in Section 4.8, different scales have
been used to quantify safety knowledge. A meta-analysis was carried out
only using standardised mean differences (i.e., the mean difference
expressed in SD units) instead of simple mean differences. Cohen’s d and
Hedge’s g are among the most used matrixes in the literature. In this
study, Hedge’s g was used to assess the effect size as it represents the best
solution when the sample sizes are small (<20) (Andrade, 2020; Take-
shima et al., 2014; Shadish et al., 2014). Its formula is shown in Equation
(.

M, — M
§= @
pooled
whereM,; and M, are the means for groups land 2 and SD;ooled is defined
as in Equation (2).
. (ny — 1)SD} + (ny — 1)SD;
SD = 2
pooled \/ ny +n, — 2 ( )
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Table 1
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Records identified from Databases (n = 1688)
- Scopus (n = 867)
- Web of Science (n = 821)

Records removed before screening:

- Duplicate records removed (n = 551)

Records after duplicates removed (n = 1137)

|

Records screened (n = 1137)

- Records excluded (n = 835)
- Reasons for exclusion:
(i) no VR-based safety training and research-related

terms in title and abstract;
(i) military or medical-related topics;
(iii) non-English written;
(iv) over ten years' time span

Full-text articles assessed for eligibility

(n =302)

- Records excluded (n = 193)
- Reasons for exclusion:
(i) no VR training prototype was processed;

Y

(ii) no following-up experiments or case studies;
(iii) no data analysis of the outcome to carry out
evaluation and validation of the prototype;

|

Studies included in qualitative synthesis

(n=109)

- Studies excluded (n = 57)
- Reason for exclusion:

Quality score < 6
based on Connolly's quality
assessment approach

Studies included in the in-depth review

(n=52)

Fig. 1. Literature selection process.

Papers quality scores according to Connolly’s quality assessment approach.

6-point score papers

7-point score papers

8-point score papers

(Chittaro et al., 2014) (
Dzeng et al., 2015) (
Grabowski and
Jankowski, 2015) (Jeon,
2016) (Schwebel et al.,
2016) (Pham et al.,
2018a) (Asghar et al.,
2019) (Wang and Yang,
2019) (Kim et al., 2020) (
Lacko, 2020) (Rahmalan
et al., 2020) (Afzal and
Shafig, 2021) (Bhagwat
et al., 2021) (
Satapanasatien et al.,
2021)

(Kinateder et al., 2013) (
Sacks et al., 2013) (
Burigat and Chittaro,
2016) (Prendinger et al.,
2016) (Maillot et al.,
2017) (Jung and Ahn,
2018) (Lu and Davis,
2018) (Pham et al.,
2018b) (Liang et al., 2019)
(Oliva et al., 2019) (Saeidi
et al., 2019) (
Vahdatikhaki et al., 2019)
(Eiris et al., 2020) (
Saghafian et al., 2020) (
Dhalmahapatra et al.,
2021) (Khan et al., 2021) (
Paszkiewicz et al., 2021) (
Poyade et al., 2021) (
Rahouti et al., 2021) (
Valentine et al., 2021)

(Chittaro and Buttussi,
2015) (Avveduto

et al., 2017) (Li et al.,
2017) (Buttussi and
Chittaro, 2018) (
Schwebel et al., 2018)
(Cakiroglu and
Gokoglu, 2019) (
Makransky et al.,
2019) (Feng et al.,
2020) (Jeelani et al.,
2020) (Nykanen et al.,
2020) (Pedram et al.,
2020) (Buttussi and
Chittaro, 2021) (
Jacobsen et al., 2021)
(Lovreglio et al., 2021)
(Morélot et al., 2021) (
Shiradkar et al., 2021)

where n; and ny, are the sample sizes for group (1) and (2) while SD; and
SD, are the standard deviations for groups land 2.

4. Results

The eligible papers were submitted for coding and analysis using a
data extraction spreadsheet. A summary of all the papers reviewed in
this work is provided as supplementary material.

4.1. Domains and topics

Since 2013, an increasing trend can be observed in terms of imple-
menting VR for safety training in various domains (Fig. 2). Fourteen
domains were covered by VR safety training, with the majority being
construction safety training (16 papers) and fire safety training (10
papers). The construction and fire domains began to gain more attention
in 2018. A few studies have focused on the aviation, mining, pedestrians,
and earthquake domains, while some studies developed and tested VR
for laboratory, electricity, lifeboat, tunnel, chemical, gas-leaking, and
workplace safety training. Also, the evolution of VR safety training do-
mains over time has exhibited both expansion and diversification. This
evolution is exemplified by the transition from a single domain in 2013
to the inclusion of six domains by 2021.
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12

10

’ I I

2
N
|
2013 2014 2015 2016 2017 2018 2019 2020 2021
Workplace (1) 1
u Gasleaking (1) 1
u Chemical (1) 1
W Tunnel (1) 1
o Lifeboat (1) 1
B Power plant (1) 1
W Electricity (2) 1 1
 Laboratory (2) 1 1
® Earthquakes (3) 1 2
 Pedestrians (4) 1 1 1 1
Mining (4) 1 2 1
i Aviation (5) 1 1 1 1 1
o Fire (10) 2 2 6
u Construction (16) 1 1 3 2 4 5

Fig. 2. VR safety training domains and publication years.

4.2. Adopted theories

A few studies explicitly demonstrated the theories they used to
develop and test their VR training systems. (Avveduto et al., 2017)
applied the Kirkpatrick model (i.e., levels of training evaluation) to
evaluate their VR safety training application. The Kirkpatrick model
measures a training program from four levels: reaction, learning,
behaviour, and results. (Cakiroglu and Gokoglu, 2019; Kirkpatrick,
2015) followed the Behavioural Skills Training (BST) model to provide
safety training. The BST model suggests an active learning environment
consisting of instruction, modelling, rehearsal, and feedback (Himle and
Miltenberger, 2004; Stewart et al., 2007). Makransky et al. (2019)
investigated the motivational and cognitive benefits of training in VR.
They proposed hypotheses and developed an assessment framework
based on the interest theory (Renninger and Hidi, 2015), self-
determination theory (Ryan and Deci, 2016), cognitive theory of
multimedia learning (Mayer, 2005), cognitive load theory (Sweller,
2011), and the embodied cognitive theory (Wilson, 2002). These the-
ories lay the foundation for assessing and understanding motivation and
cognition in VR safety training (Nykanen et al., 2020). developed an
evaluation framework for VR safety training utilising the social cogni-
tive theory (Bandura et al., 1999) and the theory of planned behaviour
(Ajzen, 1991). Based on these theories, (Nykanen et al., 2020) identified
factors that are crucial in safety performance and safety outcomes, such
as self-efficacy, locus of control, outcome expectancies, safety knowl-
edge, and safety motivation. (Satapanasatien et al., 2021) adopted the
game-based learning (GBL) theory (Plass et al., 2015; Granic et al.,
2014) to guide their development of a VR fire safety training system. The
GBL theory suggests the following contributing factors to an effective
learning environment: motivation, player engagement, adaptation, and
graceful failure.

4.3. Types of VR hardware

The type of VR hardware was presented into three distinct cate-
gories: headset, screen-based, and projection-based. Thirty-two studies
employed VR headsets. Twenty studies applied various screen-based VR
technologies, such as multi-screen, curved-screen, and customised
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screens (Jeon, 2016; Khan et al., 2021; Maillot et al., 2017). Projection-
based VR is classified into two types: stereo and non-stereo. Stereo-
projection-based VR was utilised in two studies (Pedram et al., 2020;
Sacks et al., 2013). Pedram et al., (2020) employed a 360 VR, which was
a 10 m diameter, 4 m high cylindrical screen that displayed a stereo 3D
360-degree virtual environment, while Sacks et al. (2013) used a power
wall, which comprised three rear-projection screens, each measuring
2.4 m in width and 1.8 m in height, placed in a theatrical arrangement
with a 150-degree separation between adjacent screens. Three studies
employed non-stereo projection-based VR: two pedestrian safety ex-
periments and one fire extinguisher operation experiment (Khan et al.,
2021; Maillot et al., 2017; Morélot et al., 2021). Fig. 3 illustrates the
growth trend in adopting different types of hardware, with a particular
emphasis on VR headset usage, which experienced a substantial increase
between 2019 and 2021 compared to the preceding years.

4.4. Effectiveness measurements

4.4.1. Types of measurements

General measurements consisted of knowledge acquisition, user
experience and retention. Most studies adopted knowledge acquisition
as a measurement to assess training effectiveness. Questionnaire sur-
veys, verbal descriptions, in-situ performance and observation by the
trainer were the common data collection tools. User experience consists
of various factors depending on the aim and objectives of the individual
study, such as engagement, presence, enjoyment, ease of use, naviga-
tion, and sense of control. Most of the user experiences were collected by
a Likert Scale survey. Some studies employed the existing surveys for the
specific experience. For instance, Morélot et al. (2021) and Kim et al.
(2020) used Slater-Usoh and Steed to measure the sense of presence;
Buttussi and Chittaro (2021) and Poyade et al. (2021) adopted the
System Usability Scale to measure the usability of the training pro-
totypes. Retention is a relevant new measurement focusing on knowl-
edge in most studies. Eighteen studies involved knowledge retention,
and thirteen of them were published between 2017 and 2021, and five
were published between 2011 and 2016. Also, all of them measured
short-term knowledge retention. In contrast, one study (Grabowski and
Jankowski, 2015) collected three months of knowledge retention data,
and the rest of the retention tests were conducted within four weeks.

4.4.2. Measurement time

Most studies examining knowledge acquisition typically employed a
pre-test and an immediate post-test to assess the difference in knowledge
between these two assessments (Feng et al., 2021; Jung and Ahn, 2018;
Rahouti et al., 2021). Conversely, studies focused on user experiences
mainly adopted a sole post-test evaluation (Asghar et al., 2019; Wang
and Yang, 2019).

Nineteen papers were subject to retention tests, and as depicted in
Fig. 4, nearly half of the papers exhibited a retention duration ranging

18
16
14
12
10
8
6
4
i1l
o H m
2013 2014 2015 2016 2017 2018 2019 2020 2021
Projection-based (5) 1 1 1 2
m Screen-based (20) 1 1 1 4 2 3 2 1 5
m Headset (32) 1 0 2 0 3 1 7 7 11

Fig. 3. Hardware type by year.
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At< 1 week 1 week < At< 2 weeks 2 weeks < At <4 weeks At > 4 weeks
m Counts 5 3 9 2

o

Fig. 4. Retention measurement timing (AT).

from two to four weeks. It was found that only two papers published in
earlier years extended their retention measurements beyond four weeks,
with one study reporting a retention interval of three months and
another measuring retention over one year (Grabowski and Jankowski,
2015; Kinateder et al., 2013). Additionally, only one study incorporated
two retention assessments, with the first assessment conducted after one
week and the second after one year (Kinateder et al., 2013).

4.5. Learning outcomes

Hazard recognition and management, safety actions, and proper
utilization of equipment and tools are identified as the main training
outcomes, each including various specific tasks in individual papers.
More than 50 % of the papers related to construction (n = 16) chose
hazard identification as the primary training outcome, which is often
associated with the prevention of hazards, while certain studies solely
concentrate on the nature of hazards, including their causes, types, and
identification (Pham et al., 2018b). Some studies focused on the pro-
cedures of safety training, which aimed to inculcate appropriate tech-
niques for movement, operation, and installation (Kim et al., 2020;
Valentine et al., 2021). Nonetheless, only a few studies encompassed
multifaceted training outcomes, combining hazard identification and
procedural training. In the case of fire-related papers (n = 20), 50 % of
the studies used fire extinguishers as a case study for training purposes.
These studies focused on training individuals on techniques such as
PASS, the classification of fires, the types of extinguishers, and the dis-
tance from the fire when operating the extinguisher. Additionally, seven
papers were dedicated to training individuals in safety behaviour skills,
such as basic fire reaction knowledge and identifying the nearest exit. All
papers related to aviation implemented safety training procedures that
focused on best practices for escaping the cabin after an aircraft inci-
dent, such as opening the overwing exits. All experiments related to
mining had a primary focus on safety behaviour, yet each experiment
emphasised specific trained behaviours, such as the appropriate actions
required for blasting operations (Grabowski and Jankowski, 2015). The
pedestrian experiments were consistently trained in safe road-crossing
practices. The remaining papers consistently centered on the three
predetermined outcomes and incorporated specific tasks customised to
suit the pertinent domain and topic.

4.6. Instructional method

Approximately half of the studies involved instruction methods.
According to the feedback time, the following three instructional
methods were summarised as the most used:

(i) Warning when the user tends to make the incorrect move or not
make the movement for a specific time;

(i) Immediate feedback with texture recommendation and/or verbal
description straight after the users make a mistake;
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(iii) Delayed feedback with text or oral explanatory (or both) after the
training.

Several studies implemented a verbal or textual warning mechanism
before a mistake is made, particularly when the user tends to execute an
incorrect action or fails to perform an action within a designated time-
frame (Lu and Davis, 2018; Schwebel et al., 2018).

Immediately feedback for action, regardless of a consequence, was a
standard instructional method, particularly in response to erroneous
action, and has been widely employed. The most prevalent mode of
feedback provision is via verbal description accompanied by a high-
lighted test message that indicates the correct response (Cakiroglu and
Gokoglu, 2019). Specific experiments have exclusively employed textual
messages to correct irreversible errors with a few seconds pause (But-
tussi and Chittaro, 2018; Chittaro and Buttussi, 2015). Few other cus-
tomised feedback modes were used, such as verbal warning or text
warning after the erroneous action without providing the correct
answer; red and green flashlights present the incorrect and correct
movement, respectively (Feng et al., 2020; Pham et al., 2018b). Addi-
tionally, some studies have employed feedback delivery after training,
involving verbal and textual descriptions of the erroneous and correct
actions (Paszkiewicz et al., 2021; Schwebel et al., 2016).

4.7. Experiment results

Fifteen papers only focused on the assessment of VR training pro-
totypes. Most of the studies reported positive results of VR training,
although a few studies argued that VR training is average (Schwebel
et al.,, 2018). Some studies investigated how different factors affect
specific training outcomes or user experiences. For instance, (Xueqing
and Steven, 2018) indicated that sound and priming factors could affect
cognition, with priming factors having a more significant effect on
decision-making than sound. (Chittaro et al., 2014) found that fear and
time spent could help to improve knowledge retention, while (Saghafian
et al., 2020) suggested that emotional and bodily experiences are good
supplements for training.

Twenty-four papers investigated the differences between VR and
traditional training methods, fourteen papers compared different types
of VR training, and four did both. Over half of the papers showed that
the level of immersion affects knowledge acquisition and user experi-
ences. Higher levels of immersion were associated with better knowl-
edge acquisition and user experiences (Buttussi and Chittaro, 2021;
Makransky et al., 2019; Morélot et al., 2021). However, the level of
immersion does not always play a positive role in knowledge acquisition
or user experiences. (Jung and Ahn, 2018) argued that desktop VR was
better for procedural knowledge than HMD, Poyade et al. (2021) and
Satapanasatien et al. (2021) provided evidence to show that traditional
training methods have equal effectiveness in both knowledge acquisi-
tion and user experience.

4.8. Comparison of VR training and traditional training

4.8.1. Qualitative comparison

Half of the studies examined the distinction between virtual reality
(VR) and traditional training methods, which mainly encompassed
video, paper-based material, and lecture-based material, while two
studies adopted on-site training and observation as the traditional
training method. Findings indicate that VR-based training was generally
superior to traditional methods regarding knowledge acquisition, user
experience, and knowledge retention. In accordance with various mea-
sures, VR-based training has been observed to surpass traditional
methods 47 times, whereas an equivalence in effectiveness between VR-
based and traditional methods was established in 13 instances. Only one
study indicates the superiority of traditional methods over VR-based
training. Table 2 focuses on the knowledge acquisition and retention
of VR and three main traditional methods.
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Table 2

List of studies comparing VR and different traditional training methods (+ : VR
performs better than the traditional; - : VR performs worse than the traditional;
= : no difference).

Article VR and traditional Knowledge Knowledge
training solutions acquisition retention

(Avveduto et al., VR vs. video +/=* +
2017)

(Li et al., 2017) VR vs. video + +

(Lovreglio et al., VR vs. video + +
2021)

(Liang et al., 2019) VR vs. video + +

(Poyade et al., VR vs. video = N/A
2021)

(Jeon, 2016) VR vs. video + N/A

(Lacko, 2020) VR vs. video + +

(Buttussi and VR vs. paper-based + +
Chittaro, 2021)

(Chittaro and VR vs. paper-based = +
Buttussi, 2015)

(Li et al., 2017) VR vs. paper-based + +

(Makransky et al., VR vs. paper-based = =
2019)

(Burigat and VR vs. paper-based +/=* N/A
Chittaro, 2016)

(Kinateder et al., VR vs. paper-based + =
2013)

(Satapanasatien VR vs. paper-based + N/A
et al., 2021)

(Morélot et al., VR vs. lecture-based +/=* N/A
2021)

(Nykanen et al., VR vs. lecture-based + +
2020)

(Sayli et al., 2021) VR vs. lecture-based = +

(Jung and Ahn, VR vs. lecture-based + N/A
2018)

(Rahouti et al., VR vs. lecture-based + +
2021)

(Sacks et al., 2013) VR vs. lecture-based + +

(Bhagwat et al., VR vs. lecture-based N/A N/A
2021)

(Dzeng et al., 2015) VR vs. lecture-based = N/A

*Different types of VR showed different results when compared to traditional
methods.

For what concerns knowledge acquisition and retention, the findings
indicate that, for the most part, VR outperforms traditional methods in
both domains. Specifically, most of the studies reviewed in the analysis
report that VR is superior to traditional methods in knowledge acqui-
sition. However, two studies demonstrate equivalent outcomes between
VR and each traditional method, respectively. Only two studies suggest
comparable knowledge retention outcomes between VR and paper-
based approaches. In contrast, video and lecture-based training exhibit
less efficacy than VR. Further, some studies included in Table 2 provide
evidence on whether VR performs better or worse than traditional
methods in knowledge acquisition and retention. In these studies, the
comparison was carried out based on other aspects. For instance, two
studies only compared how participants performed safety tasks after the
training instead of measuring participant knowledge (Bhagwat et al.,
2021). Another study compared the different training only in terms of
user experience (Bhagwat et al., 2021).

To provide a quantitative comparison of the effectiveness of VR
training in terms of knowledge acquisition and knowledge retention,
two meta-analysis are carried out in the following sections using 11
studies listed in Table 2. Some studies were excluded as they did not
provide all the necessary data required for the two meta-analyses (i.e.
means, standard deviations, and sample size of the groups).

Twelve papers were reviewed that compared different VR training
devices, which we have classified into three types: headset-based, pro-
jection-based, and screen-based. In terms of knowledge acquisition, the
studies indicated that headset-based VR was equal to or better than
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screen-based VR, while projection-based VR was shown to be better than
screen-based VR. However, there were no studies that directly compared
headset-based and projection-based VR. Regarding user experience, the
studies showed that headset-based VR was equal to or better than
screen-based VR, while projection-based VR was equal to screen-based
VR. Again, no studies compared the user experience of headset-based
and projection-based VR.

4.8.2. Meta-analysis

Two meta-analyses are proposed in this paper. The first one aims to
compare the knowledge acquisition between VR and traditional training
solutions, while the second analysis compares both solutions regarding
knowledge retention. Knowledge acquisition and retention are
measured using different scales in the studies used for this analysis. This
lack of consistency is due to the fact that these studies focused on
different safety domains and learning objectives, as explained in Section
4.1. Further, given the limited sample size for both analyses, we used
Hedge’s g for the analysis. The proposed analyses used mixed effect
models in SPSS v.29.

The Forest Plot of the meta-analysis on knowledge acquisition is
reported in Fig. 5. This analysis includes 13 studies. Since some of these
studies compared different VR setups with a single traditional setup,
they provide multiple values for the analysis. Finally, some of the
original publications did not provide all the data required for the anal-
ysis, and the authors of these works provided supplemental material
under requests sent by email. These studies are marked in Fig. 5 with the
* symbol. The Forest Plot in Fig. 5 shows the overall effect size of the
mixed-effect model. The effect size measured using the Hedge’s g is
equal to 0.640 and is statistically different from zero (p-value < 0.001).
According to the literature, this value indicates a medium-large effect
(Durlak, 2009). This result indicates that VR training performs better
than traditional training in terms of knowledge acquisition. In other
words, participants were more likely to learn more when using VR
training. Given an effect size of 0.95, we estimate the prediction in-
tervals assessing the true effect size are —0.86 and 2.13. These intervals
are calculated using the equations in (Borenstein et al., 2017). This
result indicates that there might still be a 19 % probability in which
participants might acquire more knowledge using traditional training.

The homogeneity of the individual effect sizes reported in Fig. 5 is
also calculated in this analysis. The results (Q(df = 16) = 80.2, p-
value < 0.001, I* = 85.6 %) show a high heterogeneity (Higgins et al.,
2003). These results indicate that other factors might explain the
different effect sizes observed in the individual studies used for this
analysis. As such, future analysis is required to assess the impact of
different moderator effects. This was not possible in this study, given the
limited number of studies available for the analysis. Finally, Egger’s
Regression Test was used to assess the publication bias of this analysis.
The results of this test (p-value = 0.110) indicate that the data does not
show evidence of publication bias.

The Forest Plot of the meta-analysis on knowledge retention is re-
ported in Fig. 6. This analysis only includes eight studies, as fewer
studies investigated the long-term impact of VR training on participants’
knowledge. One study compared two different VR setups with a single
traditional setup (Makransky et al., 2019); as such, this study provides
two values. Finally, one of the original publications (Lovreglio et al.,
2021) did not provide all the data required for the analysis, and the
authors of these works provided supplemental material under a request
sent by email. This study is marked in Fig. 5 with the * symbol. The
Forest Plot in Fig. 6 shows the overall effect size of the estimated mixed-
effect model. The effect size (i.e., Hedge’s g) is equal to 0.838, and it is
statistically different from zero (p-value < 0.001). This value indicates a
significant effect (Durlak, 2009). This result indicates that VR training
performs better than traditional training in terms of knowledge reten-
tion. In other words, participants were more likely to remember more
safety information when using VR training. Given an effect size of 0.95,
we estimate the prediction intervals assessing the true effect size are
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Study Effect Size  95% Confidence Interval

vGiiier Upper -0.86 Prediction Intervals 2.13
Burigat & Chittaro, 2016 0.101 -0.562 0.764 —_—
Burigat & Chittaro, 2016 -0.125 -0.779 0.529 e
Buttussi & Chittaro, 2021 1.876 1.188 2.564 _—
Chittaro & Buttussi, 2015 0.240 -0.328 0.809 —————e
Dzeng et al., 2015 1.202 0.703 1.700 e
Jung & Ahn, 2018 1.584 0.777 2.392 _—
Jung & Ahn, 2018 0.725 0.006 1.443 B
Jung & Ahn, 2018 0.967 0.230 1.705 e
Liang et al., 2019 3.081 1.701 4.461 —
Lovreglio et al., 2021 0.392 -0.021 0.805 ——
Makransky et al., 2019 0.013 -0.449 0.475 =
Makransky et al., 2019 0.013 -0.463 0.488 ——
Nykénen et al., 2020 0.294 -0.068 0.655 —_—
Poyade et al., 2021 -0.212 -0.973 0549 ————@—
Rahouti et al. 2021 0.701 0.233 1.168 e —
Satapanasatien et al., 2021 2.236 0.572 3.901
sayli et al., 2021 -0.104 -0.434 0.227 e
Overall 0.640 0.270 1.000 e

-1 0 064 1 2 3 4

Fig. 5. Forest Plot of the random effect model comparing the knowledge acquisition between VR training and Traditional training (note: some studies are entered
multiple times in the analysis as they compare different VR setups with a single traditional setup).

Study Effect Size 95% Confidence Interval
Lower Upper
Buttussi & Chittaro, 2021 1.092 0.482 1.702
Chittaro & Buttussi, 2015 0.849 0.256 1.441
Liang et al., 2019 3.629 2.098 5.16
Lovreglio et al., 2021 1.279 0.623 1.935
Makransky et al., 2019 0.623 0.149 1.097
Makransky et al., 2019 0.537 0.052 1.021
Nykéanen et al., 2020 -0.248 -0.632 0.136
Rahouti et al. 2021 1.289 0.564 2.014
Sayli et al., 2021 -0.141 -0.544 0.262
Overall 0.838 0.267 1.409

Prediction Intervals 2.82

L o

+_
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=
_._

——
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Fig. 6. Forest Plot of the random effect model comparing the knowledge retention between VR training and Traditional training (note: some studies are entered
multiple time in the analysis as they compare different VR setups with a single traditional setup).

—1.14 and 2.82 (these intervals are calculated using the equations in
(Borenstein et al., 2017)). This result indicates that there might still be
18 % probability in which participants might retain more knowledge
using traditional training.

The homogeneity of the individual effect sizes reported in Fig. 5 is
also calculated in this second meta-analysis. The results (Q
(df = 8) = 55.4, p-value < 0.001, 12 = 89.5 %) show, once again, a high
heterogeneity (Higgins et al., 2003). As such, the results indicate that
there might be some other factors that can explain the different effect
sizes observed in the individual studies used for this analysis. One of
these factors could be the retention time, as this was different in the
studies included in this analysis, as shown in Fig. 4. Future analysis is
required to assess the impact of different moderator effects. This was not
possible in this study, given the limited number of studies available for
the analysis. Finally, Egger’s Regression Test was used to assess the
publication bias of this analysis. The results of this test (p-value = 0.001)
indicate that the data show evidence of publication bias. This bias can be
explained by the fact that all the selected studies come from peer-review
journals, and it can be explained by the tendency of journals to reject
studies that do not show statistical differences (Thornton and Lee,
2000). This bias could be solved in future studies by also including
studies that were not published in peer-reviewed journals like white
papers and pre-prints.

4.9. Comparison of different types of VR training devices

Seventeen papers were reviewed that compared different VR training
devices, which we have classified into three types: headset-based, pro-
jection-based, and screen-based. The results are reported in Table 3. In
terms of knowledge acquisition, the studies indicated that headset-based
VR was equal to or better than screen-based VR, while projection-based
VR was shown to be better than screen-based VR. However, there were
no studies that directly compared headset-based and projection-based
VR. Regarding user experience, the studies showed that headset-based
VR was equal to or better than screen-based VR, while projection-
based VR was equal to screen-based VR. Once again, no study was
found to compare the user experience of headset-based and projection-
based VR. In this instance, it was not possible to run a quantitative
assessment using a meta-analysis, given the limited number of studies
providing sufficient data for this purpose.

5. Discussion

This paper provides a systematic literature review and two meta-
analyses on VR applications for safety training in different domains.
This was done by analyzing 52 papers published between 2013 and 2021
that met the inclusion criteria and selection process described in Section
3.2. The analysis of these selected papers was guided by the 9 questions
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Table 3

List of studies comparing different VR training methods (a > b: a performs better
than b; a < b: b performs worse than a; = no difference).

Article Types of VR Measurements Results
(Khan et al., Screen-based Knowledge Desktop > multi-

2021) (multi-screen) vs. acquisition screen

screen-based
(desktop)
(Jung and Ahn, Headset-based Knowledge Headset-based>/

2018) (HMD) vs. scree- acquisition <*screen-based

based (desktop)
(Maillot et al., Projection-based Knowledge Projection-

2017) vs. screen-based acquisition based > screen-based
(for older participants
only)

(Saeidi et al., Headset-based User Headset-based >

2019) vs. screen-based experiences Screen-based

(Grabowski and Headset-based User High FOV > low FOV

Jankowski, (wide FOV) vs. experiences

2015) headset-based

(narrow FV)
(Kim et al., Headset-based User Augment
2020) (augment) vs. experiences HMD > general HMD
headset-based
(only)
(Bhagwat et al., Headset-based User Game-based >/<* VR
2021) (game-based experiences tour
scenario) vs.
headset-based
(VR tour)
(Pham et al., Screen-based Knowledge eSEC system > 3D VR
2018a) interactive acquisition
constructive User eSEC system > 3D VR
safety education experiences
(eSEC) vs.
screen-based (3D
VR)
(Dhalmahapatra Headset-based Knowledge HMD > desktop
et al., 2021) (HMD) vs. acquisition
screen-based User =
(desktop) experiences
(Buttussi and Headset-based Knowledge =
Chittaro, (narrow FOV) vs. acquisition
2018) headset-based User Wide FOV > narrow
(wide FOV) vs. experiences FOV
screen-based
(desktop)
(Buttussi and Headset-based Knowledge =
Chittaro, (HMD) vs. acquisition
2021) screen-based User HMD > smartphone
(smartphone) experiences
(Makransky Headset-based Knowledge =
et al., 2019) (HMD) vs. acquisition
screen-based
(desktop) User =
experiences
(Morélot et al., Projection-based Knowledge Projection-
2021) vs. screen-based acquisition based > screen-based
(desktop) User =
experiences
(Burigat and Headset-based Knowledge =
Chittaro, (active) vs. acquisition
2016) headset-based User Active>/=* passive
(passive) experiences
(Prendinger Screen-based Knowledge Dynamic>/="*static
et al., 2016) (dynamic acquisition
feedback) vs. User Mouse > Kinect
screen-based experiences
(static feedback);
mouse vs. Kinect
(Vahdatikhaki Headset-based Knowledge Context-
et al., 2019) (context- acquisition realistic > non-
realistic) vs. context-realistic
headset-based User Context-realistic>/=*
(non-context- experiences non-context-realistic

realistic)
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*Various forms of knowledge acquisition and user experiences yielded different
outcomes when compared different types of VR, or compared the same device
with a different software solution.

listed in Section 3.1. This study provides a more comprehensive analysis
of the existing VR applications for safety training compared to existing
review studies (Stefan et al., 2023). It provides new insights into how
these VR applications were prototyped, considering the hardware so-
lutions and the theories underpinning their development. Further, it
provides one of the first meta-analyses providing a quantitative
comparison.

This study identified 14 domains and topics where VR safety training
has been applied. The primary domains explored in the selected papers
are construction and fire safety training, and their prevalence has
increased since 2018 (see Section 4.1 and Fig. 2). Construction appli-
cations account for 31 % of the examined sample, followed by fire safety
applications at 19 %. In 2021, fire and construction training comprised
nearly 70 % of all the proposed applications. The third most prominent
domain is aviation, representing 10 % of the applications. However,
aviation applications are not consistently present throughout the entire
investigation period spanning from 2013 to 2021. These results partially
align with those reported by Stefan et al. (Stefan et al., 2023), who found
that construction applications were among the most popular between
2016 and 2021. Their study also reports that the use of VR in health
services is dominant among all domains (36.03 %). However, these VR
studies targeted training on healthcare and medical services, not safety
training. In our work, we found several healthcare-related VR studies
while searching the literature; however, they did not meet the inclusion
criteria since they were not about safety training.

Regarding the adoption of theories, only a few studies explicitly
demonstrated that the research was supported by a specific theory. Only
5 of the 52 studies (9.6 %) adopted a theory. The theories adopted and
identified in these papers are Kirkpatrick’s level of training criteria,
behavioural skills training, interest theory, self-determination theory,
cognitive theory of multimedia learning, cognitive load theory,
embodied cognition theory, social cognitive theory, theory of planned
behaviour, and game-based learning. Interestingly, many studies did not
explicitly report the use of theories; however, they still evaluated their
VR safety training applications using the measures and scales that came
from different theories. For instance, the measurement of self-efficacy
arises from the theory of motivation, the measurement of cognitive
load is part of the cognitive load theory, and the investigation on
engagement, motivation, and failures can be attributed to the game-
based learning theory. As such, this study found a need for future VR
safety training studies to focus more on applying theories to shape the
design and evaluation of applications. The theories can provide theo-
retical foundations for designing, developing, or evaluating VR safety
training applications. An example of using theories in the design and
evaluation can be found in a serious game study for emergency pre-
paredness (Chittaro and Sioni, 2015), where authors used the protection
motivation theory to determine the gamification and simulation ele-
ments and the measurement of training effectiveness.

Different types of hardware solutions have been used in the selected
studies. These can be categorised into headsets, screen-based and
projection-based (see Section 4.3). These hardware solutions — from
non-immersive to fully immersive systems — can generate different levels
of immersion depending on individual factors and system setup (display
type and navigation mode, for example) (Paes et al., 2021). Fig. 4 shows
that headset setup became the dominant hardware solution in 2019.
This trend can be explained by the increment in hardware options and
performance and the decrease in prices (Brettschuh et al., 2022). In turn,
projection-based setups have not been adopted consistently over the
time frame under investigation. The main reason could be related to the
costs and space required for this type of system.

Findings show that the proposed applications in the 52 papers were
tested in terms of knowledge acquisition and retention as well as user
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experience. While various solutions are adopted to measure knowledge
acquisition and user experience, our findings show that only 36 % of
these studies provide retention measurements. The most common
retention time in these studies is between 2 and 3 weeks (Fig. 5). This
represents a major limitation in the field, as it is essential to investigate
the long-term effects of safety training when assessing the effectiveness
of a safety training solution. Retention measurements are even more
relevant when comparing VR training with traditional training methods.
The difference is more evident when focusing on long-term effects, as
shown in some of the studies investigated in this review (Chittaro and
Buttussi, 2015; Lovreglio et al., 2021).

In this review, the most common learning outcomes delivered by VR
safety training (i.e., hazard recognition and management, safety actions,
and proper use of equipment and tools) were identified. These findings
align with the results by Stefan et al. (Stefan et al., 2023). Further, we
also identified that providing immediate feedback for action, regardless
of the consequence, was a standard instructional method. This solution
was particularly in response to erroneous actions. The effectiveness of
using immediate feedback has been investigated by Feng et al., (2023)
and Burigat and Chittaro (2016). These studies suggest that providing
immediate feedback is an effective way to deliver knowledge and
improve self-efficacy in safety training.

Findings show that 15 studies mainly focus on the training prototype
challenges instead of comparing VR solutions with traditional methods.
This study provides qualitative and quantitative comparisons between
VR safety training and traditional safety training. It identified 13 studies
comparing these two approaches in terms of knowledge acquisition and
only 8 studies in terms of knowledge retention. The meta-analysis results
in Section 4.8 highlight that VR solutions performed better than tradi-
tional solutions for both knowledge acquisition and retention. However,
the analysis highlights a significant level of heterogeneity. This limita-
tion can be overcome in the future using a meta-regression when more
studies comparing VR and traditional solutions become available in the
literature. However, our findings show similarities with other meta-
analyses carried out for other types of training, such as nursing (Chen
et al., 2020; Woon et al., 2021), social skill development (Howard and
Gutworth, 2020), surgery (Portelli et al., 2020), and education (Kyaw
et al., 2019; Merchant et al., 2014; Villena-Taranilla et al., 2022). When
comparing the effectiveness of different VR setups, our qualitative
analysis in Section 4.9 shows that immersive solutions are more effec-
tive. These results are similar to the ones published by Wu et al. (2020).

This review has a few limitations. This review excluded the publi-
cations that did not have follow-up experiments or case studies. These
studies could eventually provide more detailed insights into the under-
standing, development, and implementation of VR safety training. Such
studies may help address research gaps more comprehensively and gain
deeper insights, potentially leading to the generation of additional
research questions. Furthermore, medical- and military-related research
were excluded from this study because they typically have distinct fo-
cuses and very specific professional requirements for their participants.
Nonetheless, there could be general safety training knowledge in such
studies that could have helped address our research questions and align
with our research aims and objectives.

The findings offer potential directions for future studies. Less than
half of the studies have conducted retention tests, which were applied
within less than four weeks after training. Future studies may consider
assessing retention at multiple intervals over longer periods - as
observed in longitudinal studies. This approach will provide stronger
evidence regarding the reasonable time intervals between training ses-
sions. Additionally, half of the papers come from the construction and
fire disciplines. It is worth investigating the effectiveness of VR safety
training across other domains with high workplace accident or injury
rates.
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6. Conclusion

In this study, we provide a systematic literature review and two
meta-analyses on VR applications for safety training, gathering data
from 52 papers published between 2013 and 2021.

This work identified 14 primary domains where VR safety training
has been applied, with construction and fire safety training being the
most prevalent. Only a small percentage (9.6 %) of the studies explicitly
adopted theories, indicating a need for more theoretical grounding in
future research. Hardware solutions were crucial factors that have
evolved, with headsets becoming the dominant choice in recent years.
The most common learning outcomes included hazard recognition,
safety actions, and equipment usage, often combined with immediate
feedback to enhance knowledge acquisition and self-efficacy. Notably,
retention measurements were found to be limited in the reviewed
studies, highlighting the need for a more comprehensive investigation of
long-term training effects. The meta-analyses revealed that VR safety
training outperformed traditional methods in terms of knowledge
acquisition and knowledge retention, aligning with previous research
findings in different domains. Immersive solutions were shown to be
more effective.
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