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Preface
“Do not pray for an easy life,
pray for the strength to endure a difficult one.”

Bruce Lee, 1940-1973
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have become a better person than before. However, I must say that this would
not have been possible without the support of all the people close to me. As
well as the people I’ve met along the way who have become people I cherish a
lot, whether it be from a random encounter at the bar, at the climbing gym or
even in the air plane. For this reason, I want to express my gratitude to these
people in this section of my dissertation.

First and foremost, I would like to thank the people who have been mentoring
me in this doctoral research. Dr. Jean-Luc Dubois has taught me how to be
more professional in a chemical company environment. I really admire his
exceptional experience in several big research projects, including many EU
projects. Prof. Kristel Bernaerts has helped me many times by giving very
useful feedback on manuscripts and presentations. Every time when I could
not see how to simplify my explanation, she provided me insights from another
perspective that help me get back on track. Our minds were sometimes in
sync. Prof. Tom Van Gerven is officially my ’co-’supervisor, but to me, this
’co-’ can be dropped because he guided me like one of his own Ph.D. student.
Many times, he was even the first to respond to my questions and manuscripts.
These supervisors have brought great support and guidance in my growth and
development as a researcher.
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I would also like to express my sincere gratitude to the members of my
Examination Committee for taking the time and effort to read my doctoral
dissertation and make insightful comments during the preliminary defence.
I appreciate your unwavering support and I have learned a lot from our
conversations.

In the three years in Lyon in France, I am very grateful I had such welcoming
and supportive colleagues at Arkema. Despite they were managers in chemical
R&D and had no clue about what I did, they still supported me with this
project and also with the life and culture of working in France. From day one
to last, we only spoke in French in our coffee and lunch breaks, which helped
me to be so much more confident in my French speaking skills. Merci du fond
du cœur Jérôme, Anne, Laurent, Dominique, David et Gerard!

Also in an international sense, I am forever grateful for being a part of the
CHARMING family. When I encountered the application to become a doctoral
researcher for the ETN-CHARMING project, I thought that this is my destiny,
as if it is meant to be. The combination of chemistry, games, VR/AR and
educational sciences is the perfect match of who I deeply am. On top of that,
all of us charming colleagues had an unusual great synergy together, as if we
were already friends for many years. We were all facing the same problem in
our projects: it is too interdisciplinary. Especially social sciences are totally
different from natural sciences... Somehow, we still managed to learn from each
other and have great times during Network Wide Events. So, many thanks to
Michaela, Yuanyuan, Tim, Chioma, Ryo, Yusra, Silvia and Nina. Moreover, a
special shout-out to fellow KU Leuven ESRs: Michael, Pedro, Serkan, Jessica,
Sanne. I really missed hanging out with fellow ESRs when I was in France.
In particular, I want to thank Sofia, because she had the German version of
my journey: started almost at the same time; both working in a chemical
company in another country, but a Ph.D. from KU Leuven; both supervised
by Kristel. We helped each other countless of times — the same goes for the
whole CHARMING consortium. In addition, special thanks to Tom and Rabab
for managing such extraordinary project.

Since I arrived in Leuven, I would also gladly thank fellow researchers/staff
at KU Leuven Chem&Tech. The people from CREaS, ProCESS and SMaRT
have shown me how important it is to be surrounded by fellow colleagues with
the same struggle of doing research and to help each other out when needed.
We are all in this together. Special appreciations to Kenneth, Justien and Luan
who are great office mates and helped me a lot to get acquainted with the KU
Leuven system. Also, I really enjoyed the board game evenings with Jonas,
Pieter A., Glen, Pieter D.W., Michiel and Holger. I wish them good luck with
their Ph.D. journey as well.
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that they have become my close friends as well. Thanks for all the beers and
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these people. I’m ready to plan our next adventure!
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and Bart. Without the help I had from them in my uni years, I wouldn’t be
able to even start this journey. They have always pushed me to go beyond my
capabilities, and in fact, we encouraged each other to keep doing what we love.
Here, I’m also talking about my friends closer to my home town: Andrei, Vlad,
Radu, Thomas, Jerko, David, William and Yuri. The fun times we had together
really helped me to relax from the intense periods. I will never forget all the
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give us a fulfilling life. So, I don’t go through this challenging journey just for
myself, I also do it for them. 多謝晒大家!
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eternity unlike my gratitude to them.
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Abstract

Chemical laboratories are workplace environments where risks of injury and
even fatality are always present. Laboratory workers, in academia and industry,
are required to have proficient safety awareness in order to minimise risk to
an acceptable level. However, investigation reports and reviews on laboratory
accidents reveal that, due to lack of safety awareness and at-risk behaviour,
unfortunate events still happen. Insufficient safety training is often identified as
one of the causes for these accidents.

Commonly, safety training interventions are given by means of conventional
teaching methods, such as classroom lectures, videos and printed manuals.
However, with these methods, trainees are required to listen to the instructor or
read long textual paragraphs. They are passive in their learning process and can
lose their attention quickly when they are not motivated, thus making the safety
training ineffective. Virtual reality (VR) technology can be used as a hands-on
training tool to simulate dangerous situations in a virtual environment where
trainees can train their safety awareness without causing real harm to themselves
or others. A combination of this technology with a serious game approach could
make safety training more motivating and engaging than conventional training
methods.

Therefore, this doctoral research project exploits immersive virtual reality
technology to fully immerse the learning in a virtual laboratory environment,
where laboratory safety is trained without putting the learner in danger. In
particular, this research wants to obtain a better understanding of the motivation
and engagement of employees following safety training in an immersive VR
environment. However, designing and developing a VR serious game for this
specific purpose is a challenging task. There are many factors to consider for
an optimal training game. For this reason, the aim of this research is to not
only verify if motivation and engagement are increased by using this immersive
tool, but also to formulate guidelines on how to design, develop and implement
such VR games for safety training. In this dissertation, an example is shown of
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the design and development process of a VR serious game, called VR LaboSafe
Game. The guidelines established from this process are generic and can be
applied to the development of other similar VR safety training programmes.
These guidelines include the integration of instructional design, game design
and VR considerations. Also, online resources and optimisation techniques are
suggested in order to support self-directed learning of VR game development.

During the development of VR LaboSafe Game, tests were performed on
academic and industrial population in order to analyse the system usability and
simulator sickness after playing early versions of the game. This is to ensure
that the game is easy-to-use and does not induce severe simulator sickness
before performing further evaluation studies. A test with a first version of
VR LaboSafe Game 1.0 revealed that displaying tutorial instructions only in a
textual format could be the cause of low system usability. This test also showed
that long continuous VR exposure (>40 minutes) could lead to mild simulator
sickness symptoms. Therefore, the VR game was adjusted to reduce textual
information, include spoken instructions and introduce guiding animations.
Players are also allowed to take breaks from VR between game levels. A test
with this updated version VR LaboSafe Game 2.0 indeed confirmed that system
usability and simulator sickness are improved compared to the version 1.0. This
VR LaboSafe Game 2.0 is then suitable to use in further studies.

In an evaluation study with the VR LaboSafe Game, more person-centred
variables were examined in order to determine how motivated and engaged
employees of a chemical company are for safety training with a conventional
method and with VR serious game. From this experiment, lab technicians and
managers tend to be personally motivated to follow safety training for their own
safety and the safety of others. However, they find safety training to be repetitive,
passive and easy to lose attention when it is presented with conventional training
methods. Results show that employees find safety training with a VR serious
game more intrinsically motivating and engaging than conventional training
methods. However, complicated usability and the unfamiliarity of VR can
affect their autonomous motivation for safety training. Notably, older employees
(above 50 years old) have more difficulties with using VR headsets than younger
employees (under 30 years old). Despite this complication, employees intend to
follow VR safety training more than with a conventional method. It is suggested
to combine conventional methods with VR as complementary tool and provide
more frequent and smaller sessions, gradually introducing VR technology to
beginners.

The outcomes of this thesis are two-fold: 1) a set of guidelines are
demonstrated about the design, development and implementation of VR serious
games for safety training, and 2) a functional artefact is created to teach lab
safety awareness. With the use of this artefact, it has been proven that VR
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serious games increases the intrinsic motivation and engagement of trainees
for safety training. However, before fully deploying VR training programmes,
consideration must be taken into account to let people familiarise with VR
technology.
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Korte inhoud

Chemische laboratoria zijn werkplaatsen waar risico’s op verwondingen en zelfs
dodelijke gevolgen altijd aanwezig zijn. Laboratoriumwerkers, in de academische
wereld en de industrie, moeten een geschikt veiligheidsbewustzijn hebben om
het risico tot een acceptabel niveau te brengen. Uit onderzoeksrapporten
en reviews van laboratoriumongevallen blijkt echter dat er door een gebrek
aan veiligheidsbewustzijn en risicogedrag nog steeds ongelukken plaatsvinden.
Onvoldoende veiligheidstraining wordt vaak als één van de oorzaken van deze
ongevallen gezien.

Vaak worden veiligheidstrainingen gegeven door middel van conventionele
trainingsmethoden, zoals klassikale presentaties, video’s en gedrukte handleiding-
en. Bij deze methoden moeten de leerlingen echter naar de instructeur luisteren
of lange tekstuele paragrafen lezen. Ze zijn passief in hun leerproces en
kunnen snel hun aandacht verliezen als ze niet gemotiveerd zijn, waardoor de
veiligheidstraining niet effectief is. Virtual reality (VR) technologie kan worden
gebruikt als een praktisch hulpmiddel om gevaarlijke situaties te simuleren in
een virtuele omgeving waar leerlingen hun veiligheidsbewustzijn kunnen trainen
zonder zichzelf of anderen echt in gevaar te brengen. Een combinatie van deze
technologie met een ‘serious game’-aanpak zou veiligheidstraining motiverender
en boeiender kunnen maken dan conventionele trainingsmethoden.

Daarom gaat dit doctoraatsonderzoek de immersieve virtual reality technologie
exploiteren om leerervaringen in een virtuele laboratorium omgeving uit te
voeren, waar laboratoriumveiligheid kan aangeleerd worden zonder mensen
echt in gevaar te brengen. In dit geval, dit onderzoek zou een beter
begrip willen verkrijgen hoe werknemers gemotiveerd en geengageerd zijn
om veiligheidstrainingen te volgen in een immersieve VR omgeving. Het
ontwerpen en ontwikkelen van een VR serious game is echter zeer uitdagend.
Er zijn veel factoren waarmee rekening moet gehouden worden voor een
optimaal trainingsspel. Daarom is het doel van dit onderzoek niet enkel om
te verifiëren dat dit immersieve hulpmiddel veiligheidstrainingen motiverender
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en boeiender kunnen maken, maar ook om richtlijnen op te stellen hoe men
een VR serious game kan ontwerpen, ontwikkelen en implementeren in een
veiligheidstraining. In dit proefschrift, is er een voorbeeld getoond van het
ontwerp- en ontwikkelingsproces van een VR serious game, genaamd VR
LaboSafe Game. De opgestelde richtlijnen zijn generiek en kunnen toegepast
worden op het ontwikkelen van andere gelijkaardige VR veiligheidstrainingen.
Deze richtlijnen bevatten de integratie van instructieontwerp, gameontwerp en
VR-ontwerp. Ook worden online bronnen en optimalisatietechnieken voorgesteld
om zelfstandig een VR-game te kunnen ontwikkelen.

Tijdens de ontwikkeling van VR LaboSafe Game, werd het spel getest
op academische en industriële populatie om de gebruiksvriendelijkheid van
het systeem en de simulatorziekte te analyseren. Het is zeer belangrijk dat
het spel gemakkelijk te gebruiken is en weinig simulatorziekte veroorzaakt
vooraleer er verdere evaluatietesten worden gedaan. De eerste test, dat
werd uitgevoerd met de eerste versie van VR LaboSafe Game 1.0, toonde
aan dat wanneer instructies enkel via tekst worden vertoond, het VR spel
eerder een slecht gebruiksvriendelijkheid heeft. Deze test toonde ook aan dat
langdurige, continue ervaringen in VR (>40 minuten) zal leiden tot milde
symptomen van simulatorziekte. Daarom, is het VR spel verder aangepast
om tekstuele informatie te verminderen, gesproken instructies toe te voegen
en om begeleidende animaties te vertonen. Spelers zijn ook toegelaten om
pauzes te nemen van VR tussen de spelniveaus. Een test werd uitgevoerd
met de geüpdatete VR LaboSafe Game en toonde inderdaad aan dat de
gebruiksvriendelijkheid en simulatorziekte verbeterd waren vergeleken met
versie 1.0 van het spel. Deze VR LaboSafe Game 2.0 is dan geschikt om te
gebruiken in verdere studies.

In een evaluatieonderzoek met VR LaboSafe Game werden eerder persoons-
gerichte variabelen onderzocht om te bepalen hoe gemotiveerd en geëngageerd
medewerkers van een chemisch bedrijf zijn voor veiligheidstrainingen met een
conventionele methode en met een VR serious game. Vanuit dit experiment
blijkt dat laboranten en managers eerder persoonlijk gemotiveerd zijn om
veiligheidstrainingen te volgen voor hun eigen veiligheid en die van anderen.
Ze vinden veiligheidstraining echter repetitief, passief en gemakkelijk om de
aandacht te verliezen wanneer deze wordt aangeboden met conventionele
trainingsmethoden. De resultaten tonen aan dat werknemers meer intrinsiek
gemotiveerd zijn om veiligheidstraining te volgen met een VR serious game
dan met conventionele trainingsmethoden. VR is voor sommigen echter nog te
ingewikkeld en onbekend waardoor dit de autonome motivatie kan beïnvloeden.
Vooral oudere werknemers (ouder dan 50 jaar) hebben meer moeite met het
gebruik van VR-headsets dan jongere werknemers (jonger dan 30 jaar). Ondanks
deze complicatie willen medewerkers meer VR-veiligheidstrainingen volgen
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dan met een conventionele methode. Er wordt voorgesteld om conventionele
methoden te combineren met VR als een aanvullend hulpmiddel en om
frequentere en kleinere sessies aan te bieden, waarbij geleidelijk VR-technologie
wordt geïntroduceerd voor beginners.

De resultaten van dit proefschrift zijn tweeledig: 1) er wordt een reeks van
richtlijnen gedemonstreerd over het ontwerp, de ontwikkeling en implementatie
van VR serious games voor veiligheidstrainingen, en 2) er wordt een functioneel
artefact gecreëerd om veiligheidsbewustzijn in laboratoria aan te leren. Met dit
artefact is het bewezen dat een VR serious game de intrinsieke motivatie en
engagement van de leerling kan verbeteren. Echter, vooraleer men VR trainings
implementeert, zou men eerst rekening moeten houden om mensen gewoon te
laten worden met de VR technologie.
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CHAPTER 1

General Introduction

1.1 Introduction

Training interventions on the topic of health and safety are of major importance
for any workplace where hazardous chemicals are involved. This holds especially
true for chemical plants and chemical laboratories. Several reviews and
investigations of past accidents reveal that insufficient safety training was
one of the causes for accidents both in chemical process industry (Bhusari et
al., 2020; Dakkoune et al., 2018) and in academic research laboratories (Chen
et al., 2020; Gopalaswami & Han, 2020; Simmons et al., 2017). Laboratory
personnel have to work with a broad variety of hazardous substances and many
different kinds of equipment, which could lead to a high risk of injury or even
death, if these are not well managed (Schröder et al., 2016). Unfortunately,
it has been noted that lack of safety awareness and at-risk safety behaviour
are still prevalent in research laboratories (Chen et al., 2020; Gopalaswami &
Han, 2020; Papadopoli et al., 2020; Walters et al., 2017). Therefore, adequate
safety training is a necessity and is an inherent part of any safety management
system. In a recent review article in the journal Nature Chemistry, Ménard and
Trant (2019) argued that academic lab safety is still underdeveloped and urged
a call for action to perform more safety-related studies in academic laboratories,
including studies to evaluate and improve the effectiveness of current safety
training.
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CHAPTER 1

Current safety training interventions are commonly provided using traditional
teaching methods, such as classroom lectures, videos and printed safety manuals.
These methods are easy to develop, are able to teach a large amount of
information to a large number of trainees at once and offer great group control
(Withers et al., 2012). However, these methods include a unidirectional flow
of information where the trainee is required to pay attention and listen to the
instructor (Bhide et al., 2015). As such, a low engagement of the trainee can
lead to boredom and diminished attention to the learning content, thus making
the training less effective (Fivizzani, 2005). According to a marketing survey
of 150 health and safety professionals in 2003, boredom is the main obstacle
of effective safety training (Gronbacher, 2004). Several contributing factors
that could invoke this boredom are: 1) program topic repetitiveness; 2) low
perception of importance due to overconfidence; 3) non-engaging presentations
or videos; 4) and too much focus on theoretical safety knowledge and compliance
to safety rules (Chen et al., 2020; Elston & Luttrell, 1997; Gronbacher, 2004).
In general, researchers and safety experts agree that there is a need for safety
training programs utilising more engaging learning methods and incorporating
competency-based skills development (Alaimo et al., 2010; Elston & Luttrell,
1997; Laberge et al., 2014). Other common safety training methods are
on-the-job and hands-on training, where the trainee learns the necessary safety
measures by hands-on activities supervised by more experienced workers. This
method encourages the trainees to be active in their learning process and
cultivates their decision-making skills through experience (Bhide et al., 2015).
However, training of highly dangerous situations is not allowed with this method
because this puts them and others at a high risk.

In the last decades, the rapid growth of technological innovations has enabled
the development of computer-based technologies that can provide realistically
simulated experiences. These simulation-based technologies, such as immersive
virtual reality (VR) and digital games, have been creating great opportunities
to improve safety training methods. With these technologies, the trainee can be
trained in a realistic representation of the workplace environment, performing
realistic tasks with a high degree of interaction (Checa & Bustillo, 2019). This
makes it possible to improve decision-making skills on important safety issues,
where mistakes can be made without real-life hazardous consequences. The
activity of learning-by-doing and learning from mistakes can make the learning
experience more engaging and more memorable (Miliszewska & Sztendur, 2011).
Also, practical procedures can be virtually rehearsed without the need of a second
observer and without the high cost related to the materials and equipment.
Simulations and VR technologies are being used successfully in various safety
domains, such as mining (Grabowski & Jankowski, 2015), construction (Li et al.,
2018; Sacks et al., 2013), aviation (Buttussi & Chittaro, 2018), and fire safety
(Smith & Ericson, 2009). However, studies of VR-based solutions in the field of
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chemical safety are still limited. Some studies have reported using virtual reality
for the training of chemical plant operators (Garcia Fracaro et al., 2022; Patle
et al., 2018) and laboratory safety (Makransky, Borre-Gude, & Mayer, 2019;
Srinivasan et al., 2022). In addition, there is still a lack of studies evaluating the
effectiveness of using VR in chemical safety training (Garcia Fracaro et al., 2022;
Srinivasan et al., 2022). More particular, there is a need for more learner-centred
research of training activities (Burke et al., 2006; Casey et al., 2021). The term
learner-centred (or person-centred) teaching methods primarily focus on the
psychological needs of an individual learner, rather than on the training content,
technology and assessment (Kebritchi & Hirumi, 2008). These learner-centred
methods incorporate the understanding of how the human mind works and how
people are motivated and actively engaged in learning activities (Mayer, 2014a).
A serious game design, for example, could make VR training more engaging
and interactive for the learners. In addition, little information is found on the
complicated process of designing and developing effective VR applications for
safety training. Therefore, the current doctoral research satisfies this need by
describing the process of design and development of such VR application and
by evaluating the training motivation and engagement of using the developed
VR serious game for chemical lab safety training.

1.2 Objectives and scope of research

This doctoral research project exploits immersive virtual reality technology
to fully immerse the learning in a virtual laboratory environment, where
laboratory safety is trained without putting the learner in danger. In particular,
this research wants to obtain a better understanding of the motivation
and engagement of employees following safety training in an immersive VR
environment. Serious game is used to create this learner-centred training
environment. The main objectives are: (i) to formulate design guidelines for VR
serious games on lab safety training, (ii) to implement these in the development
of such game, and (iii) to verify if increased motivation and engagement can
be expected with this immersive training method. Moreover, This dissertation
could also serve as a guide for the process of design and development of such
immersive tools. Although an example is shown of a chemical lab safety training,
the process of creating and implementing VR serious games can be generalised
for other safety training programmes. Furthermore, one of the outcomes of this
doctoral research is a fully operational VR prototype for chemical laboratory
safety training.

3



CHAPTER 1

1.3 ETN-CHARMING project

This doctoral research project frames within the ETN-CHARMING project,
which stands for European Training Network for Chemical Engineering
Immersive Learning (website: charming-etn.eu). This project takes on
the challenge to develop learning strategies, content and prototypes for the
application of games and virtual/augmented reality to motivate, teach and
train children, students and employees in chemistry, chemical engineering and
chemical operations. This inter-sectorial and interdisciplinary research project
consisted of leading universities and industry participants and trained 15 Early
Stage Researchers (ESRs) in the areas of innovative chemical engineering,
instructional psychology & pedagogy and immersive technology. In particular,
the current doctoral research is part of Work Package 3 (WP3), which focused
its research on utilising VR technologies to train employees of the chemical
industry on the topics of process plant operations and chemical laboratory
safety. A close collaboration was established with other ESRs from the WP3
team (See Figure 1.1). Two VR applications were developed and evaluated: a
VR training game for laboratory safety (VR LaboSafe Game) and a VR training
for chemical operators (Operate Your Own Reactor). The current doctoral
research investigates the motivation and engagement of VR training using the
VR LaboSafe Game. Sofia Garcia Fracaro (Merck) investigated the learning
effectiveness of VR training and Yusra Tehreem (Hochschule Emden/Leer)
investigated the effect of sitting and standing VR experiences using the Operate
Your Own Reactor. Ryo Toyoda (Newcastle University) established the in-game
assessment framework and Tim Gallagher (Utrecht University) evaluated the
learning analytics representations of both VR applications.

Most of the work in this dissertation was coordinated and performed in the
Centre de Recherche Rhône-Alpes (CRRA) of the company Arkema. Arkema is
a multi-national chemical enterprise based in France with leadership positions in
specialty materials. The activities of researching and manufacturing these
specialty materials are divided in four main business segments: Adhesive
Solutions (construction & consumer, industrial assembly), Advanced Materials
(high performance polymers, performance additives), Coating Solutions (coating
resins, coating additives) and Intermediates (fluorogases) (Arkema, 2022b).
Employees of Arkema have to work with a high variety of advanced and
hazardous chemicals, such as hydrogen fluoride, acrylonitrile, organic peroxides,
and many more. This means that they are exposed to a wide range of different
safety hazards: from toxic to corrosive, and even explosive hazards. Working
with such safety risks, requires Arkema to have a strong focus on health and
safety of its employees and contractors. A core aspect of Arkema’s safety process
is the development of a common safety culture that raises the awareness of
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every employee (Arkema, 2022a). Rigorous safety training programmes are
provided to develop and implement this safety culture. For this reason, VR
technology can help employees of Arkema to train and get acquainted with
handling specific safety hazards of the dangerous chemicals that they need to
work with on a daily basis. Further, a serious game approach can sustain their
engagement during the safety training programmes.

In order to create the VR serious game in this doctoral research, expertise
was acquired from four partner universities of the CHARMING project: IT
University of Copenhagen (ITU), Bielefeld University (UBI), Hochschule
Emden/Leer (EMD), Utrecht University (UU). In a month-long period per
university, called a secondment, intensive personal coaching was received at
the university site or online in order to transfer interdisciplinary skills and
knowledge about game design, instructional design and game development.
Prof. Daniel Cermak-Sassenrath from ITU with ESRs Silvia Fornós and Nina
Croitoru provided essential advice on game design principles. Prof. Liesbeth
Kester and Prof. Lisette Hornstra from UU with ESRs Michaela Arztmann,
Yuanyuan Hu and Tim Gallagher, provided expertise on instructional design
principles and motivational psychology. Prof. Thies Pfeiffer from UBI/EMD
with ESR Yusra Tehreem, organised workshops to obtain game development
skills needed to create the VR LaboSafe Game.

Figure 1.1: A representation of the international and interdisciplinary
collaboration of WP3 ESRs: Philippe Chan (Arkema & KU Leuven), Sofia
Garcia Fracaro (Merck & KU Leuven), Tim Gallagher (Utrecht University),
Ryo Toyoda (Newcastle University) and Yusra Tehreem (Hochschule
Emden/Leer & Bielefeld University)
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1.4 Research methodology

The progress of this doctoral research study follows the design-based research
(DBR) methodology. DBR is a type of methodology used in learning sciences,
more specifically with educational technologies. Diverse DBR methods exist, but
this thesis is grafted on the work Van Wyk and Villiers (2014) that presents a
synthesised approach and exemplified it to a VR safety training for the African
mining industry. This research methodology is systematic, iterative and is
focused on improving educational practices. It aims to make both practical
and scientific contributions by designing and developing solutions to solve
complex real-world problems. For this reason, this methodology often leads to
dual outcomes: on one hand, theoretical frameworks or design guidelines are
established, and on the other hand, practical artefacts are created as a usable
solution for real problems. DBR has been extensively used for studies involving
the development of e-learning and e-training (Villiers, 2012). Hence, the DBR
methodology is particularly suitable for this doctoral research study, because in
this study, a VR application is produced for the purpose of chemical lab safety
training, while also guidelines are determined for the process of the design,
development and implementation of such artefact.

The process cycle of DBR is heavily based on the well-known instructional
design model, called ADDIE. The ADDIE process consists of five phases to
design instructional interventions: Analyze, Design, Develop, Implement and
Evaluate (Branch, 2009). This model has some similarities with the process of
commercial game development and is also used in the context of serious game
development (Braad et al., 2016). The difference between these similar process
models is that ADDIE is particularly used in the context of instructional design,
while game cycle processes are used in the context of game development. In
the design and development of serious games, ADDIE can be used to guide the
process of creating an instructional method, while also the process of developing
a game software is taken into account (Dimitriadou et al., 2020). For this
reason, the DBR process cycle is a suitable fit for this research as it has a similar
process plan but more focused on research outcomes. The DBR methodology
makes use of these phases and applies them in a research context with distinct
outcomes for each phase (van Wyk & de Villiers, 2014):

➢ Problem analysis within context: the state of the art and literature are
reviewed in order to identify and analyse the real-world problem. The
outcome of this phase is a research proposal with clear research goals;

➢ Design solution: the design process is initiated in order to solve the
identified problem. Multiple perspectives are required in the design in
order to tackle the complex nature of real-world situations. The outcome
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of this phase is a well-defined design of the solution that is ready to be
developed;

➢ Develop solution: the development process is initiated to develop the
design of the solution into a practical artefact. Technological tools and
technical skills are required for the development. This process consists
of iterative cycles of testing and systematic refinement. The outcome
of this phase is an innovative, operational prototype that is ready to be
evaluated;

➢ Evaluate in practice: the developed artefact is tested and evaluated in a
real-world context. Different research methods are used to collect data,
this data is then carefully analysed in order to form conclusions;

➢ Reflection: the whole process of designing, developing and evaluating
the prototype is reviewed, resulting in dual outcomes. In the context
of practical contribution, the prototype can be implemented to solve
real-world problems, which can be further refined and improved by
initiating another DBR cycle. In the context of theoretical contribution,
guidelines and design principles are established based on the experiences
achieved during the entire process. Also these design principles can be
further refined in multiple DBR cycles.

1.5 Thesis structure

A schematic overview of the chapters in this dissertation is presented in Figure
1.2. The structure of this dissertation follows the chronological process of the
design-based research process according to Van Wyk and De Villiers (2014).

In Chapter 2, a systematic literature review is presented on virtual chemical
laboratories. The state of the art is investigated concerning the research,
technologies and instructional designs of these virtual environments. This
chapter is related to the Problem analysis phase.

The Design and Develop phases of DBR are combined and described in
Chapter 3. It contains the design justifications and a description of the
development process for a VR serious game for safety training in chemical
laboratories, called VR LaboSafe Game.

As part of the Develop phase, Chapter 4 describes the implementation
and tests of the VR LaboSafe Game on academic and industrial populations.
These tests investigate the system usability and simulator sickness to ensure
that the VR LaboSafe Game is an easy-to-use application that does not make
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users nauseous while using the VR headset. Specific design decisions of virtual
environments are crucial to control the usability and learnability of the VR
training game. Therefore, based on the results of the usability testing and
participant observations, the VR game is adjusted and refined in iterative cycles
in order to optimise the usability and simulator sickness. A version of the
training game is achieved with satisfactory results so that this version is suitable
for further studies.

In Chapter 5, the VR LaboSafe Game is evaluated on employees of
Arkema to determine its impact on motivation and engagement compared
to more conventional training methods. In the remainder of this dissertation,
’conventional training method’ is defined as classroom and lecture based methods
without extra engaging elements (e.g. interactive instructor, digital tools).
Particularly in this chapter, the compared conventional method is a video lecture.
Using questionnaires and interviews, person-centred insights are gathered about
the use of VR serious games for training purposes. This chapter is related to
the Evaluate phase of DBR.

Finally, Chapter 6 reviews the previous chapters and forms a general
conclusion about the entire progress of this doctoral research. A list of guidelines
is presented to guide future practitioners on the design, development and
implementation of VR serious games for safety training. Future perspectives on
research and exploitation are also proposed in this chapter.
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Figure 1.2: Graphical overview of this dissertation based on the process of
design-based research described by (van Wyk & de Villiers, 2014).
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Virtual Chemical
Laboratories: A Systematic
Literature Review

In the first stage of the design-based research process, an initial analysis is
performed in order to determine the main problem that the research should
be focusing upon. For this reason, this chapter reviews the state of the
art of research literature about virtual chemical laboratories. In order to
thoroughly investigate the literature landscape, a rigorous systematic literature
review procedure is applied. However, because of the scarcity of literature
work on virtual labs specifically for safety training, the scope of the literature
review is expanded to include virtual labs for education of laboratory practices.
Notwithstanding the small number of papers, a clear insight is given in this
chapter on the research, instructional designs and technologies of existing
chemical virtual laboratories.

This chapter is published as:
Chan P., Van Gerven T., Dubois J.-L., Bernaerts K. (2021). Virtual chemical
laboratories: a systematic literature review of research, technologies and instructional
design. Computers & Education Open, Volume 2.
Author’s contribution: Chan P. performed the literature search and coding, and
drafted the manuscript. Bernaerts K., Dubois J.-L. and Van Gerven T. managed and
supervised the project.
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2.1 Introduction

Laboratory work is often seen as an essential part of chemistry education. Reid
and Shah (2007) presented four important skills that students acquire during
practical laboratory sessions: (1) skills related to learning chemistry, (2) practical
skills, (3) scientific skills, and (4) general skills. Seery (2020) further elaborated
that laboratory work is distinct from the rest of the curriculum in a way that a
laboratory is “a complex learning environment, whereby students need to draw
together constituent skills, including learning the requisite practical skills, and
knowledge, and applying them to a scientific task”. He stated that the laboratory
is “the place to learn how to do chemistry”. However, physical laboratory sessions
are labour- and time-intensive for the personnel involved and the laboratory
infrastructure is highly expensive (Bretz, 2019; Reid & Shah, 2007). So making
these practical sessions available is sometimes a challenging task, especially
during a pandemic lockdown when these facilities are not accessible. Online
digital tools, such as videoconferencing applications, e-learning platforms and
online videos, have been used as alternative to teach the chemical theory behind
lab experiments, but a major challenge still exists to adapt practical exercises.

Virtual laboratories are one of the digital tools that can be used to
provide distance learning for laboratory sessions. These virtual labs are
computer-simulated learning environments that can range from simple 2D
visualisations of laboratory experiments to advanced 3D simulations that try to
replicate real laboratory environments (Jones, 2018). With recent virtual reality
technology, it is even possible to be fully immersed in the virtual laboratory
environment performing realistic laboratory handling (Han et al., 2017; H. Kim
et al., 2019). Some benefits that virtual laboratories can offer, compared to
traditional hands-on laboratories are (Ali & Ullah, 2020; Alkhaldi et al., 2016;
Faulconer & Gruss, 2018): reduced cost, greater accessibility, time-saving, safe
environments, and flexibility of self-regulated learning. However, depending on
how the virtual lab is used, absence of other students or tutors, and lack of
real-life feel of a laboratory may present drawbacks of these virtual applications
(Lynch & Ghergulescu, 2017).

Due to distance learning becoming more popular nowadays, one can expect
more varieties of virtual laboratories in the near-future. However, designing
and developing such a complex virtual learning environment is not always that
easy. It often requires a multidisciplinary team with different levels of expertise
(e.g. computer scientists, educational technologists and chemistry teachers) in
order to create an effective learning experience (Mikropoulos & Natsis, 2011).
Furthermore, research has shown that the technological aspect is not the only
contributing factor for the design of effective virtual learning environments.
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In some cases, the technological design can even be inhibiting for cognitive
learning processes if not optimally designed (Makransky, Terkildsen, & Mayer,
2019; Mayer, 2014a). A rigorous instructional design is required that utilises
well-established learning theories and instructional support in order to optimise
the effectiveness of the virtual laboratory experience.

The main goal of this systematic literature review is to provide an extensive
overview of previous research on virtual laboratories in chemistry education.
We investigate three main characteristics: research methods, technology and
instructional design. Therefore, three research questions (RQs) are stated for
this study:

➢ RQ 1: What are the main research purposes, evaluation methods and
learning outcomes in studies on using virtual chemistry laboratories for
educational purposes?

➢ RQ 2: Which technologies have been used for virtual chemical laboratories
and what is the current trend?

➢ RQ 3: What learning theories and instructional design features have been
applied in virtual chemical laboratories?

Eventually, this review could contribute as an aid for teachers and educational
developers to select effective solutions for the distance learning of chemical
laboratory practices.

2.2 Related work

Research on virtual laboratories is not a new topic. In fact, several reviews
have been published comparing virtual and remote laboratories to traditional
hands-on laboratories (Brinson, 2015; Faulconer & Gruss, 2018; Lynch &
Ghergulescu, 2017; Ma & Nickerson, 2006). However, these reviews include
laboratory practices of many other disciplines (e.g. biology, physics, engineering
sciences) and few virtual laboratories in chemistry are mentioned. Only four
other reviews were found that discuss virtual chemical laboratories more in
depth (Ali & Ullah, 2020; Bellou et al., 2018; Sypsas & Kalles, 2018; Tatli &
Ayas, 2010).

Tatli and Ayas (2010) published the first review on the subject and
examined 13 papers reporting virtual chemical laboratories that are based
on a constructivist learning approach in order to analyse their advantages and
disadvantages. They investigated the purpose of the studies, sample size, data
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collection tools and study results. This study concluded that these labs allow
students to focus on the process rather than on the equipment, promote active
participation with little to no time waste, and allow experiments to be repeated
in a safe environment. The major drawback was that students using virtual
laboratories could not feel, smell or touch as in a real laboratory.

Sypsas and Kalles (2018) analysed 29 peer review articles of virtual
laboratories in the domains of biology, biotechnology and chemistry. They
were focused on its effectiveness as supplementary tool and the educational
approaches that are used. This study concluded that virtual laboratories show
similar or better results than conventional methods for secondary education
and that they are most effective when it is combined with real laboratory for
post-secondary education. Blended learning and inquiry learning were the most
used educational approaches. They also mention that their review might have
excluded a lot of research papers, and they encourage to update such reviews
frequently as technological advancements improve rapidly.

Bellou et al. (2018) reviewed 43 studies of digital learning technologies in
primary and secondary chemistry education. They primarily looked into the
learning technologies, pedagogical approaches, research methods and learning
outcomes of the studies. From the technical approaches they have analysed,
seven of them were virtual labs, whereas the most used technological approaches
were multimedia and simulations. Their findings of their review suggest that
most studies involve secondary education; cover mostly particulate nature of
matter as topic; and have adopted mostly constructivist learning theories.
Furthermore, the research method of most studies assessed the student’s
knowledge following an experimental and quasi-experimental design with a
majority reporting positive learning outcomes. However, the authors have
remarked that proceedings of conferences and book chapters were not included
and suggested a more systematic effort with more meta-analyses of empirical
studies.

Ali and Ullah (2020) conducted a literature review collecting 42 different
virtual chemistry laboratories. They proposed a classification of the type of
graphical interfaces used in these virtual laboratories. The authors made a
distinction between 2D, 3D and video metaphor virtual chemistry laboratory
with a further separation of offline and online virtual labs. From this collection,
a comparison was made between 2D and 3D virtual chemistry laboratories to
reveal their similarities and differences. Ali and Ullah (2020) noted that 2D
virtual labs lack realism and provide low immersion compared with labs that
use 3D graphical interface. Furthermore, they have discovered that most of the
virtual labs did not provide any guidance on the procedure of an experiment.

The work in this chapter is distinct from these literature reviews. Firstly,
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because this study includes immersive virtual reality technologies. Ali and
Ullah (2020) briefly mentioned this type of technology, but it was classified
under 3D virtual laboratories. Secondly, this study provides a holistic overview
of previously used virtual chemical laboratories in research literature. This
means that it also includes conference proceedings and virtual laboratories at
university level, which were not included in the studies of Sypsas et al. (2018)
and Bellou et al. (2018), respectively. Thirdly, this study considers features of
instructional design that were taken as the basis for the design of the virtual
chemical laboratories.

2.3 Methodology

In order to conduct this systematic literature review, we have followed PRISMA’s
principles and guidelines (Moher et al., 2009). These guidelines help researchers
to conduct a transparent and complete reporting of systemic literature reviews.
It requires the author to specify the search strategy, eligibility criteria, selection
process and data collection process.

2.3.1 Database and search keywords

The first step of this systematic literature review is the literature search in
an online the database. As such, a search was initiated in November 2020
using Web of Science as scientific database. A combination of search terms was
used to find publications about virtual applications or games that considered
chemical laboratory, chemical experiment or laboratory safety instructions:

• (virtual OR game) AND (chemical OR chemistry) AND
(laboratory OR lab);

• (virtual OR game) AND (“chemical experiment” OR
“chemistry experiment”);

• (virtual OR game) AND (“lab safety” OR “laboratory safety”).

These search terms should be found in the title, abstract or list of keywords of
publications between the years 2000 to 2020. This search yielded 806 records
after removing duplicates. Additionally, 8 records were added by manually
searching on Google Scholar and by examining the references of the publications.
Eventually, a total of 814 records remained to be screened.
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2.3.2 Inclusion and exclusion criteria

The next step of our study is dedicated to selecting the relevant articles to be
included for this review by screening the title and abstract of each record. For
this selection, a number of inclusion and exclusion criteria were used in order
to filter out the irrelevant publications (See Table 2.1). This title and abstract
screening resulted in 113 valid publications and 701 records were removed.
These selected publications were then subjected to further screening of their full
text. Publications were filtered out of virtual laboratories that did not contain
a chemical experiment or a representation of a virtual laboratory environment.
For example, publications where a virtual application was used to only visualise
molecule structures (Ferrell et al., 2019) were excluded. Another criterium is
that the type of display technology (e.g. 2D, 3D or immersive VR) should be
described in the text or represented in the images of the publication. After
screening of these texts, a total of 76 publications remained that are included
in this literature review.

Table 2.1: A list of inclusion and exclusion criteria used to select relevant
articles from the search results.

Inclusion Exclusion
Journals and conference proceedings Reviews, abstracts and non-peer

reviewed publications
Virtual laboratories used for chemistry
education

Publications with full text that are not
accessible

Contains chemical laboratory practices
or laboratory safety

Virtual applications that are only
used to teach chemical concepts (e.g.
molecule visualisation, periodic table)

Uses 2D, 3D graphical interfaces or
immersive virtual reality devices

Virtual lab applications that require
the real environment (e.g. augmented
reality)

Publications must be in English Publications that are not in English

2.3.3 Data analysis and coding

In this last step, the 76 included publications were analysed by coding the
relevant information that is appropriate to our research questions onto a
spreadsheet. These variables were then classified in distinct categories introduced
in this section. Appendix A.1 shows a table of this classification with clear
description of each category. The full coding scheme of each publication with
their identification number can be found in Appendix A.2.
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Research purpose

The research purpose of the publications that report the use of virtual chemical
laboratories can be classified into three main categories: comparative, evaluative
and technical.

Comparative studies investigate two or more intervention groups either
comparing the media or the design of the virtual laboratory. Following the
definitions of Mayer et al. (2014a), the former is called media comparison while
the latter is called value-added research. In media comparison research, the
learning outcome of an experimental group using a virtual chemical laboratory
application is compared with a control group that had the same learning content
but with a different educational medium. For example, the study of Tarng et al.
(2017) compared the experimental group performing experiments in the virtual
laboratory with a control group performing experiments in a real hands-on
laboratory. Furthermore, lectures, videos, text and demonstrations were
grouped together as ‘passive media’ because these media do not require active
participation from the participant, unlike virtual and hands-on laboratories.
In value-added studies, a basic version of a virtual laboratory application is
tested with a control group, while the intervention group uses the same basic
version but with one design feature added or changed. For example, the study
of Ullah et al. (2016) used a virtual lab with procedural guidance and a virtual
lab without procedural guidance. The learning outcomes of both versions are
then compared to each other which allows the investigation of the effectiveness
of a specific design principle.

Evaluative studies only consider the virtual laboratory group in order to
evaluate a particular outcome. Affective reactions, such as attitude, satisfaction
or self-efficacy of the participant can be measured in order to evaluate the user
experience and usability of the system. In this case, we have grouped these
publications under ‘user study’. Other studies have investigated the performance
of using the virtual laboratory without a control group only to evaluate the
performance gain or assessment method. This category is called ‘performance
assessment’. Evaluative studies with other purposes, for example a correlation
study (Scherer & Tiemann, 2012), are identified with ‘Other’.

Technical studies do not perform any measurements to evaluate the virtual
laboratory, but rather describe its design and development. Although no
measurable results are presented in these publications, they are still valuable for
this review as they describe the technical advances that has been implemented
in virtual chemical laboratories.
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Evaluation methods

Evaluation methods are collected and categorised from studies who have
performed measurements (i.e. comparative and evaluative studies). These
include quantitative and qualitative methods, similar to Brinson et al. (2015):
test, lab practical, real-time assessment, school grade, questionnaire, interview
and observation. Lab practical refers to hands-on lab experiments to assess
laboratory skills, while real-time assessment refers to collecting data within the
virtual lab application that are retrievable using log files.

Technology type

A distinction is made between display technologies and natural user interfaces
(NUIs). Display technologies show graphical representations using a certain
display device and are categorised in 3 different types: 2D desktop, 3D desktop
and immersive VR. Studies belonging to the 2D desktop category describe virtual
chemical laboratories that are displayed on a desktop monitor display and feature
a 2D representation of the environment and objects. In the 3D desktop category,
virtual chemical laboratories are displayed on a desktop monitor display as well,
but are 3D in nature, meaning that the virtual environment and objects have
a depth and are built from 3D geometries. Studies included in the immersive
VR category describe the use of modern VR devices where the user is fully
immersed in the virtual environment without visual interaction with anything
else from the real world other than the display. This mainly concerns the use
of VR head-mounted displays (HMDs). These VR devices are also able to
display a different image per eye, allowing a 3D stereoscopic view that results
in the perception of real depth. Figure 2.1 shows examples of these types of
technologies.

A further distinction can be made whether the authors have used special
input devices as NUIs in addition to a display technology. These NUIs use
human movement or gestures as input to control the system “in such way that
the user is not aware of the existence of an interface” (Jagodzinski & Wolski,
2015). These include devices that provide advanced tracking capabilities, such
as movement/rotational tracking, spatial tracking, and tracking of hand gestures
or body gestures.
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Figure 2.1: Examples of types of technology used in virtual chemical
laboratories in the reviewed studies.

2D Desktop (Yaron et al., 2010) 3D Desktop (Su & Cheng, 2019)

Immersive Virtual Reality (Duan et
al., 2020)

Natural User Interface (Aldosari &
Marocco, 2016)

Instructional design

The instructional design of the virtual chemical laboratories is analysed by
identifying the learning theory and instructional support elements that were
used in these publications. This was done by examining which learning theory
has been applied using the terms derived from the collection of Kebritchi and
Hirumi (2008). Likewise, for examining instructional support elements, the list
of Wouters and Oostendorp (2013) was used to identify the terms. Publication
with no learning theory or no instructional support indicated, were marked with
‘not specified’.
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2.4 Results

This section connects the results of the review inquiry to the three research
questions mentioned above and is divided into three subsections: research
methodology, technology and instructional design.

2.4.1 Research methodology

Research purpose

Table 2.2 shows the three categories of research purposes (i.e. comparative,
evaluative and technical studies) with the corresponding publications as
reference, while Figure 2.2 shows the relative distribution of these categories.

We have observed that the majority of the publications could be identified
as ‘comparative study’ (n = 38, 50%). In this category, most studies have
conducted media comparison (n = 33) rather than value-added research (n =
3), while some studies have combined both (n = 2).

The second most common research purpose is the ‘evaluative study’ category
(n = 24, 32%). Most studies (n = 15) used this approach to conduct a user study
by examining the affective reactions of the participants. Five other studies (n =
5) have investigated the performance of using the virtual laboratory without a
control group in order to evaluate the performance gain or real-time assessment
method. Some studies (n = 3) combined both user study and performance
assessment. Also, one other study used their virtual chemical laboratory for a
correlation study (Scherer & Tiemann, 2012).

Publications belonging to the ‘technical study’ category are found to be the
least common among the two other categories (n = 14, 18%). These studies
are intended to introduce the design and technology of the virtual chemical
laboratory and to describe the development of such applications.
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14

50%

32%

18%

Media comparison

Value-added
research

Media +
Value-added

User study

Performance
assessment

Performance
+ User study

Other

Figure 2.2: Pie chart presenting the distribution of publications according to
their research purpose. Corresponding references are listed in Table 2.2.

Table 2.2: Classification of categories of research purposes.

Research purpose Sub-category n References (ID no. from Appendix
A.2)

Comparative study Media
comparison

35 1, 5, 10, 11, 14, 17, 18, 24, 25,
30-36, 38-40, 45, 47, 49, 53, 56, 57,
60-65, 67-70

Value-added
research

5 13, 39, 48, 65, 75

Evaluative study User study 18 2, 4, 6, 7, 15, 19, 20, 22, 23, 41, 50,
52, 54, 55, 58, 71, 73, 76

Performance
assessment

8 8, 9, 16, 19, 26, 58, 72, 73

Other 1 59
Technical study 14 3, 12, 21, 27-29, 37, 42-44, 46, 51,

66, 74

With n = number of studies
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Evaluation methods

To evaluate the effectiveness of virtual chemical laboratories, a mix of
quantitative and qualitative evaluation methods has been used for measuring
cognitive, affective and/or skill-based learning outcomes. As seen from Figure
2.3 there is a notable difference in the use of these methods between comparative
and evaluative studies.

Tests are the most frequently used evaluation methods for comparative
studies (n = 32, 84%), while questionnaires are the most used methods for
evaluative studies (n = 21, 88%). Comparative studies also seem to have used
qualitative evaluation methods to measure affective outcomes of participants,
such as questionnaires (n = 23, 61%), interviews (n = 8, 21%) and observations
(n = 7, 18%). It is also observe that lab practicals were applied in comparative
studies (n = 9, 24%) and not in evaluative studies, while real-time assessments
were used more in evaluative studies (n = 6, 25%) than in comparative studies
(n = 2, 5%).
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Figure 2.3: Bar graph showing the percentage of the evaluation methods used
in comparative studies (blue) and evaluative studies (green).
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Learning outcomes

When investigating learning outcomes, we observed that most comparative
studies measure cognitive learning outcomes (n = 35, 92%), whereas most
evaluative studies measure affective outcomes (n = 19, 79%), as seen in Figure
2.4. However, affective outcomes of participants are also frequently measured in
comparative studies (n = 22, 58%). This is because these studies also evaluate
the usability of the virtual laboratory and opinions of the participants besides
cognitive and/or skill-based comparison. The least evaluated learning outcome
is the skill-based outcome, both for comparative (n = 11, 29%) and evaluative
studies (n = 2, 8%). When investigating the sub-categories of these learning
outcomes in Table 2.3, declarative knowledge is found to be the most measured
learning outcome in the cognitive domain (n = 34) and usability in the affective
domain (n = 31). Studies with ‘Other’ category investigated items that are
not outcomes of learning, such as level of constructivist teaching (Tatli & Ayas,
2012) and user profile (Annetta et al., 2014).

92%

58%

29%29%

79%

8%

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Cognitive Affective Skill-based

P
er

ce
nt

ag
e 

of
 p

ub
lic

at
io

ns

Learning outcomes

Comparative

Evaluative

Figure 2.4: Bar graph of learning outcome measured in comparative studies
(blue) and evaluative studies (green).
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Table 2.3: Collection of learning outcomes covered in the reviewed
publications.

Learning outcome
domain

Sub-category n References (ID no. from
Appendix A.2)

Cognitive domain Declarative
knowledge

34 1, 5, 8, 9, 13, 14, 17, 18, 24, 25,
30, 32-35, 38-40, 47-49, 53, 56,
57, 60-62, 64, 65, 67-70, 72, 75

Procedural
knowledge

11 8, 14, 16, 18, 25, 26, 49, 53, 58,
65

Conditional
knowledge

20 11, 13, 25, 26, 32-36, 38-40,
47-49, 56, 59, 67, 70, 72

Affective domain Attitude 12 4, 10, 14, 17, 22, 25, 31, 32, 52,
53, 67, 69

Usability 31 2, 5-7, 13, 15, 17, 19, 20, 23, 31,
39-41, 50, 52-55, 57, 58, 60, 62,
65, 67-69, 71-73, 76

Self-efficacy 11 5, 17, 39, 40, 45, 47, 52, 53, 61,
65, 71

Social presence 1 48
Skill-based domain Practical

laboratory skills
11 5, 19, 25, 30, 47, 49, 53, 57, 68,

69, 73
Other 2 9, 63

With n = number of studies

Media comparison

A popular discussion can be noticed within the reviewed studies about how
virtual chemical laboratories are compared with traditional teaching methods.
For this reason, the majority of the studies have conducted media comparison
research. Table 2.4 shows an overview of the virtual labs (or combination with
virtual labs) with the compared medium. Publications in which significantly
better results are presented for using virtual labs are identified as ‘positive’, while
publications showing non-significant different results are identified as ‘equal’.
Publications showing significant results against virtual labs are identified as
‘negative’.

Results of these studies show that when compared to passive media, a majority
of virtual labs report positive improvement, mainly in declarative and conditional
knowledge (n = 11). Some studies (n = 4) reported equal effectiveness in
declarative knowledge, but identified better results in conditional knowledge
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and self-efficacy in favour of virtual labs (Herga et al., 2015; Jagodzinski &
Wolski, 2014; Makransky, Borre-Gude, & Mayer, 2019; Wolski & Jagodzinski,
2019). When virtual labs are compared to hands-on laboratories, results are
mixed. Six studies (n = 6) reported positive improvement for virtual labs mainly
in declarative knowledge with a total population of 639 participants, while nine
studies (n = 9) observed equal effectiveness including declarative knowledge
and skill-based learning outcomes with a total population of 1662 participants.
Also for affective learning outcomes, virtual labs are not significantly different
from hands-on labs in terms of attitude towards chemistry laboratory (including
anxiety, satisfaction), usability and self-efficacy (regarding confidence) of the
participants (Dalgarno & Lee, 2009; Hensen et al., 2020; Winkelmann et al.,
2014). Two publications presented worse results in attitude and usability against
the virtual lab compared to hands-on laboratory (Hensen & Barbera, 2019;
Hensen et al., 2020) and one study reported worse results in declarative and
conditional knowledge (Ratamun & Osman, 2018). However, Hensen et al.
(2019) have mentioned that the adverse attitude was due to an instructor effect
(i.e. inexperienced teacher-assistants). When this was corrected, they found no
significant differences.

In other studies, virtual labs were combined with passive media or hands-on
laboratories and were compared with traditional teaching methods alone (only
passive media or only hands-on labs). From Table 2.4 we see that these
combinations have mostly positive improvements in terms of declarative and
conditional knowledge compared to only passive media (2 positive) or only
hands-on laboratory (5 positive vs 2 equal). For affective learning outcomes
(including attitude, usability and self-efficacy), results are somewhat mixed. On
one hand, Astuti et al. (2019) and Kolil et al. (2020) reported positive results
in attitude and self-efficacy when virtual labs combined with passive media
and hands-on labs are compared with hands-on labs only. On the other hand,
Winkelmann et al. (2020) observed no difference in attitude and Enneking et
al. (2019) reported that students in the hands-on lab group developed better
attitude for laboratory practices than when it is combined with virtual labs.
However, when these combined virtual labs are compared with virtual labs only,
they seem to be at least as effective in declarative knowledge (2 positive vs 1
equal). Studies with this comparison are uncommon.
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Table 2.4: Outcomes of comparative studies including a virtual lab, passive
media and/or hands-on lab training. Indications of the following features are
given: dk = declarative knowledge; pk = procedural knowledge; ck =
conditional knowledge; sb = skill-based; att = attitude; se = self-efficacy; us =
usability; o = other; n = number of publications; p = population size.

Compared
with

Virtual lab Passive media Hands-on lab

Virtual lab / Positive (n=11,
p=1053)
references: 11(ck);
14(dk,pk); 33(dk,ck);
34(ck); 35(dk,ck);
40(ck,se);
47(ck,sb,se);
5(dk,sb); 63(o);
70(ck); 61(dk)

Equal (n=4,
p=630)
references: 34(dk);
40(dk); 70(dk);
47(dk)

Positive (n=6,
p=639)
references: 1(dk);
53(dk,pk,sb); 60(dk);
64(dk); 65(dk,pk,se,sb);
62(dk)

Equal (n=9, p=1662)
references.:
17(dk,att,se); 24(dk);
30(dk,sb);
32(dk,ck,att);
53(dk,pk,sb);
57(dk,sb);
67(dk,ck,att,us);
68(dk,sb); 64(dk)

Negative (n=3,
p=1260)
references: 31(att,us);
32(us); 56(dk,ck)

Virtual lab
+ hands-on
lab

Positive (n=1,
p=87)
reference: 60(dk)

Equal (n=1,
p=141)
reference: 1(dk)

/ Positive (n=6,
p=3060)
references: 1(dk);
10(att);
25(dk,pk,ck,sb); 36(ck);
45(se); 49(dk,pk,ck,sb);
60(dk)

Equal (n=2, p=346)
references: 38(dk,ck);
69(dk,att,sb)

Negative (n=1,
p=1141)
reference: 25(att)

Virtual lab
+ passive
media

Positive (n=1,
p=1334)
reference: 18(dk)

Positive (n = 2,
p=360)
references:
39(dk,ck,se); 57(dk)

Positive (n=2,
p=192)
references: 10(att);
36(ck)
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User studies and performance assessment

Data have been collected from the reviewed publications that evaluated the
affective reactions and opinions of the participants on the virtual chemical
laboratory. Results were extracted from questionnaires, interviews and
observations of the publications where attitude, usability and self-efficacy were
examined and are presented in Table 2.5.

The affective learning outcomes of the participant’s attitude are separated
into two types: attitude towards the subject of chemistry and system usability.
The former refers to a person’s feelings and beliefs about chemistry and chemical
laboratory work, which includes anxiety, satisfaction, intellectual accessibility,
usefulness of lab and interest-feeling (Bauer, 2008). Also scientific attitude
(Astuti et al., 2019; Chee & Tan, 2012) and open-endedness of lab (Pyatt &
Sims, 2012) are added to this category. The system usability refers to the
attitude of the participants towards the virtual laboratory application, which
includes satisfaction, usefulness of virtual labs, ease of use, time efficiency and
realism.

The findings of questionnaires evaluating the usability suggest that
participants have overall positive opinions about virtual chemical laboratories.
They consider the virtual laboratories to be satisfying, easy to use, useful for
learning and take less time than real laboratory work. However, Moozeh et
al. (2020) noticed that students were not satisfied by using the virtual lab as
post-lab exercise after hands-on laboratory session. In the study of Qvist et al.
(2015), difficulties were found in using the user interface and movement control,
which affected the students’ satisfaction and opinion on time efficiency. Also,
some teachers preferred using the real laboratory over the virtual laboratory due
to the lack of real laboratory handling and communication between students
and assistants (Qvist et al., 2015). In terms of realism, participants found the
virtual laboratories to be realistic in studies where 3D, NUI or immersive VR
technologies were used. However, other studies reported a lack of realism and
authenticity for 2D virtual laboratories (Penn & Ramnarain, 2019; Ramos et
al., 2016).

When examining attitude towards chemistry, studies generally revealed
positive outcomes in terms of anxiety, interest, usefulness of lab, scientific
attitude and open-endedness of labs. Although some of these studies reported
no significantly different or worse results compared to hands-on laboratory,
participants still displayed positive to neutral attitude towards chemistry and
towards usability of virtual laboratories (Enneking et al., 2019; Hensen &
Barbera, 2019; Hensen et al., 2020; Winkelmann et al., 2014).
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Most studies have reported positive influence on self-efficacy of the participant
after using virtual chemical laboratory (Kolil et al., 2020; Makransky,
Borre-Gude, & Mayer, 2019). More in particular, virtual labs have increased the
participant’s confidence in performing laboratory activities and in thinking like a
chemist (Ali et al., 2014; Jagodzinski & Wolski, 2014, 2015; Penn & Ramnarain,
2019; Ullah et al., 2016; Woodfield et al., 2005). One study found that confidence
was not significantly different from hands-on laboratory. However, they claim
that this is because the participants were self-selected and that confidence
possibly was increased to the same level as the group of hands-on laboratory
(Dalgarno et al., 2009).

Evaluative studies that only assessed the performance of the virtual lab group
have measured significant knowledge gain by using knowledge tests (Alqadri,
2018; Annetta et al., 2014) and school grades (Woodfield et al., 2005). Other

Table 2.5: Overview of affective learning outcomes reported in publications
that performed user studies and performance assessments of the virtual
chemical laboratory applications. The numbers represents the ID number
found in Appendix A.2.

Attributes Sub-category Positive Neutral Negative
Attitude Attitude towards

chemistry
10, 14, 31, 32, 52, 53, 67 17, 25,

69
Usability Satisfaction 2, 4, 6, 7, 17, 19, 23, 31,

60, 62, 65, 69, 71, 73, 76
50, 54

Usefulness 2, 4-7, 13, 15, 17, 19, 20,
23, 31, 32, 39-41, 50, 52,
53, 55, 57, 60, 62, 65, 68,
69, 71, 73, 76

54

Easy to use 2, 4-7, 20, 31, 32, 53, 57,
58, 60, 62, 65, 68, 71, 76

54

Time efficiency 6, 7, 40, 41, 67, 68, 71,
72, 76

54, 57

Realism/
authenticity

2(3D), 5(NUI(3D)),
20(3D), 23(immersive
VR), 54(3D), 62(3D)

52(2D),
55(2D)

Self-efficacy Confidence in
laboratory work

5, 39, 40, 45, 47, 52, 61,
65, 71

17

Performance
assessment

Knowledge gain 8, 9, 72
Log data
assessment

16, 19, 26, 58, 73
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studies were able to distinguish low performing from high performing learners
by measuring data during the virtual experience, such as time, number of steps,
number of errors and number of hints used (Cuadros et al., 2015; Desai et al.,
2017; Gal et al., 2015; Sampaio et al., 2014; Wu et al., 2019).

2.4.2 Technology

Display technologies and natural user interfaces

The type of technology, used in the reported virtual chemical laboratory, was
identified by examining indications of the technology in the text and in the
images of the publication. We observed two distinct types of technology used
in virtual chemical laboratories as explained in Section 2.3.3.

Display technologies are used to visually display chemical experiments or the
laboratory environment. The majority of publications have reported the use
of virtual laboratories with 3D Desktop technology (n = 37, 49%), while 2D
Desktop is second (n = 29, 38%) and immersive VR as third most used (n = 10,
13%). Examples of immersive VR HMD devices used in this study are: Oculus
Go, Oculus Rift and Samsung GEAR VR. However, studies using 2D Destop
virtual labs seem to have tested more participants (5994 people) than studies
with 3D Desktop (5241 people) or immersive VR (511 people). Table 2.6 shows
the classification of technology types with the corresponding publications as
reference, while Figure 2.5 presents the distribution of the technology types
with total population size of the studies per type.

Natural user interfaces (NUIs) can be characterised as input devices to
control the virtual environment of the application. NUIs use tracking sensors in
order to precisely capture the movement of the user’s body. For instance, NUI
devices that track the movement or rotation of the hand by using controllers or
using cameras such as a Wii Remote or KINECT. With such technology, users
can interact with the system in a way that feels more natural up to a point
where the user is not aware of the interaction interface between human motion
and system control (Jagodzinski & Wolski, 2015). These NUI devices have been
used in 5 publications (Ali et al., 2014; Jagodzinski & Wolski, 2014, 2015; Ullah
et al., 2016; Wolski & Jagodzinski, 2019). Devices tracking finger gestures,
such as Leap Motion controller, have been used in 8 publications (Aldosari &
Marocco, 2015, 2016; Al-Khalifa, 2017; Han et al., 2017; Ikram et al., 2015;
Y. Kim et al., 2016; Wu et al., 2019). Only one publication reported the use
of NUI devices tracking the whole human body such as a KINECT (Desai et
al., 2017). As NUIs are used in combination with a visual display technology,
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publications using 3D Desktop have implemented NUIs (n = 8) more frequently
than publications using 2D Desktop (n = 4) and immersive VR (n = 2).

Table 2.6: Number of studies using a type of display technology with or
without a type of NUI.

Display n References NUI N References
2D
Desktop

25 1, 7, 8, 13, 15,
16, 18, 22, 26,
30, 33-35, 38,
45, 49, 50, 52,
53, 55-57, 59,
60, 74

Movement/rotational
tracking

3 39, 40, 70

Hand gestures 1 6

3D
Desktop

29 2, 9, 11, 12, 14,
17, 20, 21, 25,
27, 28, 31, 32,
41, 46, 51, 54,
58, 61-64, 67-69,
71, 72, 75, 76

Movement/rotational
tracking

2 5, 65

Hand gestures 5 3, 4, 37, 42,
43

Body gestures 1 19
Immersive
VR

8 10, 23, 24, 36,
44, 47, 48, 66

Hand gestures 2 29, 73

With n = number of studies
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Figure 2.5: Number of publications (left bars) and total population size in all
studies (right bars) per technology type. A distinction between display
technology without and with NUI (bottom versus top colour) is made
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Technology trend

In order to identify the current trend of technology use in virtual chemical
laboratories, a distribution of technology types is presented per year over a
time span from 2003 to 2020 in Figure 2.6. It shows that research using virtual
chemical laboratories with 2D Desktop and 3D Desktop technologies has been
prominent throughout the years since the early 2000s with a sharp increase
starting from 2012. NUI devices started to be implemented in virtual chemical
laboratories from 2014, but have not remained largely present in the last few
years. Instead, there has been an increase in the use of immersive technology
starting from 2018.
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Figure 2.6: Distribution of technology types that are reported in the reviewed
publications over a time span of 2003 to 2020.

2.4.3 Instructional design

Learning theories

The learning theories, that are explicitly indicated in the text or as keyword
of the reviewed publications, are extracted and presented in Table 2.7 with a
short description of each theory. The findings of this review study suggest that
inquiry-based learning/discovery learning (n = 7) and learning-by-doing (n =
5) are two of the most used learning theories for virtual chemical laboratories.
However, the large majority of the publications (n = 53, 70%) have not specified
any learning theory.
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Instructional support

Instructional support elements are also extracted from the reviewed publications
and are presented in Table 2.8 with the corresponding description. We observed
that feedback (n = 11), scaffolding/guidance (n = 8) and modality (n = 6)
are the top 3 most frequently used instructional support elements in virtual
chemical laboratories. However, similar to learning theories, the large majority
of the publications (n = 55, 72%) have not specified any instructional support.

Value added research

In order to evaluate the effectiveness of some of the instructional support
elements, a small part of the comparative studies have performed value-added
research. Table 2.9 shows an overview of these comparisons and the achieved
results. From these studies, the instructional support principles of modality
and spatial contiguity have been confirmed when applied to virtual chemical
laboratories. Providing instructions in audio voice is observed to be more
effective than textual or video instructions (Jagodzinski & Wolski, 2015) and
displaying learning information near the object seems to be more effective than
when it is unrelated to its position (Zayas-Pérez & Cox, 2009).

Two studies have examined the scaffolding/guidance principle. Ullah et al.
(2016) found that giving procedural guidance (i.e. step-by-step instructions)
resulted in better procedural knowledge compared to no guidance by measuring
time of completion and errors made. However, it seemed that the participants
score equally in declarative knowledge and skill-based outcome by test and
hands-on lab practical evaluation. Borek et al. (2009) studied the effect of
offering minimal guidance (i.e. inquiry), guidance when needed (i.e. tutored) or
explicit instruction (i.e. direct instruction). They found that tutored approach
resulted in better conditional knowledge than inquiry and direct instruction
approaches. However, the results were not significantly different for declarative
knowledge. They suggested that learners need sufficient guidance while using
the virtual chemical laboratory, but not too much as they are demotivated by
the lack of autonomous decision-making.

Also, a study on pedagogical agents was performed by Makransky et al.
(Makransky, Terkildsen, & Mayer, 2019). They examined the effect of the
virtual agent’s appearance on the learning performance of boys versus girls
between the ages of 13 and 16. A version of the commercial virtual laboratory
Labster was altered to display a drone guide while another version used a human
female guide. Results showed that boys performed better with the drone guide
and girls performed better with the human female guide. The study concluded
that gender matching of the pedagogical agent could motivate the learner to do
more effort to learn.
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Table 2.9: Comparative studies with value-added research and the achieved
results.

Instructional
support

Comparison Results Ref.

Scaffolding
& guidance

procedural vs
no procedural
guidance

procedural > no procedural guidance
(pk)
procedural = no procedural guidance
(dk, sb)

65

inquiry vs
tutored vs
direct instructions

tutored > inquiry = direct instruction
(ck)
tutored = inquiry = direct instructions
(dk)

13

Pedagogical
agent

robot drone vs
human female

human female > robot drone (for girls)
(dk, ck)
robot drone > human female (for boys)
(dk, ck)

48

Modality voice vs text vs
video instructions

voice > text = video instructions
(dk, ck)

39

Spatial
contiguity

co-located vs
not co-located
information

co-located > not co-located (dk) 75

With dk = declarative knowledge; pk = procedural knowledge; ck = conditional
knowledge; sb = skill-based.

2.5 Discussion

2.5.1 Research on virtual chemical laboratories

In this review study it was found that most publications performed media
comparative studies in order to compare the performance between virtual labs
and traditional teaching methods. Mainly quantitative evaluation methods were
used for comparison, such as knowledge tests to examine the cognitive learning
outcomes and lab practical assessments to assess practical laboratory skills.
Similar to other reviews about virtual laboratories, declarative knowledge is the
most studied learning outcome in this study (Brinson, 2015; Ma & Nickerson,
2006). Additionally, qualitative evaluation methods, such as questionnaires,
interviews and observations, were also used in comparative studies to perform
user studies.
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Results of media comparison studies reveal that the effectiveness of virtual
chemical laboratories varies widely depending on which traditional teaching
method they are compared with. When compared with passive media (e.g.
classroom lectures, text or video), virtual labs are more effective for improving
conditional knowledge but are, for some studies, not significantly different in
terms of declarative knowledge. This means that for learning basic knowledge of
chemistry facts and concepts, virtual labs are sometimes equal to passive media.
This could be seen in the study of Makransky et al. (2019) where this was
explained by the cognitive overload (i.e. overwhelming cognitive capacity) of the
learner while using VR systems. However, virtual labs do show better results
when learners need to reason and apply chemical concepts to solve problems
(Herga et al., 2015; Jagodzinski & Wolski, 2015; Makransky, Borre-Gude, &
Mayer, 2019). Virtual labs are able to provide dynamic visualisations in the
sub-microscopic domain, while also offering an interactive platform for the
learners (Herga et al., 2015). This combination of visual support and high level
of interactivity engages the learner to develop a deeper understanding of the
learning content (Davenport et al., 2018; Trindade et al., 2002). Combining
virtual labs with passive media seems to result in a greater improvement as it
reinforces the previously learned concepts (Davenport et al., 2018).

Different results are found when virtual chemical laboratories are compared
with traditional hands-on laboratories. These comparative studies suggest that
virtual chemical laboratories are equally effective or sometimes better than
hands-on laboratories regarding declarative knowledge, procedural knowledge
and skill-based outcomes. These findings align with outcomes of other
literature reviews in which also equal or improved results were observed
between non-traditional (e.g. virtual, remote and at-home kit) and traditional
laboratories (Brinson, 2015; Sypsas & Kalles, 2018). While it is frequently
argued that virtual labs cannot replace real hands-on laboratories (Ikram et
al., 2015; Penn & Ramnarain, 2019; Zhong & Liu, 2014), very little evidence
has been found that virtual labs perform worse than hands-on labs (Faulconer
& Gruss, 2018). This means that learners do learn procedural knowledge and
laboratory skills in virtual environments where physical interaction is limited
(Pyatt & Sims, 2012). Especially when procedural guidance was provided during
the virtual experiment, learners were able to perform better than their peers who
were trained in the real laboratory (Ullah et al., 2016). However, it is possible
that the lab practical experiments were so simple that simple interactions in
virtual labs are sufficient to learn the techniques (Winkelmann et al., 2017).
More research is required to investigate practical laboratory skills in virtual labs
as there is a lack in studies that assess skill-based learning outcomes. So despite
the media comparison of virtual and real labs steers towards equal effectiveness,
virtual labs still have the advantage that no physical lab environment is needed,
thus reducing cost, time, staff personnel and allowing easy accessibility (Brinson,
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2015). Furthermore, a more effective use of virtual laboratories is to utilise
them as a supplementary tool combined with hands-on laboratory resulting in
improved cognitive and skill-based outcomes. When virtual labs are provided
as pre-laboratory exercise, self-efficacy of students was significantly improved
compared to hands-on lab only (Kolil et al., 2020). However, one must be
careful not to overwhelm students with extra work load (Woodfield et al., 2005)
or demotivate them with post-laboratory exercises (Moozeh et al., 2020).

Compelling results are found when attitude and usability towards chemistry
laboratory are compared. Some studies show no difference in attitude (Dalgarno
et al., 2009; Hensen et al., 2020; Winkelmann et al., 2014, 2020), while
other studies observed worse results when compared to hands-on laboratories
(Enneking et al., 2019; Hensen et al., 2020). Some students seem to believe
traditional labs are more useful and easier to use than the virtual labs (Enneking
et al., 2019; Hensen et al., 2020). The reasons for these findings are still unclear,
but authors suggest it could be due to self-selection bias (Dalgarno et al., 2009)
or instructor effect (Hensen & Barbera, 2019). It can also be noticed that the
studies of Enneking et al. (2019) and Hensen et al. (2020) have used the same
virtual lab called LearnSmart Laboratories. So the discrepancies in attitude can
be affected by the design of the virtual application. Nevertheless, comparison of
affective measures between different media should be more rigorous to minimise
any kind of bias.

Evaluative studies are the second most common research purpose in this
review. These studies only considered the group using virtual chemical
laboratories in order to evaluate the affective learning outcomes of the
participants with questionnaires as the most used evaluation method followed
by interviews and observations. The results of these user studies reveal, in
general, positive attitude towards chemistry, good usability of the virtual lab and
improved perceived self-efficacy; despite that some studies reported significant
better results for hands-on laboratory. This means that most users in the
included publications consider the virtual laboratories to be satisfying, easy to
use, helpful for learning and take less time than real laboratory work. These
positive reactions and opinions indicate that the students and teachers accept
to use these systems as educational tool for laboratory practices. However,
as stated previously, it depends on the design and implementation of each
individual virtual laboratory. Usability issues should be resolved (Qvist et al.,
2015) and teachers should be well trained in using these applications (Hensen
& Barbera, 2019) in order to provide better experiences.

Other evaluative studies demonstrated the possibility to evaluate procedural
knowledge and skill-based outcomes by utilising real-time assessment during
the virtual experience (Cuadros et al., 2015; Desai et al., 2017; Gal et al., 2015;
Sampaio et al., 2014; Wu et al., 2019). This opens doors of opportunities
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for unintrusive transfer tests that could reduce test anxiety as the student is
unaware of the assessment (Shute, 2011) and could avoid replication of real-life
lab practical tests. However, there is a lack of studies using this evaluation
methodology. Furthermore, this stealth assessment raises ethical and social
issues by evaluating students without them being aware of the evaluation
(Georgiadis et al., 2018). Therefore, when using this assessment methods,
students must be well informed and consent to such practice.

2.5.2 Technology use in virtual chemical laboratories

The technologies used for virtual chemical laboratories in this review study are
distinguished in visual display output technology and kinaesthetic NUI input
devices, where display technology are further divided in 2D and 3D graphics on
monitor displays, and immersive VR headsets. This technology distinction is
similar to the work of Ali and Ullah (2020), however in this case, immersive VR
and NUI are added because these innovative technologies are distinct from 2D
and 3D Desktop in a way that they have the capability to simulate the chemical
laboratory more realistically.

Virtual chemical laboratories with 2D Desktop technology have been used
primarily to provide simple dynamic visualisation and simulation of chemical
experiments. They can display easy comprehendible animations that integrates
the three levels of chemical representation (Johnstone, 1991): macroscopic
(e.g. colour, solid, liquid), sub-microscopic (e.g. atoms and molecules) and
symbolic level (e.g. chemical notation). With these animations, they support
the learner’s understanding of chemical reactions at sub-microscopic level,
offering an advantage over traditional media (Herga et al., 2015). Moreover,
free experimentation is possible without requiring a real laboratory environment
(Yaron et al., 2010). However, one of the drawbacks is that 2D representations
are unable to provide realistic laboratory environments and actual lab skills
(Ali & Ullah, 2020; Penn & Ramnarain, 2019). Despite this lack of realism,
they have been used consistently over the years with large population sizes. A
reason for this could be that the simple geometries allow easy implementation
via internet as they are less demanding in terms of computer performance and
internet bandwidth than more advanced 3D VR systems (Ali & Ullah, 2020).

A majority of publications have used 3D Desktop technology. These virtual
chemical laboratories were developed with more realistic and more accurate
representations of laboratory environments (e.g. fume hood, lab benches,
cupboards with chemicals) and laboratory equipment (e.g. flasks, burettes,
pipettes) than 2D Desktop laboratories. Additionally, users were also able to
explore the simulated laboratory and freely manipulate 3D objects (Dalgarno et
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al., 2009; Qvist et al., 2015; Winkelmann et al., 2017; Zayas-Pérez & Cox, 2009).
Authors agree that this level of realism and interactivity of virtual chemical
laboratories can help students to familiarise with the laboratory prior to real
laboratory practices (Dalgarno et al., 2009; Georgiou et al., 2007; Tarng et
al., 2017). Another use of realistic simulations is the possibility to simulate
hazardous events that would otherwise be too dangerous to experience in real
life. As such, unsafe laboratory handling can be recognised and good laboratory
practices can be taught in the virtual environment without putting students
at real risks (Bell & Fogler, 2004; N. S. Dholakiya et al., 2019; Makransky,
Borre-Gude, & Mayer, 2019). However, virtual chemical laboratories in a 3D
environment require more computing power due to the cost of rendering 3D
objects with multiple polygons (i.e. geometries that a 3D object is made of)
and interactions of the users simultaneously in real-time (N. D. Dholakiya et al.,
2019; Tarng et al., 2017). Nowadays, the huge improvement of recent computer
technologies have made it easier to realise virtual environments with this high
level of realism and interactivity, unlike in the early years of the computer
age (Dalgarno & Lee, 2009). Still, 3D virtual chemical laboratories, that are
displayed on a computer monitor using keyboard and mouse, are unable to bring
the same feeling and practical handling as laboratories in reality (Dalgarno et
al., 2009; Winkelmann et al., 2017).

Recently, immersive VR technology has been emerging as a promising
educational tool for virtual chemical laboratories. With HMD VR devices, this
technology offers a high level of immersion providing the feeling of really ‘being
there’ in a virtual laboratory environment, whereas 3D Desktop is considered
only as a low immersion technology because of the external screen (Buttussi &
Chittaro, 2018). The technological advancement of 3D stereoscopic depth, head
position/rotation tracking and visual isolation from the real world makes the
user believe that he or she is in an actual laboratory, thus taking a closer step to
virtually replicating a chemical laboratory with high realism. Also, it is believed
that the increased motivation and engagement positively influences the cognitive
learning outcomes (Pekrun, 2000). However, when comparing an immersive
VR virtual lab with passive media and hands-on laboratory, studies reported
equal effectiveness in declarative knowledge (Dunnagan et al., 2020; Makransky,
Borre-Gude, & Mayer, 2019). Other drawbacks are: more expensive than 2D
and 3D Desktop; possibility to induce simulator sickness; and social isolation
(Fransson et al., 2020; Pohl & de Tejada Quemada, 2016). While immersive VR
might not be the most efficient tool to teach declarative knowledge, perhaps it
has a better use as behavioural and emotional training tool in certain laboratory
situations (Makransky, Borre-Gude, & Mayer, 2019).

In addition, visual display output technology can be combined with NUI input
devices in order to enhance the physical authenticity of the virtual chemical

39



CHAPTER 2

laboratory. With NUI technology, it is possible to have realistic interactions
(e.g. grabbing, pinching, pouring) with virtual objects in an ergonomic way
due to advanced tracking technology (Al-Khalifa, 2017; Jagodzinski & Wolski,
2015). Using the KINECT technology, it is possible to further increase the sense
of presence and immersion by positioning the user’s body within the virtual
laboratory environment (Desai et al., 2017). Some studies in this review already
have successfully implemented this technology to perform chemical experiments
(Aldosari & Marocco, 2016; Han et al., 2017; Wu et al., 2019). However, there
are some limitations yet to be overcome such as, inability to precisely capture
fine hand gestures, and to touch or smell the virtual objects (Jagodzinski &
Wolski, 2014; Wu et al., 2019). Nevertheless, combination of NUI technology
with immersive VR devices promises great opportunities to exactly replicate
real-life chemical laboratories and the practical skills in a virtual environment
(Wu et al., 2019).

2.5.3 Instructional design of virtual chemical laboratories

In this systematic literature review, learning theories and instructional support
elements were investigated that have been implemented in virtual chemical
laboratories. There is a common argument in literature that learning theories are
often neglected in studies of educational technology (Hew et al., 2019). Especially
with the use of VR technologies, integration of instructional design features is a
necessity (Makransky, Borre-Gude, & Mayer, 2019). Unfortunately, the findings
in our literature study could not disprove this argument, as a majority of the
reviewed publications did not specify a learning theory. Learning theories are
important because they can describe, explain and predict how people learn when
using certain technologies (Hew et al., 2019). In this way, instructional design
of virtual chemical laboratories can be adapted to these theories to maximise
learning mechanisms. The studies in this review that did specify learning
theories, have most frequently mentioned inquiry-based learning, discovery
learning, learning-by-doing and experiential learning. This is not surprising
because inquiry and discovery learning are inherent characteristics of laboratory
instructions (Domin, 1999). The interactivity and autonomous learning are
aspects of virtual chemical laboratories that make these learning environments
constructivist and learner-centred. This allows the learner to create a more
meaningful understanding of chemical concepts (Tatli & Ayas, 2012).

Another aspect of instructional design is the instructional support that the
learner receives during the virtual learning experience. As seen in the study
of Makransky et al. (2019), effective learning in virtual environments can be
hindered by cognitive overload of the learner. Therefore, providing instructional
support could manage this cognitive load more efficiently and could assist
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the learner when needed (Wouters & van Oostendorp, 2013). Instructional
support elements, such as feedback, scaffolding/guidance and modality, have
been used the most in the studies of this review. Although most of these studies
have only briefly mentioned these features, more can be learned from studies
that have performed value-added research on instructional support principles.
These studies have investigated the effectiveness of certain types of instructional
support by comparing different versions of the virtual application. According
to these studies, it is suggested that virtual chemical laboratories are most
effective when instruction is given near the location of the learning content
(i.e. spatial-contiguity principle) using audio source (i.e. modality principle)
and when guidance (e.g. procedural instruction, hints, feedback) is given only
when needed (Borek et al., 2009; Jagodzinski & Wolski, 2015; Ullah et al.,
2016; Zayas-Pérez & Cox, 2009). However, not enough studies have conducted
value-added research in the context of virtual chemical laboratories. Also,
similar to learning theories, a majority of the studies have not specified any
instructional support element. Eventually, we have come to a point where
it seems that we should focus more on how virtual chemical laboratories are
designed rather than merely comparing different instructional media (Hu et al.,
2022). In this way, we can find a more meaningful progress in research leading
to more effective virtual laboratory systems.

2.6 Conclusions

This literature review shows an analysis of published research that has been
done on virtual laboratories for chemistry education. The current review adds
on previous reviews in this field because we focused not only on the effectiveness
of virtual labs in chemistry education but also included an in-depth analysis on
both novel technology and instructional design.

The results of this review conclude that virtual chemical laboratories are
viable as an effective complementary tool or as an alternative to hands-on
laboratories, despite several publications have argued that they cannot be
used as replacement (Ikram et al., 2015; Penn & Ramnarain, 2019; Sypsas &
Kalles, 2018; Zhong & Liu, 2014). Virtual labs can provide better results in
learning outcomes of all domains (i.e. cognitive, affective and skill-based) than
traditional passive media and they are considered to be equally as effective
and sometimes better than real hands-on laboratories. A more effective use is
to combine virtual labs with passive media or with hands-on labs. However,
important considerations need to be taken in terms of choice of technology and
instructional design.
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Technologies used in virtual chemical laboratories range from simple 2D
graphics to more sophisticated 3D representations of the real laboratory. Even
though 3D Desktop has been used more than 2D Desktop and immersive VR,
each of these technologies have their own benefits and have different purposes.
One might opt for a low-cost easy to implement 2D virtual labs to teach chemical
reactions, or a more costly complex 3D virtual lab to replicate experiments with
simple interactions. If high realism is required, the more expensive immersive
VR technology and NUI input devices can be used.

This review also found that most studies have not considered learning theories
or instructional support in the instructional design. However, these elements are
essential to efficiently manage the learner’s cognitive load and provide sufficient
assistance when learners are struggling.

This literature review can be helpful for researchers, teachers and instructional
developers to implement effective technologies and instructional design elements
that are based on research on virtual chemical laboratories. Even though virtual
laboratories cannot provide the real experience and skills as real laboratories
with current technology, they are still effective tools for distance learning.
Especially for situations when distance learning is the only option, such as in
pandemic outbreaks, schools that cannot afford the cost of real laboratories or
individuals who are unable to attend certain laboratory sessions.

There are some limitations of this literature review. Firstly, there is a
possibility that we have overlooked an unknown number of publications that
could be included in this review due to: only one database was used (i.e. Web of
Science); and some publications were excluded as they did not clearly specify a
chemical laboratory practice or technology. Nevertheless, this limitation should
not have affected our conclusions severely. Secondly, the data of comparative and
evaluative studies were not compared quantitatively in detail. In order to know
the effect size of how much the effectiveness is of virtual chemical laboratories,
a systematic meta-analysis is needed. Thirdly, other immersive technologies,
such as Cave Automatic Virtual Environment (CAVE) and Augmented Reality
(AR) were not included because they are not fully virtual and still require a
physical space in the real world. Fourth, one should be taken into account that
a systematic literature review only reports on the choices made in publications
and on the published results which are sometimes presented without a full
background reasoning. For example, the collected instructional designs and
theories are based on publications mentioning the method, but no information
is given on why these choices were taken. Finally, positive outcomes of this
systematic literature review might be elevated by publication biases. For
example, the lack of publications with negative results due to investigators
simply not reporting findings with negative results.
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In this chapter, there is no in-depth analysis of virtual laboratories for safety
training, because there is a gap in literature research about this topic. Lab
safety training can benefit from virtual laboratories since these can be ideal
training environments for laboratory workers to practice lab safety procedures
without being exposed to real chemical hazards. Following the learning theories
of situated learning and learning-by-doing , learners can potentially learn lab
safety skills better when they experience and safely handle dangerous situations
simulated in virtual labs (Miliszewska & Sztendur, 2011). Immersive VR
technology is the ideal tool to let learners be fully immersed in such situations
and enact safety measures with realistic interactions. In addition, the high level
of interactivity could help the learner be more engaged with safety training,
which are otherwise unmotivating to follow with conventional training methods.
For these reasons, there is a need to investigate virtual laboratories using
immersive VR technology as a tool to motivate and engage learners to follow
lab safety training.
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Design and Development of
a VR Serious Game for
Chemical Laboratory Safety

In order investigate motivation and engagement of VR lab safety training, such
VR tool should be optimally designed to increase motivation. Digital games
are known for such positive effects. Therefore, this chapter fulfils this need
by describing the design and development process of a VR serious game for
chemical lab safety training, called VR LaboSafe Game. First, the design of
the VR game is described with consideration of well-known design principles.
Then, the development process of the VR LaboSafe Game is reported with the
use of easily accessible game development software tools. Although the VR
LaboSafe Game is presented as an example, the proposed design guidelines and
development tools are generic and can be applied to other VR safety training
development projects.

This chapter is adapted from : Chan P., Van Gerven T., Dubois J.-L., Bernaerts
K. (2021). Design and Development of a VR Serious Game for Chemical Laboratory
Safety. 10th International Conference on Games and Learning Alliance (GALA),
Online. Springer International Publishing, Cham. 1: 23-33.
Author’s contribution: Chan P. designed and developed the VR LaboSafe Game, and
drafted the manuscript. Bernaerts K., Dubois J.-L. and Van Gerven T. managed and
supervised the project.
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3.1 Introduction

Since the beginning of the computer era, video games have become more and
more integrated in modern society. This can be noticed by its increasing
popularity, where nearly 40% of the world population are playing video games,
according to a report in 2021 (DFC Intelligence Research, 2021). The revenue
of global video game industry even surpasses the global film and music industry
combined (Ward, 2021). While the interest of games for entertainment increases,
also the interest of games for other purposes increases, including games for
education and training – also known as serious games. The benefits of games
are not only known to have positive effects on motivation and engagement, but
also encourage positive learning outcomes (Garris et al., 2002; Gloria et al.,
2014).

Along with this popularity increase and together with the recent technological
advancements of computers, multiple software tools have emerged to make game
development easier and more accessible to a wider public. Game engines with
a free licensing option, like Unity, Unreal Engine and Godot, have become
more advanced in a way that even people with limited programming skills and
knowledge are able to develop their own game (Gloria et al., 2014).

Although developing your own game has become more accessible, the process
of design and development of a serious game for education and training is still
a difficult process, mainly because it requires a strong collaboration of experts
in many different fields. A typical multidisciplinary team consists of educators,
instructional designers, game developers, visual artists, scriptwriters and many
more (Dimitriadou et al., 2020; Garcia Fracaro et al., 2021). Nowadays, it is
possible to learn most of the development on your own via self-directed learning
with online resources, but the large amount of different design principles in
scientific literature can make it confusing for a beginner to know where to start.

3.2 Designing a VR serious game for chemical
lab safety

The Design phase, in an instructional design process, is dedicated to define
learning tasks and testing strategies (Branch, 2009). From the perspective of
a game life cycle, this phase corresponds to the pre-production phase where
a game design is created that elaborates the gameplay and game mechanics
(Dimitriadou et al., 2020; Ramadan & Widyani, 2013). However, it is not an
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easy task to successfully align learning tasks and game mechanics in serious
games.

Furthermore, there are some other complications for designing effective VR
learning experiences. For example, poorly designed VR serious games can cause
users to feel nauseous, present an overwhelming amount of information or can
simply not be motivating to play (Kourtesis et al., 2019; Makransky, Terkildsen,
& Mayer, 2019; Hu et al., 2022). So, it is a more complex interplay between
cognitive capabilities and psychological factors of the learner.

In general, designing such complex training systems is not easy and requires
many factors to be considered in order to maximise its effectiveness. Therefore,
this section provides several well-researched design principles that could
overcome these challenges. Examples are given how these principles are
implemented in the game design of VR LaboSafe Game. These design choices
that are implemented in the VR serious game are not only based on design
principles from literature, but are also inspired from the gaming experience of
the designer (i.e. the author of this dissertation).

3.2.1 Combining instructional design and game design

In order to design a serious game meant for educational purposes, the game
should be designed with a solid instructional design, as well as an engaging
game design. However, the challenge is to find the optimal balance between
the two designs. Serious games that are heavily focused on transfer of learning
might not be fun to play, while other games designed to be entertaining might
not be educational (Arnab et al., 2015). Ideally, instructional design and game
design should be complementary to each other. Therefore, we need to first
determine what the key elements are for what defines an instructional design
and for what defines a game design.

Instructional design elements

The instructional design is the main structure of the learning experience in a
serious game. It describes what learning objectives the learners will have to
achieve, how the learning content can be presented and how the performance of
the learner will be assessed.

The learning objectives of an instructional intervention determine what
knowledge, skills and attitude are expected of the learner to have gained
after completing the learning experience. These learning objectives provide
the initial framework which the game is built upon (Schrier, 2014). They
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have a large influence on how the game looks and what activities the player
would be performing to achieve the intended learning outcomes. Because of
its importance for the design of the whole game, learning objectives should be
precisely defined at first before continuing to consider other design elements.
From an instructional point of view, it is widely known that effective learning
objectives need to be clear, reachable and measurable (Weitze, 2014).

After clearly defining the learning objectives, an instructional approach is
chosen that describes how the learning content is presented and how the learning
activities are aligned with the learning objectives. Serious games commonly
apply student-centred approaches so that the learners have more control over
their own learning process which makes the learning activities more interactive
(Kebritchi & Hirumi, 2008). Ideally, these learning activities should coincide
with the game activities in the serious game. Arnab et al. (2015) proposed a
model how to align learning mechanics with game mechanics and Rapeepisarn
et al. (2008) presented a relationship between game genres, learning techniques
and learning styles.

Another important element in the instructional design is the assessment
method. It refers to measuring and using data to demonstrate that the learners
have actually accomplished the learning objectives and how effective they have
performed the learning tasks. This assessment can be taken in a summative
way (e.g. with a test or survey at the end of a performance) and/or in a
formative way (e.g. with data logs of the player’s performance during gameplay)
(Bellotti et al., 2013). The latter, also known as in-game assessment, creates
the opportunity to assess the learners’ complex cognitive skills, such as problem
solving and reasoning skills, by tracking their actions within the game (Udeozor
et al., 2021). In order to avoid breaking the flow of the game, the assessment
should be integrated in a way that is less intrusive and less obvious for the
player (Shute, 2011).

Game design key elements

The game design determines the main structure of the game experience of a
serious game and consists of several game characteristics. Numerous scholars
have different definitions of what a game is and what the main characteristics are
that defines a game (Garris et al., 2002; Prensky, 2001a; Salen & Zimmerman,
2004). Usually, it comes down to these elements: goal, rules and challenge
(Wouters et al., 2013). Defining these core elements gives a base structure of
the serious game design and specifies what activities the player will be doing
during the game.
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The goal of a game is the central feature of its formal structure of the game
as a whole that is defined by the game rules, according to Salen and Zimmerman
(2004). They have suggested that games should have clear and quantifiable
goals, otherwise players cannot judge if their actions will reach the goal, making
it impossible to have meaningful gameplay. When designing serious games with
the main purpose to achieve a learning outcome, the game goals should be
designed so that they support the learning objectives to be taught.

Rules have a purpose to impose limits and to force the player to select a
specific path to reach the goals of the game while ensuring that every player
adheres to the same rules (Prensky, 2001a). These rules dictate when the player
is in a winning state or in a losing state. In other words, rules represent criteria
to evaluate the player’s performance and progress in the game in the form of
scoring or progress bars (Huang & Johnson, 2009). Therefore, in the context of
serious games for learning, rules are not only a way to determine if the goals of
the game are reached, but also if the learning objectives are reached.

The challenge in a game is another important aspect in a game design. It
presents a level of difficulty to achieve the game goals, which maintains the
engagement of the player in the game and is a driving force to reach these
goals (Malone, 1981). Optimal challenges should be not too difficult in a
way that causes anxiety, nor too easy in a way that increases boredom. In
doing so, ‘a state of flow’ can be achieved within the player, which depicts
“state in which people are so involved in an activity that nothing else seems to
matter” (Csikszentmihalyi et al., 1990). Thus, when serious games for learning
purposes control and maintain the flow of the learners, enhanced engagement
and attention on the learning material can be accomplished. To maximise
learning, challenges should be designed that encompass the learning goals.

3.2.2 Determining the learning objectives

Before designing the VR serious game, the learning objectives of the chemical
laboratory safety training are determined. The target audience consists of people
who frequently work in a chemical laboratory, including students, researchers
and lab technicians. In order for them to work safely in a laboratory, they
should be able to demonstrate the four main principles of lab safety skills,
known as RAMP (Hill, 2010): Recognize hazards, Assess risks, Minimize risks,
and Prepare for emergencies. Therefore, the main objective of a lab safety
training is to improve the trainees’ safety awareness and safety behaviour.
Safety awareness is the constant consciousness of the state of safety in the
surrounding environment, while safety behaviour, in our case, refers to the
practical application of safety measures in the laboratory.
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Figure 3.1: Diagram of the human decision-making model of Endsley
(Endsley, 1995) adapted with the RAMP principles of Hill et al. (Hill, 2010).

In context of human cognitive processing in a given situation, these principles
could be aligned with the human decision-making model of Endsley (1995),
where situation awareness refers to safety awareness and the decision-making
process refers to safety behaviour. A schematic overview is shown in Figure 3.1
how people process information from a situation to make decisions. This means
that people working in high-risk environments should perceive and comprehend
the hazards in their surroundings, predict possible safety risks that can happen
and make decisions to minimise these safety risks. In case the state of the
environment gets worse, they should make further decisions to prepare for
emergencies.

While adapting these principles and using the revised Bloom’s taxonomy
learning verbs (Anderson et al., 2018), learning objectives of the VR LaboSafe
Game are defined in order to train lab workers to make safe decisions in a
virtual chemical laboratory. This means that after playing the VR LaboSafe
Game, the trainee is able to:

➢ Understand and recognise chemical hazards that are present In the
chemical laboratory (i.e. hazard identification)

➢ Assess risks in the chemical laboratory and predict how likely a hazard
can cause an accident in order to make correct decisions for effective safety
measures (i.e. risk assessment)

➢ Determine appropriate safety measures and apply them to eliminate or
minimise risks in the chemical laboratory (i.e. risk management)
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➢ Demonstrate safe procedural skills of laboratory procedures and
conduct a chemical experiment safely (i.e. safe laboratory procedure)

3.2.3 VR LaboSafe Game design

VR LaboSafe Game is a serious game that utilises immersive virtual reality for
chemical laboratory safety training. In this section we describe the gameplay
and how the game design is aligned with its instructional design.

General game overview

The genre of the game is a single-player simulation game with a problem solving
characteristic. A realistically accurate laboratory environment is simulated with
task-based activities that are related to laboratory activities in real-life (See
Figure 3.2). Using the situated learning approach, the trainee learns about
laboratory safety by physically doing activities related to the skills of hazard
identification, risk assessment, risk management and safe laboratory procedures.
The main goal of the game is to complete these objectives with a game rule to
not cause accidents that will deplete the player’s health points. Throughout the
game, there is a friendly robot in the shape of a chemical batch reactor, called
Archy, that guides the player through the different game levels and provides
feedback on the player’s performance.

Level design

The VR LaboSafe Game has three different game modes: tutorial mode, training
mode and evaluation mode.

The tutorial mode has the purpose to get the player familiarised with the
controls and interactions of the game (See Figure 3.2). Especially for beginners
who are new to VR, tutorial sessions are recommended prior to using the game
to its full extent (Checa & Bustillo, 2019). In this way, the player could be
able to handle the controls more easily during the learning experience, which
leads to performing the tasks more effectively. We developed this tutorial in
separate sections. The first tutorial section includes instructions for interacting
with Graphical User Interfaces (GUI) in the 3D environment, teleporting in the
environment, grabbing objects and pausing the game. In the second tutorial,
players learn how to use a virtual tablet that they can activate at any time.
This tablet with a virtual touch interaction can be used to display the game
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objectives and game progress, scan chemical containers to obtain the Safety
Data Sheet (SDS) documents of the chemical, and take pictures of the virtual
environment. The third tutorial introduces the player to the health points
system and how to protect their health points by equipping Personal Protective
Equipment (PPE) clothing. Because these VR interactions can be quite complex
for first-time users, each instruction has small minigame tasks (e.g. collecting
all balls in time) in order for the player to be acquainted to interacting and
handling in VR by part-task practice (Kirschner & van Merriënboer, 2018).

The training mode has the purpose to train the player’s skills of laboratory
safety in an interactive and engaging way. There are three distinct game levels,
also called missions, with different tasks: 1) Risk Spotting; 2) Risk Minimisation;
and 3) Safe Experiment. The first mission level is designed with a ‘search and
find’ game mechanic, where the player has to spot a certain number of safety
risks that appear in the virtual laboratory (See Figure 3.2). For example, some
safety risks are: a lab technician working in a fume hood with the window fully
open; a bottle with flammable chemical is stored in a fridge that is not safe
against ignition; or a lab technician that is not wearing the correct PPE. The
player takes a picture of these risks and answers questions on the laboratory
tablet. These questions are related to the chemical hazards and consequences of
the spotted risks in order to train and assess the skills of hazard identification
and risk assessment. This game level is completed when all risks are found. The
second mission level is an extension of the first game level in a way that the
player not only needs to spot risks in the lab but also needs to correctly eliminate
or minimise these risks (See Figure 3.2). For example, when the player spots a
full beaker of nitric acid waste, then the player should dispose this chemical
waste in the correct waste container. This level develops the player’s risk
management skills. In the first and second level, the challenge can be tailored
by adjusting the number of risks and their complexity. The third mission level
is distinct from the first two levels in which the player needs to complete a
chemical experimental procedure with the necessary safety measures (See Figure
3.2). For example, the player needs to perform a distillation experiment of ethyl
acrylate as safe as possible. Unsafe and dangerous decisions of the player can
result in an accident with a reduction of health points. This level allows the
player to train the procedural skill of managing a chemical experiment safely.
The challenge in this level depends on the complexity of the experiment setup.

The evaluation mode is where the safety awareness skills and safety
behaviour of the player are taken to the test. The different objectives, that are
also found in the training levels, are combined into one game level where the
choices of the player can influence the scenario of the level. For example, the
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player needs to spot safety risks in the beginning of the level before performing
an experimental procedure. When crucial safety risks are not recognised and
eliminated, these risks can cause an accident during the chemical experiment
procedure. The in-game assessment of the player’s decisions and actions can
evaluate the player’s competence in laboratory safety.

In-game assessment During every mission level, in-game measurements
caused by the player’s actions are collected and recorded. Game elements that
are saved in a data log file include: number of correct or incorrect actions,
total time of finishing a mission level, number of hints requested, health points
remaining and protection points lost. At the end of the level, these measurements
are analysed to assess the players’ performance on a three-star rating system:
Novice, Regular and Expert. Because each mission level is designed based on
learning objectives, the players’ game performance could give an indication of
their safety competence in a real laboratory.

1) 2)

3) 4)

Figure 3.2: In-game screenshots of the VR LaboSafe Game: 1) Tutorial of
teleportation; 2) Mission 1: Risk spotting; 3) Mission 2: Risk minimisation; 4)
Mission 3: Safe experiment.
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3.2.4 Cognitive instructional design

With VR environments and games, there is a high possibility to exceed the
cognitive load of the learner when the amount of information is too overwhelming
(Kalyuga & Plass, 2009; Makransky, Terkildsen, & Mayer, 2019). The cognitive
load is the demand or capacity of cognitive resources that is involved in learning
and reasoning (Sweller et al., 1998). There are three types of cognitive load
(Sweller et al., 1998): intrinsic, germane and extraneous cognitive load. Intrinsic
cognitive load refers to the cognitive demand inherent of the task, this means
the mental effort that is required to comprehend the content of information.
Germane cognitive load refers to the cognitive demand that is needed to process
information, constructing mental models and developing automation skills.
Extraneous cognitive load refers to the cognitive demand resulted from irrelevant
information that is not related to the learning content. Thus, in order to increase
the effectiveness of VR serious games, the instructional design should consider
how to make efficient use of the cognitive resources of the learner.

In context of human cognitive processing, three types of cognitive processing
occur while learning, according to the cognitive theory of multimedia learning
(Mayer, 2014a): essential, generative and extraneous cognitive processing. In
order to efficiently manage the cognitive load of the learner, it is suggested to:
manage essential processing, reduce extraneous processing and foster generative
processing.

Manage essential processing

Essential cognitive processing refers to cognitive processing in the working
memory that is needed to mentally select the visual and verbal information from
the learning content. Providing information with a mixed modality (i.e. partly
visual and partly audio) is more effective in transferring essential information
rather than only one modality (i.e. either visual or auditory) (Sweller et al.,
1998). Another method is by dividing tasks to learn a complex skill or knowledge
into smaller sections and sequencing it from simple to difficult according to the
expertise growth of the learner (van Merriënboer & Kester, 2014). In the VR
LaboSafe Game, instructional information is divided in different modalities:
visual information by animations and colours; and auditory information by
Archy talking to the player or by distinct feedback sounds. Moreover, each
mission level is sequenced in smaller levels corresponding to one of the learning
objectives in which these levels become more difficult.

54



DESIGN AND DEVELOPMENT OF A VR SERIOUS GAME FOR
CHEMICAL LABORATORY SAFETY

Reduce extraneous processing

Extraneous cognitive processing refers to cognitive processing that does not
support the learning objective. In the case of VR environments and games,
excessive extraneous processing is highly probable because high amounts of
distracting details are displayed to the learner (Makransky, Terkildsen, & Mayer,
2019). Highlighting elements, that are relevant to the learning material, could
draw the attention of the learner towards these elements and away from other
distracting elements (van Gog, 2014). In the VR LaboSafe Game, important
information is highlighted with a prominent colour or distinct shape. Spatial
sound feedback and Archy pointing at objects can also guide the attention of
the player in 3D environments. Moreover, after spotting the lab safety risks,
the answers given on the tablet quiz are displayed close to the location of the
safety risk. Placing related learning content in close spatial proximity, promotes
the spatial contiguity of the learner.

Especially for beginners, a new virtual environment with a high amount
of decorations and details might be too overwhelming for them. However, in
real-life situations, environment are often distracting. For example, Qvist et al.
(2015) noticed that the virtual lab in their application looked too organised and
clean, while in reality, laboratories are often cluttered and messy. As beginners
ar more acquainted with the virtual environment, perhaps more details can be
displayed without straining the extraneous processing too much. An alternative
method to highlighting, could be the use of foveated rendering to reduce cognitive
load. It is a method that displays the detailed virtual environment where the
eyes are focused, but blurred vision in the peripheral area of the eye gaze. This
helps to reduce visual information input from surrounding area, thus reducing
extraneous cognitive load (Romero-Rondón et al., 2018).

Foster generative processing

Generative cognitive processing refers to cognitive processing aimed at
comprehension by organizing and integrating the content into knowledge. Several
techniques have been researched that provide guidance to the learner to enhance
deep learning of the learning content, such as scaffolding the learning content
by providing instructional support for novice learners in the beginning, but
that fades away as the learner gains more skill and expertise (Pea, 2004).
Another technique is by bringing a sufficiently high variability in learning tasks
throughout the whole training experience (van Merriënboer & Kester, 2014).
In the VR LaboSafe Game, the game levels is designed in such way that hints
are provided when the player is struggling. For more experienced players,
these hints are not immediately shown, but can be requested when needed. To

55



CHAPTER 3

implement variability, random lab safety risks are spawned at random locations
in the virtual laboratory. Each time the player starts a mission level, a different
situation is presented.

3.2.5 Motivational game design

Although the novelty and increased sense of presence of VR technology can
be inherently motivating, the interactivity of the player with the virtual
environment is also very important for sustained engagement (Checa & Bustillo,
2019). By making the learning environment more like a video game, high
interactivity and engagement can be ensured. Researchers have suggested that
playing games meant for educational purposes leads to greater involvement with
the learning experience and motivation to train longer than with traditional
teaching methods (Garris et al., 2002). However, other researchers have
mentioned that implementing game-elements does not automatically make
the training motivating (Hu et al., 2022; Wouters et al., 2013).

To achieve this high level of engagement, the serious game design should
support the motivational needs of the player. Game elements, that are based on
the self-determination theory (SDT) of Ryan and Deci (Deci & Ryan, 2004), can
sustain the intrinsic motivation of the player by supporting the psychological
needs of autonomy, competence and relatedness.

Autonomy

The ability to feel in control of one’s behaviour and goals is one of the elements
of SDT. A flexible game design, that allows players to make their own choices,
creates a more meaningful and motivating experience (Nicholson, 2015).
Moreover, allowing players to explore and have a sense of control over the
environment, sparks their interest and curiosity of the virtual space (Minocha et
al., 2017). In the VR LaboSafe Game, safe or dangerous situations can appear
depending on the players’ decisions. For example, when nitric acid waste beaker
is poured in a container of organic solvent waste instead of the inorganic acid
waste, then an explosion happens. Also, in order to promote the autonomy, the
missions levels are designed in a way that players are free to explore the virtual
lab in search for lab safety risks. This exploration design choice resembles the
characteristics of an escape game genre.
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Competence

Another element of SDT is the feeling of confidence over one’s mastery to
overcome new challenging tasks effectively. Providing a challenge scaffolding
that tailors the level of difficulty to be not too easy nor too hard for the
players, can boost their confidence in their abilities (Csikszentmihalyi et al.,
1990). This also means that such game design allows a graceful failure of these
challenges making it a part of the learning experience to enhance the players’
ability to overcome them the next time (Anderson et al., 2018). In the VR
LaboSafe Game, this is related to the scaffolding structure of the game levels
as mentioned before. Challenges become more difficult the further the player
progresses. However, when players do fail at a task causing an accident, the
mission level is not immediately stopped, but might reduce the players’ health
points. This could prevent players to get immediately demotivated every time
they do something incorrect. At the end, they will then receive feedback of
what they did wrong and how to do better next time. This feedback also shows
learning statistics of their learning progress and comparison with other players,
so that this could improve their self-efficacy.

Relatedness

The third psychological need involved in the SDT is the feeling of being socially
connected with others. Although not all games can afford multiple players, this
satisfaction feeling can also be achieved by meaningful interactions with non-
player characters (NPCs) in the game (Ryan & Rigby, 2020). Especially with
VR technology, a realistic social presence can be simulated. In the VR LaboSafe
Game, Archy the batch reactor robot follows the player as a guiding companion.
He gives feedback and hints with a friendly voice in order to help the player
progress further. Moreover, there are virtual co-workers whom the player will
need to keep safe. These characters makes the chemical lab more crowded and
realistic instead of an empty environment.

3.2.6 Virtual reality considerations

Modern immersive VR technologies are capable to transport the user to a
virtual simulated environment that can strongly resemble reality. Through these
technological affordances, the user experiences the sense of presence, which
translates to the ‘subjective feeling of being there’ (Slater & Wilbur, 1997).
Immersion and presence have, in some cases, been reported to positively affect
motivation and learning outcomes (Lee et al., 2010). The high level of presence is

57



CHAPTER 3

on one hand achieved with highly realistic visual representations, but on the other
hand also realistic interactions in a way that the virtual environment behaves
like in the real-world. It is an interplay between sensory and interaction fidelity
that affects one’s feeling of being inside the virtual environment (Mikropoulos
& Natsis, 2011; Walsh & Pawlowski, 2002). Especially Head-Mounted Displays
(HMDs) are one of the most immersive VR technologies that can provide a
high level of visual and interaction realism, while users are visually closed off
from the real-world surroundings (Checa & Bustillo, 2019). These devices
have been used for educational purposes resulting in positive learning outcomes
(Buttussi & Chittaro, 2018). However, users might become disoriented and
develop symptoms of feeling nauseous when visual actions inside the device do
not match with the actual physical movement of the human body (Davis et al.,
2015). Research has been done to search for solutions to prevent or minimise
this simulator sickness. Improving the immersion of the user by using adequate
hardware and interactive design considerations seems to reduce these symptoms
(Kourtesis et al., 2019).

Immersion

While there are different definitions of immersion in literature, one of the
definitions is the technical capability of a system where the user perceives
a virtual environment through natural sensorimotor contingencies (Slater &
Wilbur, 1997). This means that VR HMDs with more advanced technological
features can provide a high level of immersion and reduce symptoms of simulator
sickness. Some technological characteristics that can affect simulator sickness
are: visual performance, spatial audio and motion tracking quality (Kourtesis
et al., 2019). The VR LaboSafe Game uses the Meta Quest 2, which provides
high-quality performance and comfort by allowing free movement, untethered
from a computer.

Interactivity

The term interactivity refers to the interaction between the user and the
virtual environment, allowing the user to influence the environment in real-time
(Steuer, 1992). VR technology is able to bring a high level of interactivity
with natural and intuitive user interactions. This improves the immersion and
reduces simulator sickness (Weech et al., 2019). Moreover, allowing users to
freely move in the virtual environment by means of teleportation also prevents
symptoms of nausea (Cherni et al., 2020). In the VR LaboSafe Game, players
are able to intuitively interact with virtual objects, such as grabbing, throwing,
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pinching, etc. Moreover, they can teleport to different locations in the virtual
environment.

3.3 Developing VR LaboSafe Game with game
development tools

The Develop phase has the purpose to generate and validate the learning
resources (Branch, 2009). From the perspective of a game life cycle, this phase
corresponds to the production phase where the game is developed using software
tools such as game engines and 3D modelling applications (Dimitriadou et al.,
2020; Ramadan & Widyani, 2013). It is also important to decide which hardware
equipment will be used for the serious game. Depending on the performance of
the selected VR headsets, extra considerations would be needed to optimise the
game software in order to avoid game performance issues. Although this phase
is primarily managed by game developers and artists, modern easily accessible
game development software tools allow anyone to develop games on their own.
In this section, we specify which tools were used and which resources were
helpful to develop VR LaboSafe Game by self-directed learning.

3.3.1 Software tools

For the development of VR LaboSafe Game, we selected inexpensive development
software tools that can be easily acquired by downloading these online. There
is a variety in game development tools that are needed for different purposes
including 3D modelling software, image editing applications, game engine,
programming integrated development environments (IDE) and sound editing
software.

In the first stages of the development of VR LaboSafe Game, the necessary
game assets are designed and created, more particularly, the 3D environments
and 3D objects. These assets were first visualised on paper as design drawings
before producing the 3D models using Blender (See Figure 3.3). Blender is a
free-of-cost open-source 3D modelling software with a large online community
of users (Blender, 2022). Other 3D assets were downloaded for free or at a cost
from online platforms for 3D models and asset stores (e.g. Sketchfab (Sketchfab,
2022) and Unity Asset Store (Unity Asset Store, 2022)). GIMP was used as a
free-of-cost image editing software in order to create textures for the 3D models
and GUI images (GIMP, 2022).
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Figure 3.3: The process of (left) designing Archy and the laboratory layout
on paper, (middle) 3D modelling this environment and character in Blender,
(right) and importing game assets in Unity3D for the VR LaboSafe Game.

Once most assets were obtained, these assets were then imported into the
game engine Unity3D for the development of VR LaboSafe Game (See Figure
3.3). Unity3D is a widely used game engine that is based on C# programming
language and has a free licensing option (Unity3D, 2022). It offers a lot of
advanced options to develop the game with high quality, while also offering an
abundance of support. Furthermore, we used Unity’s XR Interaction Toolkit
that provides ready-to-use solutions for implementing VR interactions in the
VR LaboSafe Game more easily.

3.3.2 Hardware equipment

We selected the Meta Quest 2 as VR HMD for the VR LaboSafe Game due to its
affordance to move freely while still providing a relatively high performance. This
standalone mobile VR headset does not require a cable connection to a computer,
allows six degrees of freedom (6DOF) tracking and provides a resolution of
1832x1920 per eye. This device’s comfort and high-quality performance could
be a way to reduce the symptoms of simulator sickness. However, compared to
other high-end VR HMDs that are tethered to a gaming computer, the Meta
Quest 2 has hardware components similar to those of a powerful smartphone.
This means that this VR headset has a lower processing power than tethered
devices, which increases the need for optimisation considerations that will lower
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the visual quality and visual fidelity of the game. Nevertheless, better comfort
and simplicity is preferred over quality in order to make the VR serious game
more accustomed to a wide range of population, including people who are not
used to VR or gaming in general.

3.3.3 Optimisation techniques

When developing VR applications for standalone VR HMDs, such as the Meta
Quest devices, decisions must be made early on in the development stage to
optimise the performance of the application. VR games that are not well
optimised result in a lagging performance in frames per second. A large frame
rate drop could lead to increased simulator sickness (Kourtesis et al., 2019).
For the development of VR LaboSafe Game, some common game optimisation
techniques are applied (Ferreira, 2019):

➢ Using a minimum amount of materials and textures for 3D objects by
using texture atlases (i.e. combining multiple textures in a single image
file) (See Figure 3.4);

➢ Reducing polygon count of 3D models (i.e. minimising the geometric
faces that a 3D model is composed of);

➢ Using baked lightmaps and avoiding dynamic lighting (i.e. lighting of the
environment is fixed and is predetermined in a single image file);

➢ Enabling occlusion culling during gameplay (i.e. objects are not rendered
when they are not in the player’s vision or when they are hidden behind
another object) (See Figure 3.4).

3.3.4 Game development by self-directed learning

Game development does not always require a large team of developers. Indie
games, for example, are commonly developed by one person or a small team
with a versatile skill set. So, developing a VR serious game on your own is
an achievable goal, especially with the software tools mentioned in Section
3.3.1. However, a limited expertise and experience of game development can
make this goal more difficult to achieve. Fortunately, there is an abundance of
free online resources that can support novice developers to self-educate how
to develop a game from the beginning. This learning method, where learners
take control over their own learning experience, is called self-directed learning
(Rashid & Asghar, 2016). Tutorial videos and documentation manuals can be
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very helpful to master the different game development software tools, while
community-driven question-and-answer websites are useful for troubleshooting
specific development issues. Table 3.1 shows several online resources that aided
the process of developing the VR LaboSafe Game.

Figure 3.4: Optimisation techniques used in VR LaboSafe Game: (left)
texture atlas for a material; (right) occlusion culling of objects behind a wall in
the virtual laboratory.

Table 3.1: Online resources used for self-directed learning of development of
VR LaboSafe Game.

Software/intention Online resources
Blender - Youtube channels (e.g. (Blender Guru, 2022))
Unity3D - Youtube channels (e.g. (Brackeys, 2022), (Code

Monkey, 2022), (Unity Youtube, 2022))
- (Unity Documentation, 2022)
- (Unity Learn, 2022)

C# programming - (C# Documentation, 2022)
VR development - Youtube channels (e.g. (VR with Andrew, 2022),

(Valem, 2022))
Troubleshooting - (Stack Overflow, 2022)

- (Unity Answers, 2022)
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3.4 Conclusions

VR technology provides the possibility to virtually train hands-on skills in a
realistically simulated environment and games are capable of keeping the player
constantly engaged. These technological tools could greatly improve current
training methods for laboratory safety. However, designing and developing a
VR serious game is not an easy process; it is highly multidisciplinary and it
is hard to find information in literature on this entire process. Therefore, this
chapter presented the whole process with multiple perspectives on how to start
from an initial concept to a fully developed VR serious game. The design and
development process is shown of VR LaboSafe Game – a VR training tool for
chemical laboratory safety – as example, but the process is suitable for any VR
serious game.

The game design of VR LaboSafe Game considers an integration of both
instructional design and game design. Design principles were taken into account
on how to efficiently manage cognitive load of learners and on how to intrinsically
motivate players. Furthermore, specific VR design guidelines are presented in
this chapter to prevent severe symptoms of simulator sickness due to the use of
VR headsets.

The VR LaboSafe Game is then developed using inexpensive and easily
accessible software tools, such as Blender and Unity3D. Game performance
issues causes lower frame rates, inducing more severe symptoms of simulator
sickness. Therefore, game development techniques for performance optimisation,
such as texture atlasing and baked lightmaps, are applied to reduce these issues.
The development process of the game was heavily supported by tutorials and
online resources in order to self-learn game development skills. Design guidelines
and development resources mentioned in this chapter can contribute as a guide
and as a worked example for future designers and developers of VR serious
games.
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Usability and Simulator
Sickness Testing of using
the VR LaboSafe Game

During the development of the VR LaboSafe Game, it is a first priority to
ensure that the game is an easy-to-use system and induces minimal symptoms
of sickness during the VR experience. A difficult-to-use VR training that causes
severe simulator sickness symptoms is not desirable and could negatively affect
the results of further evaluation studies. Therefore in this chapter, studies on
usability and simulator sickness are described where VR LaboSafe Game is
implemented and tested on academic and industrial populations. A first version
of the VR game was tested in order to assess whether the usability and simulator
sickness were acceptable. Then, based on these results, an updated version of
the VR LaboSafe Game was tested in order to verify if the adjustments have
improved the usability and simulator sickness of the game.

This chapter is partially adapted from: Chan P., Van Gerven T., Dubois J.-L.,
Bernaerts K. (2021). Design and Development of a VR Serious Game for Chemical
Laboratory Safety. 10th International Conference on Games and Learning Alliance
(GALA), Online. Springer International Publishing, Cham. 1: 23-33.
Author’s contribution: Chan P. tested the VR LaboSafe Game on academic and
industrial populations, and drafted the manuscript. Bernaerts K., Dubois J.-L. and
Van Gerven T. managed and supervised the project.

65



CHAPTER 4

4.1 Introduction

Typically during the production stage of a game life cycle, tests are occasionally
performed in order to assess the usability of the developed system on the target
population (Arnab & Clarke, 2017; Dimitriadou et al., 2020). According to the
International Organization of Standardization 9241-11, usability can be defined
as "the extent to which a system, product or service can be used by specified
users to achieve specified goals with effectiveness, efficiency and satisfaction in
a specified context of use." (ISO, 2018). This means that in context of system
usability, good usability is achieved when the system lets people complete their
goals with reasonable accuracy, with minimal time and effort, and when people
are satisfied using the system. From a user perspective, an easy-to-use system is
an important aspect of usability. Results of usability tests give more insight to
designers and developers what usability issues are present and how to improve
the system in future development iterations.

Especially for VR technologies for training purposes, good system usability is
crucial because specific learning outcomes are expected by using these systems.
Bad system usability can impair the learning processes of trainees by causing
overwhelming cognitive load (Hollender et al., 2010). In this case, learners
are not only required to invest mental effort to acquire knowledge and skills
from the educational software, but also require to learn how to use the VR
system. If a system is too complicated and difficult to control, then users might
find it unpleasant and are unlikely to use it again (Harris et al., 2020). In
particular with VR tools, these devices can cause simulator sickness symptoms,
which result in a negative effect on user experience (Somrak et al., 2019). Thus,
uncomfortable experiences will reduce the users acceptance for the technology
and will negatively impact the motivation and engagement (Mallam et al.,
2019).

For these reasons, we must ensure that the usability of the VR LaboSafe
Game is optimal and that the severity of simulator sickness is minimal before
performing further evaluations. At first, a preliminary version of the game
(version 1.0) was tested to evaluate the usability and simulator sickness. Based
on these results, adjustments were implemented in the updated version of
the game (version 2.0). Then, VR LaboSafe Game version 2.0 was tested
to investigate improvements on system usability and simulator sickness and
compare the results with version 1.0. Eventually the game version with a better
usability and minimal severe simulator sickness symptoms, can then be used
for further evaluation studies.
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4.2 Testing VR LaboSafe Game version 1.0
(VRLSG-1.0)

The VR LaboSafe Game version 1.0 consists of the first two tutorial levels (i.e.
VR interactions and laboratory tablet tutorials) and the first mission level (i.e.
Mission One: Risk Spotting). Because animation of virtual characters and
voice acting are time-consuming to develop in a game, this first version has
only textual step-by-step instructions in the tutorial levels and no animated
characters. A first test was then conducted in order to assess if the game has
good usability with textual instructions and does not induce severe simulator
sickness symptoms.

4.2.1 Methodology and participants

A total of 10 participants (5 women, 5 men, age 20-30) were recruited, who were
assigned as interns or students at a research centre of the chemical company
Arkema in France. These participants were invited via e-mail to voluntarily
participate in this study. Some supervisors of these participants also highly
recommended them to participate. Only three participants said they had prior
experience with a VR HMD. This test is coded as: VRLSG-1.0.

During the testing sessions, they played the first two tutorial levels and the
first mission level of the VR LaboSafe Game version 1.0. The VR LaboSafe
Game version 1.0 contained tutorial levels with textual step-by-step instructions
and no animated characters. Because of the COVID-19 sanitary measures,
the participants wore a face mask and the VR HMD, the Meta Quest 2,
was disinfected before each use. The participants played for a duration of
approximately 40 minutes continuously without breaks from VR. No one of the
participants dropped out before the end.

In order to analyse the usability and simulator sickness, we used the
questionnaires System Usability Scale (SUS) (Kennedy et al., 1993) and
Simulator Sickness Questionnaire (SSQ) (Brooke, 1995) after playing the
game. Additional questions were added on the usefulness of the game, their
perceived learning and intention to use. Although most of the participants were
French, they stated that they had no issues playing the game and replying to
questionnaires in English.
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4.2.2 Results and discussion

The SUS questionnaire contains 10-items on a 1 (strongly disagree) to 5 (strongly
agree) Likert scale. The calculated SUS score can range from 0 to 100, wherein
values of above 68 have an acceptable usability with minor changes required,
while systems with values below 68/100 have an unacceptable usability with
major changes required (Brooke, 1995). The SSQ contains 16-items on a 0
(none) to 4 (severe) Likert scale. The responses are then calculated to generate
the total score for simulator sickness using the equation mentioned by Kennedy
et al. (1993). Traditionally, SSQ scores above 20 would be identified as a “bad
simulator” (Kennedy et al., 1993). However, a recent meta-analysis mentions
that this threshold of 20 SSQ score is outdated and a new evaluation scale
needs to be implemented (Caserman et al., 2021). In this literature review, at
SSQ scores of 40 or higher, withdrawal rates of approximately one third were
observed. For this reason, Caserman et al. (2021) suggest that for modern VR
HMDs, it would be more precise to shift this SSQ score threshold to 40 instead
(Caserman et al., 2021). This Results of the SUS and SSQ scores are presented
per participant in Figure 4.1.

The total SUS scores of the VRLSG-1.0 test vary widely from 40.00 to 72.50
with an overall mean score of 58.25 (SD = 12.8) among the 10 participants.
This score is below the usability threshold of 68/100 according to Brooke (1995).
The best scoring SUS item states that VR LaboSafe Game is ‘well integrated’,
whereas the worst scoring item states that the participants ‘would need the
support of a technical person’. The varying SUS scores show that the usability of
VR LaboSafe Game should be improved in a way that supports the users better.
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Figure 4.1: System Usability Scale (SUS) (blue) and Simulator Sickness
Questionnaire (SSQ) (red) scores per participant.
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Indeed, it was observed that some participants had issues with controlling
the VR interactions more confidently, especially for people using VR for the
first time. Support from the experimenter was often required because the
participants did not read the textual instructions or could not fully understand
it. This could be caused by the abundance of visual and textual instructions
in another language resulting in a high impact on the cognitive load of the
user (Low & Sweller, 2014). This usability testing informed that VR LaboSafe
Game 1.0 could be improved by replacing most textual information with spoken
instructions via a pedagogical agent and add more comprehensible animations
demonstrating the VR controls.

In terms of simulator sickness, the VRSLG-1.0 test obtained a mean total
SSQ score of 48.25 (SD = 55.68). There are 5 participants who scored an SSQ
score below 40, while the other 5 participants scored higher SSQ scores. The
most frequently reported (6/10) symptoms are ‘eye strain’ and ‘blurred vision’,
but also other symptoms, such as ‘general discomfort’ and ‘difficulty focusing’
(5/10). Despite no one dropping out and symptoms of simulator sickness
were not apparent from our observations, some participants have experienced
mild symptoms of visual discomfort according to the SSQ results. This could
be explained by the relatively long duration of 40 minutes continuous VR
experience. Prolonged duration of visual exposure to a digital screen can cause
ocular sickness symptoms, such as eye strain and headaches (Hirzle et al., 2021).
Therefore, it is important for the future use of VR LaboSafe Game to allow
frequent breaks of a few minutes, especially for first-time VR users in order to
minimise discomforting symptoms.

4.3 Testing VR LaboSafe Game version 2.0
(VRLSG-2.0) and comparison with test
VRLSG-1.0

The results from the VRLSG-1.0 test show that the VR LaboSafe Game
version 1.0 could be improved by reducing textual instructions and allowing
breaks from VR between game levels. Therefore, in VR LaboSafe Game
version 2.0, textual instructions in the tutorial levels were replaced by spoken
step-by-step instructions by Archy and NPC animations were added as examples
to demonstrate how to move with VR controllers. In addition, prompt messages
were added between game levels informing the player to take a break from VR
if needed. Then, another test was performed with VR LaboSafe Game version
2.0 in order to assess whether the system usability and simulator sickness are
improved compared to game version 1.0.
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4.3.1 Methodology and participants

A total of 35 participants (11 women, 24 men, 91% age 20-30) were recruited,
who were students or researchers with a background in chemical engineering or
chemistry from the university KU Leuven in Belgium. From the 35 participants,
11 people (31%) have mentioned to have used VR HMDs at least once. This
group is coded as: VRSLG-2.0. A schematic representation of the procedure
of VRLSG-2.0 is shown in Figure 4.2 with the procedure of VRLSG-1.0 as
comparison.

During the testing sessions, they played the first two tutorial levels and the
first mission level of the VR LaboSafe Game 2.0. The VRLSG-2.0 group did not
play the first VR LaboSafe Game version 1.0. The VR LaboSafe Game version
2.0 contained spoken step-by-step instructions by Archy with NPC animations
demonstrating how to move with the VR controllers (See Figure 3.2). Also with
this test group, the Meta Quest 2 is used and the same COVID-19 sanitary
measures were employed. The participants of this group played for a total
duration of approximately 40 minutes. However, in this case, after each tutorial
or mission level, which takes roughly 15 minutes, participants were allowed to
take a 5 minute break from VR.

VRLSG-1.0 (n=10)

Pre-evaluation

Post-evaluation

� Demographics and
Technology use

� System Usability Scale
(SUS) questionnaire

� Simulator Sickness
Questionnaire (SSQ)

VRLSG-2.0: Mission 1VRLSG-1.0: Mission 1

VRLSG-1.0: Tutorial 1

VRLSG-1.0: Tutorial 2

VRLSG-2.0: Tutorial 1

Break from VR
(optional)

approx. 15 min

approx. 10 min

approx. 15 min

5 min

5 min
Break from VR

(optional)
VRLSG-2.0 (n=35)

   

VR LaboSafe Game version 1.0:
     •   Textual instructions
     •   No animated NPCs

VR LaboSafe Game version 2.0:
     •   Spoken instructions
     •   Archy and animated NPCs

VRLSG-2.0: Tutorial 2

Figure 4.2: Experimental procedure with (left) VRLSG-1.0 group playing VR
LaboSafe Game version 1.0 and no breaks from VR, (right) and VRLSG-2.0
group, a separate test group, playing VR LaboSafe Game version 2.0 and with
breaks from VR.
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In order to analyse the usability and simulator sickness, the same SUS and
SSQ questionnaires were used after playing the VR game, like in test VRLSG-1.0.
The results of VRLSG-2.0 are then compared with the results from the previous
test VRLSG-1.0.

4.3.2 Results

System usability scale

Results and interpretation of the total SUS score of VRLSG-2.0 are shown
in Figure 4.3 with the SUS score VRLSG-1.0 as comparison. The total SUS
scores of VRLSG-2.0 test vary widely from 37.5 to 85 among the 35 participants
with a mean SUS score of 68.5 (SD = 10.9). This score is around the 68/100
usability threshold according to Brooke (1995). Alternatively, Bangor et al.
(2009) presented a rating scale to assess the SUS scores with an adjective from
‘worst imaginable’ to ‘best imaginable’. As shown in Figure 4.3, this means that
the VR LaboSafe Game 2.0 has an adjective rating between ‘ok’ and ‘good’
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a rating scale adapted from a SUS analysis toolkit (Blattgerste et al., 2022),
which in turn is based the rating scale of Bangor et al. (2009).

71



CHAPTER 4

system usability and in the range of ’marginally acceptable’ to ’acceptable’
rating. It is a better rating compared to VR LaboSafe Game 1.0 that has an
adjective rating between ‘poor’ and ‘ok’ system usability and in the range of
‘not acceptable’ to ‘marginally acceptable’ rating.

From Figure 4.4, it can observe that the best scoring items of the VRLSG-2.0
group describe that the VR LaboSafe Game 2.0 is ‘well integrated’ (S5) and has
not ‘too much inconsistencies’ (S6), whereas the worst scoring items indicate
that participants ‘would need the support of a technical person’ (S4) and that
it is rather not completely ‘easy to use’ (S3).
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error bars with 95% confidence interval SUS items VRLSG-1.0 VRLSG-2.0

Figure 4.4: Bar plot of SUS scores per questionnaire item from (left)
VRLSG-1.0 group and (right) VRLSG-2.0 group, adapted from a SUS analysis
toolkit (Blattgerste et al., 2022). These SUS scores are normalised values
between 0 to 10, where even numbered items are reverse-coded. SUS item
definitions can be found in Appendix B.1.

Simulator sickness questionnaire

Results and interpretation of the total SSQ score of VRLSG-2.0 are shown in
Figure 4.5 with the SSQ score VRLSG-1.0 as comparison. The VRLSG-2.0 group
obtained a mean total SSQ score of 13.36 (SD = 18.6). There are 17 of the 35
total participants (49%) that reported to have no discomforting symptoms, while
18 of the 35 participants (51%) reported to have some symptoms, which only 4
participants (11%) registered an SSQ score above 40. Among the participants
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who reported SSQ symptoms, the most frequently reported items are ‘general
discomfort’ (56%) and ‘eye strain’ (50%), but also ‘difficulty focusing’ (39%) and
‘fatigue’ (39%). It should be noted that one person withdrew from the study
before finishing the game due to adverse symptoms. It was reported that this
person teleported in the environment too quickly causing a sensory mismatch
of rapidly changing visual environment and stationary body movement.
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Figure 4.5: Histogram and boxplot of the total SSQ score from (left)
VRLSG-1.0 group and (right) VRLSG-2.0 group.

Comparison of textual instruction and no breaks from VR versus
spoken instruction + animation with breaks from VR

Because the VRLSG-1.0 and VRLSG-2.0 groups have a large difference in
population size, it is necessary to investigate whether both groups have the
same variance and are both normally distributed in order to perform parametric
tests. Otherwise, non-parametric tests should be considered if these criteria are
not met.

With regards to the SUS results, we confirmed that both groups do not have
a significantly different variance according to an F-test (F(9,34) = 1.38; p =
0.471) and that both groups seem to have a normal distribution by consulting
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their histogram, boxplot and q-q plot (See Figure 4.3 and Figure 4.6). Thus, we
were able to use a one-sided parametric Student’s t-test for unpaired samples
assuming that the alternative hypothesis considers that the SUS mean of the
VRLSG-2.0 group is larger than the one of the VRLSG-1.0 group. This statistical
test showed that the SUS mean of the VRSLG-2 group is indeed significantly
higher (t(43) = 2.52; p = 0.008) than the SUS mean of the VRLSG-1.0 group
(See Table 4.1). Furthermore, the calculated Cohen’s d effect size shows a large
effect size (d = 0.905) in favour for the VR LaboSafe Game version 2.0, hence,
there is a good statistical power (1-β=0.799) for this comparison. In Figure
4.4, an improvement can be noticed for SUS items such as ‘I would need the
support of a technical person’ (S4) and ‘most people would learn to use it very
quickly’ (S7).

In terms of SSQ results, both groups have a significantly different variance
as shown in an F-test (F(9,34) = 8.97; p < 0.001) and do not have a normal
distribution when looking at their histogram and boxplot (See Figure 4.5).
Therefore, we used a one-sided non-parametric Mann-Whitney U test for
unpaired samples assuming that the alternative hypothesis considers that the
SSQ median of the VRLSG-2.0 group is lower than the one of the VRLSG-1.0
group. This statistical test showed that the SSQ median of the VRLSG-2.0
group is indeed significantly lower (U = 97.5; p = 0.0143) than the median of
the VRLSG-1.0 group (See Table 4.1). This means that the group that were
allowed to take breaks from VR, showed less symptoms of simulator sickness
than the group that did not take a break from VR. Furthermore, a rank biserial
correlation (i.e. an effect size measure for Mann-Whitney tests (Kerby, 2014)) of
r = -0.44 was found, indicating a medium effect size and a negative correlation
between the two groups.

VRLSG-2.0VRLSG-1.0

Figure 4.6: Q-Q plots of SUS results from (left) VRLSG-1.0 group and (right)
VRLSG-2.0 group.
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Table 4.1: Results of statistical tests to compare the SUS and SSQ of group
VRLSG-1.0 and group VRLSG-2.0.

Variable Mean (SD)
Test of equality
of variances

Test of equal
means/median

F(9,34) Sig. t or U Sig.

SUS (VRLSG-1.0) 58.25 (12.8) 1.38 p = 0.471 t(43) = 2.52 p = 0.008*
SUS (VRLSG-2.0) 68.5 (10.9)

SSQ (VRLSG-1.0) 48.25 (55.7) 8.97 p < 0.001** U = 97.5 p = 0.014*
SSQ (VRLSG-2.0) 13.36 (18.6)

Significance: * p < 0.05, ** p < 0.001.

4.3.3 Discussion

Marginally acceptable system usability of VR LaboSafe Game

It is determined that the VR LaboSafe Game 2.0 has a marginally acceptable
system usability with an adjective rating between ‘ok’ and ‘good’ usability. This
indicates a significant improvement in usability compared to the VR LaboSafe
Game version 1.0 with only textual instructions and without Archy nor other
animated characters to guide the users. This result is in line with the modality
principle from the cognitive theory of multimedia learning (Low & Sweller, 2014).
Users might get cognitively overloaded by the amount of visual information (e.g.
text and animation) in the VR LaboSafe Game 1.0. In the VR LaboSafe Game
2.0, this information is distributed to different modalities by reducing the visual
information to only animations as well as providing auditory information by
spoken instructions from Archy. Consequently, this allows the users to ‘learn to
use VR more quickly’ (S7) with version 2.0 than with version 1.0 and would
need less ‘support from a technical person’ (S4). However, the overall usability
still could be improved more, since items such as ‘need the support of a technical
person’ (S4) and ‘it was easy to use’ (S3) have the lowest SUS scores. Perhaps,
due to the novelty of VR technology, many users are not familiar with handling
such device.

Low simulator sickness effect

When investigating simulator sickness during gameplay of the group who played
VR LaboSafe Game 2.0, it is observed that the mean SSQ score is sufficiently
low and comparable with other studies using modern VR HMDs (Caserman
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et al., 2021). Half of the total participants reported no symptoms, while the
other half experienced mostly mild symptoms of general discomfort and visual
issues. Only 11% of the total participants reported more severe symptoms (SSQ
> 40). These reported symptoms are not necessarily associated with feeling
nauseous, but could be related to symptoms of digital eye strain or ergonomic
issues of wearing a VR HMD (Hirzle et al., 2021). Providing frequent breaks
from VR seems to have a significant improvement in minimising simulator
sickness symptoms than not taking breaks. Also, while teleportation is the best
locomotion technique to reduce simulator sickness (Kourtesis et al., 2019), it is
advised not to teleport too quickly after each teleportation, otherwise, adverse
symptoms could be induced.

4.4 Conclusions

The results show that the VR LaboSafe Game version 2.0 has an ‘ok’ or
‘good’ system usability and induces minimal simulator sickness symptoms.
When compared with the VR LaboSafe Game version 1.0, the VR LaboSafe
Game version 2.0 has a significantly improved system usability score and lower
simulator sickness. This means that the usability of VR LaboSafe Game is
improved by reducing textual information during tutorial and introducing
explaining animations with a guiding virtual character. The results also indicate
that simulator sickness should be reduced by allowing users to take frequent
breaks from VR. The conclusions from these usability tests provided an improved
game version and techniques on how to approach future evaluation studies.

There are some limitations of these studies. For example, the results of the
comparison between versions of VR LaboSafe Game could be affected due to
the small population of the VRLSG-1.0 group compared to the population of
VRLSG-2.0. However, the effect sizes and statistical power were observed to be
sufficiently high for these test populations. Another limitation could be that
the SSQ survey is not the ideal measure for simulator sickness for VR HMDS
when it is rather used for general discomfort (Hirzle et al., 2021). However,
this questionnaire is heavily used in literature, which makes SSQ scores easily
comparable with other studies. Nevertheless, there is an urge for a better
questionnaire that includes digital eye strain and ergonomic issues (Bouchard
et al., 2021). Furthermore, both SUS and SSQ questionnaires are popular
measurement tools, but are generic and cannot pinpoint certain design issues. A
survey with items tailored to specific design choices of the VR game is needed in
order to improve the game more effectively. An important remark on this study
is that there are confounding variables that could effect the results of the study.
For example, the language and culture differences between the two different
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populations could affect the usability of the VR game differently. However, both
groups consisted of people from international backgrounds. Another confounding
variable could be that the two groups were tested in a different location. A
difference in environment parameters could affect the SSQ differently.
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Evaluation of Motivation
and Engagement using a
VR Serious Game

Following the DBR and ADDIE instructional design process, the Evaluate phase
comes after Develop phase. It has the purpose to implement and assess the
quality of the learning environment. From the perspective of a game life cycle, it
can be compared to the post-production phase where tests are conducted with
alpha and beta versions of the game. Therefore, in this chapter, an evaluation
study is described that investigates how motivated and engaged employees of
the chemical company Arkema are for safety training with a conventional (i.e.
video lecture) method and with a VR serious game (i.e. VR LaboSafe Game).
Moreover, opinions of the employees were gathered in order to obtain a more
clear insight with a person-centred perspective on the use of VR serious games
as a tool for lab safety training.

This chapter is submitted as: Chan, P.; Van Gerven, T.; Dubois, J.-L.; Bernaerts,
K., Study of motivation and engagement for chemical laboratory safety training with
VR serious game, Safety Science.
Author’s contribution: Chan P. evaluated the VR LaboSafe Game on academic and
industrial populations, and drafted the manuscript. Bernaerts K., Dubois J.-L. and
Van Gerven T. managed and supervised the project.
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5.1 Introduction

Conventionally, safety training is taught with training methods such as
classroom lectures, videos and printed safety manuals. These methods include a
unidirectional flow of information where the trainee is required to pay attention
and listen to the instructor (Bhide et al., 2015). It has the strength that a
great amount of theory can be given in a short period and for a large audience
(Blair & Seo, 2007). However, trainees are passive in their learning process
and this could lead to boredom and reduced attention, which in turn leads to
ineffective training (Fivizzani, 2005). Other common safety training methods
are on-the-job and hands-on training, where the trainee learns the necessary
safety measures by hands-on activities supervised by more experienced workers.
This method encourages the trainees to be active in their learning process and
cultivates their decision-making skills through experience (Bhide et al., 2015).
However, training of highly dangerous situations is not allowed with this method
because this puts them and others at a high risk.

VR technology is seen as a simulation-based training method that resembles
hands-on training, as the trainees are actively performing safety practices in
realistic work environments (Bhide et al., 2015). The trainees are situated in a
virtual environment so that hands-on training becomes possible without real-life
hazardous consequences. This means that they can make mistakes and learn
from these mistakes without jeopardising their own safety, the safety of others
and/or jeopardising the integrity of equipment or plant.

In a meta-analysis by Burke et al. (2006), training methods are differentiated
based on the participation of the trainee in the training process. Conventional
safety training methods (e.g. classroom, video lecture) are categorised as
‘low-engaging methods’, while hands-on training and simulations are classified
as ‘most engaging methods’. This study further revealed that the most engaging
methods are more effective in reducing negative outcomes, such as accidents,
than low-engaging methods. It shows the importance of the level of engagement
and involvement in a safety course. However, the classification of engagement
between training methods is originated by subjective perspectives from the
study’s authors. Mariani et al. (2022) recognise that there is a need to further
explore the engagement for safety training from the trainee’s perspective by
evaluating the attributes of engagement. Furthermore, there is little evidence
how employees are motivated to attend safety training and how the level of
engagement of different training methods can play a role in this motivation.
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5.2 Theoretical background: safety motivation
and engagement

5.2.1 Safety motivation

The general definition of safety motivation is defined as the willingness of an
individual to put effort to enact safety behaviours in order to eliminate or
reduce the risk of incidents at work (Griffin & Neal, 2000). In the study of Scott
et al. (2014), this safety motivation is further distinguished in different levels
and types of motivation according to the Self-Determination Theory of Deci &
Ryan (2000): intrinsic safety motivation, identified safety regulation, introjected
safety regulation, external safety regulation and amotivation. The definitions of
these motivation types are presented in Table 5.1. Intrinsic safety motivation
and identified safety regulation are further grouped into autonomous safety
motivation, while introjected and external safety regulation are grouped into
controlled safety motivation. With autonomous safety motivation, employees are
self-motivated to work safely because they believe that these activities coincide
with their own personal values and interests. On the contrary, controlled safety
motivation describes that employees perform safety-related activities because
they feel pressured or obliged by their peers (e.g. supervisors, co-workers or
organisation). Although safety motivation originally refers to ‘working safely’
in the study of (Scott et al., 2014), the current study adapts this classification
but the ‘motivation to attend safety training courses’ is investigated instead.

In general, it is preferred to promote the autonomous motivation of employees
in order to establish a better safety culture, because this motivation type predicts
safety participation (i.e. participating in voluntary activities that support the
company’s safety culture) (Hedlund et al., 2016; Scott, 2016). Furthermore,
safety training was found to be the most important management practice to
mediate better safety motivation (Vinodkumar & Bhasi, 2010). Therefore, such
training should be designed in a way to stimulate autonomous motivation of
the employee.

5.2.2 Engagement during safety training

Engagement of an individual is a complex and broad concept with many different
definitions. In literature, there is no clear consensus of the construct because
the meaning of engagement can change depending on the object of engagement,
the degree of engagement and whether we are talking about engagement during
or outside the activity (Ashwin & McVitty, 2015; Bond et al., 2020; Casey et al.,
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2021). The aim of the current study is not to investigate the full construct of
engagement. Hence, specific attributes are selected that could be more suitable
for the engagement during safety training. Similarly to the study of Mariani
et al. (2022), these selected attributes are based from the User Engagement of
O’Brien and Toms (2008) and are related to the three domains of engagement
(i.e. cognitive, behavioural and affective engagement) (Ben-Eliyahu et al., 2018):
attention, control and interactivity, and reengagement. The definitions of these
engagement attributes are presented in Table 5.2. Often, engagement is confused
with motivation and used interchangeably. However, motivation is rather the
antecedent and driving force for engagement (Bond et al., 2020). Motivation can
be considered as an attribute of affective engagement because it contains positive
emotions such as, enjoyment and interest. In the remainder of this chapter,
when the term ‘engagement’ is referred to the three attributes mentioned above.

Table 5.1: Definitions for the subscales of safety motivation (Scott et al.,
2014).
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Autonomous
motivation

Intrinsic safety motivation: employees engage in safety
behaviour completely volitionally because the employee
finds pleasure, satisfaction and interest in it.
Identified safety regulation: employees engage in
safety behaviour because they personally believe safety
is important for their work environment, not necessarily
because they feel they are obliged nor because they have
fun doing them.

Controlled
motivation

Introjected safety regulation: employees engage in
safety behaviour because they feel an internal pressure to
behave safely. This feeling can be in the form of guilt or
shame.
External safety regulation: employees feel external
pressure or obligation from someone or something else.
An external stimulus (i.e. reward for good behaviour or
sanction for unsafe behaviour) can motivate them to enact
safety behaviour.

Amotivation Employees have no motivation to enact in safety behaviour
because they feel no reason to do so.

82



EVALUATION OF MOTIVATION AND ENGAGEMENT USING A VR
SERIOUS GAME

Table 5.2: Definitions for the subscales of engagement.
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Attention

The ability to invest mental effort or focused attention in
the safety training. It includes that people are in a state
of flow, which is a state when people are so engaged in a
task that they devote their total attention in the activity
and lose their sense of time (Csikszentmihalyi et al., 1990;
Magyaródi et al., 2013). This attribute belongs to the
cognitive engagement.

Control and
interactivity

The ability of feeling ‘in charge’ over the activity and
the degree of interaction between people and systems.
In context of safety training, this also refers to learners
making their own instructional decisions resulting in
an active involvement in their learning process (Lee et
al., 2010). This attribute belongs to the behavioural
engagement.

Reengagement

The degree to which the participant has the intention
and desire to do the activity again in the future. It is an
important aspect in the process of engagement because,
when people are willing to engage with the activity again,
this means that they had a positive experience with it or
that it offered something new that cannot be obtained
somewhere else (Makransky & Lilleholt, 2018; O’Brien &
Toms, 2008).

5.3 Study aim and research questions

The scope of the evaluation study in this chapter is to investigate more
person-centred variables, namely motivation and engagement. Analysing these
variables gives a better perspective of the personal attitude and expectations on
safety training given in a conventional way and in a VR method. On one hand,
we address: “How can the motivation of employees be described when safety
training is given with a more conventional method?”, “How engaged are they
during the training process?”. On the other hand, we also address: “How does
this motivation change when they play a VR safety training game?”, “Are they
more engaged to safety training with the VR game than with a conventional
method?”. To answer these questions, the present study makes a comparison of
motivation and engagement between a safety video lecture (as an example of a
conventional method) and a VR serious game (i.e. VR LaboSafe Game) that
is given after the video lecture. The current study will contribute to a better
understanding of motivation and engagement of learners for chemical lab safety
training.
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5.4 Methodology and participants

5.4.1 Participants

The sample population consisted of 37 employees (14 men and 23 women)
at a research centre of the chemical company Arkema in France, who were
randomly selected and voluntarily agreed to participate. The site director
distributed the recruitment invitations to all employees of the site. Some
employees participated by their own personal choice, while others were highly
recommended by their managers. Most of the employees were either laboratory
technicians or managers who have experience in working in a chemical laboratory.
The ages of the participants were recorded from 20 to 60 years old and were
divided in age groups with an interval of 10 years (See Table 5.3). A total of 14
(38%) participants have responded that they have used VR headsets at least
once and a total of 11 (30%) participants have responded that they have played
video games before.

Table 5.3: Number of participants with VR and/or game experience in each
age group.

Age group in years 20-30 31-40 41-50 51-60
Total participants 12 6 12 7
Have used VR (once or more times) 5 3 4 2
Have played video games 4 1 4 2
Interview participants 4 3 4 3

5.4.2 Procedure

Figure 5.1 summarises the testing procedure of the study. At the start,
participants followed a chemical laboratory safety training by means of a
video lecture as conventional teaching method. To ensure that it is more similar
to a classroom lecture, typical functionalities of video media were restricted,
for example, pausing and skipping the video. This video lecture consists of a
recorded slideshow presentation with a duration of 12 minutes that is presented
by the health and safety manager of the research centre. The content of
this safety training video contained the basics of chemical laboratory safety:
hazard symbols, hazards classification, ventilation equipment, PPE, chemical
storage, etc. This video lecture ensures that every participant received the same
baseline of knowledge that is required in order to play the VR LaboSafe Game.
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Pre-evaluation

Conven�onal safety training (video)

VR LaboSafe 
Game

Post-evaluation

Pre-test questionnaire

Post-test questionnaire

Semi-structured Interviews

Figure 5.1: Schematic representation of the testing procedure (left) and
pictures of the participants (right) following the chemical laboratory safety
training via video lecture (top) and VR LaboSafe Game (bottom).

This method is preferred instead of an in-person classroom lecture in order
to save time and effort from the instructor. After this video, the participants
filled in a pre-test questionnaire about their demographical information, VR
and video game experience, attributes of engagement and self-determined
motivation of safety training given by a conventional method. The anonymity
of each individual was preserved by assigning the participants with a randomly
generated ID-number.

Then, the participants play the VR LaboSafe Game that was installed in
the Meta Quest 2 VR headset (See Figure 5.1). The total duration of the
gameplay was approximately 50 minutes and was divided into separate game
levels. The participants played the tutorial levels first and then the first and
second mission levels (i.e. 1: Risk Spotting and 2: Risk Minimisation) of the
VR LaboSafe Game version 2.0. The game was translated in the mother tongue
of the participants (i.e. French). After each level of the game, a participant
could choose to take a break from VR in order to prevent severe symptoms of
simulator sickness. Because of COVID-19 sanitary measures, the participants
wore a face mask and the VR headset was disinfected before each use. After
playing the VR serious game, the participants filled in the post-test questionnaire
with the same items as in the pre-test questionnaire but now related to safety
training with VR serious games. Finally, the participants were then invited
for a semi-structured interview to give more in-depth feedback about their
engagement and motivation.
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5.4.3 Instrumentation

In order to measure the engagement and motivation of the participants for
chemical lab safety training, a combination of quantitative and qualitative
methods was used. On the one hand, a set of pre-test and post-test
questionnaires was used to characterise the motivation and engagement before
and after the gameplay. All questionnaire items were scored on a Likert scale
from 1 (strongly disagree) to 5 (strongly agree). This Likert scale is a scaling
method, so that each item of the questionnaire contains a quantified range of
answers. The pre-test questionnaire items were oriented to ‘following safety
training’, while the post-test questionnaire was focussed on ‘following safety
training with VR serious games’. On the other hand, a semi-structured interview
was conducted on one-to-one basis with the participant after answering the
post-test questionnaire. This interview was always done by the same interviewer.
Questionnaires and interviews were in the mother tongue of the participants (i.e.
French). For data processing and reporting, results were translated to English.

Questionnaires on motivation and engagement

The questionnaires were inspired on previously published works. The complete
list of items and subscales is given in Appendix C.1 and Appendix C.2.

Engagement during safety training was determined by assessing the three
attributes: absorption in the task (i.e. attention); control and active learning
(i.e. control and interactivity); and behavioural intention (i.e. reengagement).
Absorption in the task was measured by a 4-item scale adapted from the Flow
State Questionnaire (Magyaródi et al., 2013). Control and active learning
was measured by a 4-item scale adapted from Lee et al. (2010). Behavioural
intention was measured with a 4-item scale adapted from Makransky et al.
(2018).

The motivation to follow safety training was measured using a 21-item scale
adapted from Scott et al. (2016). The subject of each item in the original scale
was adapted to correspond to the current subject of attending safety training
with a conventional method and with a VR serious game method. Regarding the
composite subscales, autonomous motivation scores were achieved by averaging
the subscales of intrinsic motivation and identified regulation, while controlled
motivation scores were achieved by averaging the subscales of introjected and
external regulation as suggested by other researchers (Vansteenkiste et al.,
2009). This was justified in our case as the principal component analyses
show a clear drop in eigenvalues (pre-test: 2.67, 2.28, 1.39, 1.32; post-test:
2.70, 2.49, 1.31, 1.14) between the second and third component. The first
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two components combined explained 57% of the variance in the motivation
items of the pre-test questionnaire while 63% of the variance in the post-test
questionnaire. Moreover, the internal consistency based on Cronbach’s alpha is
satisfactory for both autonomous (pre-test: 0.90, post-test: 0.90) and controlled
motivation (pre-test: 0.82, post-test: 0.93). This Cronbach’s alpha is a measure
of how items are closely related as a group. Conventionally, values above 0.70
depict an acceptable internal consistency (DeVellis, 2003).

Semi-structured interviews

After the participants have played the VR LaboSafe Game, semi-structured
interviews were conducted with 14 participants (7 men and 7 women). In this
way, more nuanced data can be collected on the thoughts, behaviours and
feelings of the participants about chemical lab safety training and the use of
VR serious games. First, participants were asked whether they find the safety
training more engaging with the video lecture or with VR LaboSafe Game.
Then, they were asked if they believe they have a more autonomous or controlled
motivation for safety training in a conventional way and for safety training
with VR serious games. For both questions, they were asked to explain their
opinion. At last, they were asked for suggestions to improve VR serious games
for chemical lab safety training (e.g. content, implementation).

5.4.4 Data analysis methods

For the statistical analysis of the acquired data, we used the programming
language R version 4.2.0 as statistical software. To analyse the results of the
motivation and engagement questionnaires, responses per subscale were grouped
and averaged. These mean values of the pre-test and post-test questionnaires
were compared by using t-tests. For the comparison of motivational subscales,
two-tailed paired samples t-tests were performed, whereas one-tailed paired
samples t-tests were used for subscales of engagement attributes. The reason
for this is because the study of motivation has a more exploratory nature, while
the engagement for playing VR LaboSafe Game is hypothesised to be higher
than with a video lecture. In addition, Pearson correlation was used to evaluate
the relationship between motivation, engagement, age, gender, game and VR
experience, and time spent in VR game levels.

Motivation is a complex psychological trait that is unique for each individual.
Therefore, motivation was further investigated with a more person-centred
approach by determining motivational profiles using a two-step cluster analysis
method (Van den Broeck et al., 2013). This approach focuses more on the
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personal motivational characteristics, rather than the average of the whole test
group. First, the responses of the motivation questionnaire were subjected to
a hierarchical cluster analysis using squared Euclidian distances and Ward’s
method via the R package ‘cluster’ (Maechler et al., 2013). This enables us to
find the optimal number of clusters and determine the cluster centres. In the
second step, the motivational profiles are determined via a k-means clustering
analysis while using the previously obtained cluster centres as initial seed
points. This combination of hierarchical and iterative clustering methods is
recommended in order to fine-tune the preliminary cluster solution (Moran et
al., 2012).

In order to analyse and categorise data from the semi-structured interviews,
the qualitative data analysis software NVivo version 1.6.1 was used. Interviews
were audio recorded and converted to textual transcripts. Then, interesting
segments were coded and categorised in themes.

5.5 Results

5.5.1 Safety training engagement

Table 5.4 summarises the descriptive statistics for the measured attributes of
engagement. Correlations and internal consistencies of the scales are shown in
Table 5.5. The Cronbach’s alpha coefficient of the engagement attributes ranges
from 0.72 to 0.90 indicating that the internal consistency of the questionnaire
is acceptable (i.e. > 0.70) (DeVellis, 2003). The positive correlations between
all attributes confirm that they are part of a larger latent variable: the learner
engagement during safety training. The mean Likert scores per item are shown
in Figure 5.2.

One-tailed paired t-tests indicate that all investigated attributes of
engagement are significantly higher after playing the VR game. The “absorption
in the task” shows a significant increase with a large effect size (t(36) = 6.60, p
< 0.0001). Participants indicated that the VR game ‘engrossed their attention’
(E2) more and that the ‘time went faster than they have thought’ (E4), despite
that the duration of the gameplay is much longer than the video lecture (i.e.
50 min. vs. 12 min.). The “control and active learning” shows a significant
increase with a small effect size (t(36) = 1.97, p = 0.028). This means that
participants answered that the VR game ‘allows them to be more responsive and
active in their learning process’ (E5) and that it ‘promotes self-paced learning’
(E7) better than video lecture. The “behavioural intention” shows a significant
increase with a medium effect size (t(36) = 3.21, p = 0.001). The results show
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that the participants would like to ‘participate in more safety trainings with
VR serious games’ (E11) and ‘more frequently’ (E10) than safety training with
a more conventional method, such as a video lecture.
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Figure 5.2: Mean Likert scores per item from the engagement questionnaire
(circles) after video lecture and (triangles) after VR LaboSafe Game. The error
bars denote 95% confidence intervals. The description of the questions (E1 to
E12) can be found in Appendix C.1.

Table 5.4: Descriptive statistics and p-values with Cohen’s d effect size of the
attributes of engagement.

After video
(pre)

After VR game
(post)

Mean
(SD)

Median Mean
(SD)

Median t (36) p d

Absorption in
the task

3.20
(0.76)

3.25 4.24
(0.72)

4.50 6.60 <0.0001*** 1.08

Control active
learning

3.26
(0.79)

3.25 3.58
(0.89)

3.75 1.97 0.028* 0.32

Behavioural
intention

3.11
(0.86)

3.25 3.65
(0.93)

3.75 3.21 0.001** 0.53

Note: t (36) = t-statistics with 36 degrees of freedom, p = p-value of paired sample
t-tests, d = Cohen’s d effect size.
Significance: * p < 0.05, ** p < 0.01, *** p < 0.0001.
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5.5.2 Safety training motivation

Comparison of motivation subscales

Table 5.6 summarises the descriptive statistics for the motivation subscales
(i.e. intrinsic motivation, identified regulation, introjected regulation, external
regulation and amotivation) and composite subscales (i.e. autonomous
motivation and controlled motivation). The Cronbach’s alpha coefficient of
all motivation subscales ranges from 0.79 to 0.95, indicating that the internal
consistency of the questionnaire is satisfactory (DeVellis, 2003). The mean
Likert scores per item are shown in Figure 5.3.

When comparing motivation subscales of the pre-test questionnaire (i.e. after
video lecture) with the post-test questionnaire (i.e. after VR LaboSafe Game),
significant differences can be observed. Intrinsic motivation has a significant
increase with moderate effect size. However, also amotivation has increased
significantly with a small effect size. Despite this increased value, it should be
noted that the Likert scores of amotivation are still in the range of 1 to 2 (i.e.
‘strongly disagree’ to ‘disagree’). These increases are caused by the fact that,
compared to conventional training, participants find the VR serious game more
‘fun’ (M2), while on the other hand, they do not think this VR game is more ‘a
priority to them (M19) or their workplace (M20)’. When comparing identified,
introjected and external regulation, these subscales show a significant decrease
with moderate effect size after playing the VR serious game. These significant
decreases originate from the fact that, compared to conventional safety training,
participants do not think that the VR training game is more ‘important for
them’ (M6), that they will not ‘feel more ashamed (M9) or guilty (M10) if they
do not follow a safety training with a VR game’, and that they are not ‘supposed
to follow safety training with VR serious games’ (M15). When comparing the
composite motivation subscales between different training methods, autonomous
motivation does not show a significant change, after playing VR LaboSafe game.
This can be explained by the increase in intrinsic motivation but a decrease in
identified regulation. On the other hand, a significant decrease with a large effect
size was observed for controlled motivation, due to the decrease in introjected
and external regulation.
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Correlations and internal consistencies of these scales are shown in Table 5.5.
The results show that positive correlations were found for intrinsic motivation
with identified regulation and introjected with external regulation, which
confirms that these subscales belong to autonomous and controlled motivation,
respectively. As expected, amotivation is observed to be negatively related
to autonomous motivation. Furthermore, autonomous motivation subscales
(i.e. intrinsic motivation and identified regulation) are moderately to highly
positively correlated with all attributes of engagement. Consequently, these
attributes of engagement are negatively correlated with amotivation. This
means that the higher the engagement during safety training, the higher the
autonomous safety motivation and the lower the amotivation.
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Motivational profiles

Clustering analysis of pre-test motivation data (i.e. after video lecture) is
performed separately from post-test data (i.e. after VR LaboSafe Game) in
order to independently determine the optimal amount of clusters that are distinct
from each other. Each cluster displays a unique pattern of scores on autonomous
motivation, controlled motivation and amotivation. The distribution of the
scores on motivational subscales per cluster can be found in Figure 5.4. In
literature, autonomous motivation is considered to deliver more beneficial
outcomes than controlled motivation because it allows the satisfaction of the
basic psychological needs of an individual (i.e. autonomy, competence and
relatedness) (Scott et al., 2014; Van den Broeck et al., 2013). Therefore, clusters
are named alphabetically from A to D for pre-test motivation clusters and roman
numerically from I to V for post-test motivation clusters in order to depict a
ranking from highest to lowest autonomous motivation. When autonomous
motivation scores are similar, then the cluster with a lower controlled motivation
is more desired because controlled motivation does not satisfy or even inhibits
the basic psychological needs (Ryan & Deci, 2000; Van den Broeck et al., 2013).

Concerning the pre-test motivation, the two-step clustering analysis resulted
in a four-cluster solution. Inspection of the dendrogram (See Appendix C.1 and
the comparison with other cluster solutions indicate that the four-cluster solution
is the most suitable. Profile A (n = 8) shows high scores in both autonomous
and controlled motivation and can be identified as a ‘highly motivated’ profile.
Profile B (n = 19) shows moderately high autonomous, but low controlled
motivation values. The moderately high values of autonomous motivation are
mainly attributed to the high identified regulation, not so much to intrinsic
motivation. This profile is identified as ‘moderately autonomous’ motivation
profile. Profile C (n = 11) shows neutral scores for autonomous and controlled
motivation. This profile has a high identified regulation, but a low intrinsic
motivation that is negatively oriented (< 3 Likert score), thus resulting in a
neutral autonomous motivation. So, profile C is identified as ‘neutral’ motivation
profile. Profile D only has one participant who reported a very low level of
autonomous motivation and neutral controlled motivation. It is noteworthy that
this profile exhibits a high amotivation whereas the amotivation in the other
profiles is much lower. Hence, this profile D can be identified as an ‘amotivated’
profile.

Concerning the post-test motivation, the same clustering analysis procedure
was repeated which resulted in a five-cluster solution. In this case, the highest
ranked profile I (n = 8) is distinct from the highest ranked profile from pre-test
motivation (i.e. profile A). People with profile I have a high level of autonomous
motivation and a low level of controlled motivation. This profile is similar to
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profile B (i.e. moderately high autonomous, low controlled) but with a higher
quantity. Thus, this profile can be described as ‘highly autonomous’ motivation
profile. Some profiles such as profile II (n = 3) and profile III (n = 13) are not
much different from profile A and B from pre-test motivation, except a slight
increase of intrinsic motivation and decrease in identified regulation in profile
III. Therefore, these remain as ‘highly motivated’ profile and ‘autonomous’
motivation profile, respectively. Other profiles such as profile IV (n = 9) and
profile V (n = 4) appear to have a different motivation distribution than the
pre-test ones. Profile IV shows a much lower controlled motivation, while
intrinsic motivation increased and identified regulation decreased, resulting in
a more equalised autonomous motivation. This profile can be described as
a ‘low-controlled’ motivation profile. Also, the lowest-ranked profile V shows

highly
motivated

highly
autonomous

moderately
autonomous

low
controlled

neutral amotivated

pre post pre post pre post pre post pre post pre post

Cluster analysis a�er video lecture (pre) Cluster analysis a�er VR LaboSafe Game (post)

Figure 5.4: Motivational profiles obtained by k-means clustering analysis of
motivational subscales in pre-test (i.e. after video lecture) and post-test (i.e.
after VR LaboSafe Game). The line curves do not represent continuous data
but are intended to guide the eyes.

95



CHAPTER 5

resemblance to a ‘neutral’ motivation profile with a slightly negatively scored
autonomous motivation, while no participants are identified with an ‘amotivated’
profile anymore.

Differences in demographics and engagement attributes between motivational
profiles are displayed in Table 5.7. The changes of motivational profile of an
individual are visualised in Figure 5.5. After playing the VR serious game,
participants from the age group 20-30 years old are identified with a higher
ranked motivation profiles (i.e. I, II, III), while 51-60 years old participants
are identified with lower ranked profiles (i.e. IV, V). It seems that some of the
participants of the age group 51-60 years old have moved from high ranked
profiles (i.e. A, B) before playing the VR serious game to low ranked profiles
(i.e. IV, V) after playing the VR serious game. This is aligned with the
results that the age of the participants is negatively related to intrinsic safety
training motivation and positively related with amotivation after playing the
VR serious game as seen in Table 5.5. Another noticeable difference between
the motivational profiles in Table 5.7 is that higher-ranked profiles have higher
scores on attributes of engagement than lower-ranked profiles. This coincides
with the positive correlation between engagement attributes with autonomous
motivation subscales as seen in Table 5.5.
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5.5.3 Semi-structured interviews

Figure 5.6 presents which training method the participants find the most
engaging and whether their motivation is more autonomous or controlled to
follow safety training with a conventional method or with VR serious games.
The opinion of the participants about the teaching methods for chemical lab
safety training is then categorised in different themes such as, the strengths
and weaknesses of both learning methods and suggestions to improve VR safety
training (See Table 5.8).

7% 14% 10; 71%1; 2;

9; 64% 1; 7% 29%

Engagement

More towards conventional method Neutral More towards VR serious game method

11; 79% 3; 21%

4;

VR safety training motivation

Conventional safety
training motivation

More autonomous Neutral More controlled

number of par�cipants

number of par�cipants

Figure 5.6: Participants’ perception of the engagement and motivation of
safety training with VR serious games compared to training with more
conventional methods.
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CHAPTER 5

Conventional safety training: engagement and motivation

The interviews with employees of the chemical company showed that, in general,
employees are more autonomously motivated to follow safety training courses.
Participants have described that safety training is “important for their own
safety and safety of others” (P1 - the code refers to a quote from a participant)
and that they “want to learn new things and enrich their knowledge about
safety” (P8). Some employees are “super voluntary for safety activities” (P9).
One interviewee said:

P6: “In the field of chemistry and for our activities, it’s important
to work safely; and that I find it interesting as well.”

Despite the fact that there is an obligation from the company to follow safety
training, they are still self-motivated:

P4: “I am motivated by myself and enjoy doing it, but we still
have an obligation to follow, as we work in the laboratory and it is
mandatory to be aware of safety.”

However, even though these employees are autonomously motivated, they do
not find safety training courses amusing. For example, one employee explained:

P5: “It’s not amusing, it’s not about pleasure. It is more about
being motivated for my own safety and the safety of the people
around me.”

This displeasure can be more pronounced with other employees who have a
more controlled motivation for safety training:

P14: “I don’t go too much for my own pleasure. I go there because
we have to go there.”

The modest dislike for current safety training arises from the fact that
employees believe they receive “too much safety training” (P10) with “repetitive
learning content” (P6). Particularly with conventional teaching methods,
“content cannot be easily adapted to their work” (P5) and learners are “passive
in front of a screen or a tutor” (P1). Consequently, it is “easy to not pay
attention” (P7), hence a low engagement during safety training.
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Strengths of VR safety training

When participants were asked about how safety training with VR serious games
is compared to conventional methods, they mostly responded (71%) in favour of
the use of VR serious games in terms of engagement. They mentioned several
advantages that VR technology can provide which conventional methods lack.

Firstly, training with VR can provide opportunities for situated learning and
variability. Employees described that this technology is “capable of realising
almost real situations” (P6) with “more concrete examples” (P2). Compared to
conventional methods, VR can “more easily add new things and create different
situations each time” (P10), even “dangerous situations without placing the
person in danger like in a real laboratory” (P3). Participants believe this
training tool makes it possible for them “to visualise better” (P1) which makes
it also “better for practising situations” (P4).

P13: “When you are in the video game, you realise that you are in
a realistic situation. When in real-life, you cannot see everything
and then you can miss problematic situations.”

Secondly, VR serious games allow learners to have control and be active
in their own learning process. Participants mentioned that training with VR
serious games is “more dynamic” (P6) and has “more interactions” (P13) which
leads to learners being “more active” (P1) and makes them “more an actor of
their own training” (P14).

P3: “You are not sitting and listening, you have things to do.”

This high level of interactivity and activity makes learners “more attentive
in the video game, thus it permits to hold their attention better” (P9) which
makes “the time pass more quickly” (P14).

P9: “You keep moving, you keep concentrating. You do not lose
yourself in your own thoughts and you are always concentrating on
the subject.”

The novelty of VR technology also brings an increased interest than
conventional methods. Before the safety training with VR, participants were
“curious to see how it works” (P2) and they wanted to “discover another
environment” (P14). While playing the VR serious game, participants were
surprised by “how advanced this technology has grown” (P1). They felt a
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heightened presence due to the high fidelity of the tool. It is “much more
immersive” (P1) because “the virtual space is unlimited” (P12) in which you
can “walk everywhere” (P5) and because “certain situations can come close to
reality” (P6).

P12: “The serious game really shows laboratory safety and that I
find very striking. It is really a virtual reality, that’s for sure.”

These strengths of VR safety training improve the autonomous motivation
compared to conventional methods because employees believe training with
VR serious games is “more amusing” (P5) and “more attractive” (P1). For
these reasons, they find the VR safety training more engaging than conventional
safety training.

Weaknesses of VR safety training

The participants have also mentioned limitations of using VR serious games for
laboratory safety training. While novelty is one of the strengths of VR safety
training, it is also its limitation for some users. For example, when asked if
their interest would remain after the initial encounter, participants mentioned
that “this phenomenon of discovery would fade” (P14). Though, it can still
remain interesting when new things are provided each time.

P10: “In the beginning I was happy to test the VR game, but
after, it would become repetitive. That is why I hope VR can bring
different things each time. It can create anything you want, so it is
more easily to add new things and create different situations each
time.”

Moreover, some employees, who have never used VR or played games
before, might struggle with the usability of this novel tool. For example,
some participants mentioned that “the controllers are not easy to manipulate”
(P13) and that they “need to put a lot of effort to learn to play the game” (P8).
When trainees do not have the habit to use this new technology, it can become
too complicated, making them “frustrated because they do not succeed in doing
the things that they wanted to do” (P9). One participant mentioned that it
also occurs with older people:

P2: “I have talked to other people around my age of 50 years old
and all of them had the same problems with VR. It is because we
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don’t have the habit and it becomes complicated very quickly at
some point.”

This usability frustration together with wearing “a too heavy VR headset”
(P8) can cause slight ergonomic issues. Due to the intense concentration and a
lot of movement, participants experienced “tiredness” (P2), “a bit of nausea”
(P4) and “reduced spatial awareness” (P3).

P1: “Sometimes I felt nauseous, but because the headset was quite
heavy. I do not have the habit (of using VR headsets), I think.”

Another limitation that the participants have noticed, is that using VR
serious games is less suited for knowledge acquisition compared to conventional
methods. Some responses are:

P14: “Difficulties of interacting with the game can obstruct taking
in information. You can get distracted by other things, thus not
learning the safety content.”

P5: “I do not find all the information in the VR game that are
taught in a classical lecture.”

Moreover, some participants prefer training in real-life environments rather
than a virtual reality. For example, one participant described:

P8: “The virtual reality is an artificial reality that is not the real
reality. So, the construction of this reality of the game depends on
the constructor and not from reality.”

Ultimately, these weaknesses of VR safety training can result in a more
controlled motivation and reduced autonomous motivation, as frustration makes
the training unpleasant and becomes an obligation to follow.
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Suggestions for improvement

In order to overcome the weaknesses of VR safety training, participants
were asked to provide suggestions to improve the VR learning experience.
Firstly, to overcome the most common issues of using VR (i.e. usability and
ergonomic issues), the participants suggest “to give multiple smaller sessions
and progressively introduce VR” (P6) and “provide more time to learn VR for
those who need it” (P10). Most participants agree that they would get used to
using the novel technology after the first sessions.

P6: “It’s a matter of habit. It is like using a new tool or a new
machine; you have to take the time to understand it.”

Secondly, employees still see the value of both conventional and VR teaching
methods. They consider these methods as “complementary in a way that one
cannot do without the other” (P10). A few suggestions to combine both teaching
methods are:

P1: “Give a small part as a lecture in advance, to teach people what
needs to be taught. Then afterwards, the video game can implement
small exercises.”

P9: “A presentation in class before the game and one after as
debriefing. This is to make it more interactive between the learners
for them to discuss and to make exchanges.”

Other participants suggest to design VR applications with “modules that are
more specialised and more oriented to their job” (P9).

P13: “The video game would be great for safety training of specific
products, such as hydrogen fluoride or peroxides, because these
products are a bit special.”
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5.6 Discussion

5.6.1 Conventional lab safety training: Engagement and
training motivation

From the results of this study, employees have generally a high autonomous
motivation for conventional safety training. Especially, a high level of identified
regulation was observed because employees believe safety training is important
for them in order to acquire skills and knowledge to improve their own safety
and the safety of others. This is not surprising as the chemical company
has a high focus on safety culture (Arkema, 2022a). Even though safety
training is mandatory, some employees believe that their motivation is more
autonomous rather than controlled. However, other employees can feel more
obliged when they do not like the safety training, so motivation subscales can
vary from person to person. For this reason, individuals were grouped with
similar safety training motivation, resulting in four characteristic motivational
profiles. Similar to the study of Howard et al. (2016) and their “motivational
profiles at work”, we obtained profiles that are highly motivated, autonomously
motivated, neutral and amotivated. These profiles are rated from high to
low autonomous motivation, respectively. Interestingly, intrinsic motivation is
lower than identified regulation in each profile and amotivation increases with
lower-ranked profiles. This can be explained by the fact that some employees do
not find conventional safety training pleasing (when it is given with a classroom
or video lecture based method). They also believe that they are too passive
and that such training is too repetitive and difficult to adapt, hence, they can
lose their attention more easily. As autonomous motivation is correlated to the
attributes of engagement, the low-engagement characteristic of conventional
teaching methods can result in a lower quality of motivation.

5.6.2 Safety training with VR serious games: engagement
and motivation

Positive effect of using VR serious games as safety training tool

Engagement and motivation were assessed after the employees played VR
LaboSafe Game as training tool in order to compare the lecture-based training
method with the VR serious game method. Firstly, the results show that the lab
safety training with VR serious game has significantly higher scores on intrinsic
motivation and on all measured attributes of engagement (i.e. absorption in the
task; control and active learning; and behavioural intention). The interviews
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with the participants confirm that most of them are in favour of VR serious
games than lecture-based methods in terms of engagement. In general, with
VR-based training, employees believe that they are more active, attentive and
have more control of their learning process. Furthermore, coinciding with the
framework of Casey et al. (2021), trainees enjoy that VR has the possibility
to realise situations that are more relevant for them and that they are able
to be immersed in a semi-realistic environment. However, the novelty effect
of the technology plays a large role in this increased engagement which could
wear off after multiple uses (Makransky & Petersen, 2021). Nevertheless,
employees will still be interested when VR keeps bringing new content every
time. So, results of this study concur with the engagement classifications of
previous reported literature where lecture-based methods were assumed to be
low-engaging methods and VR-type methods as high-engaging methods (Burke
et al., 2006; Casey et al., 2021).

When looking at motivation for VR safety training on an individual level,
we determined five motivational profiles: highly autonomous, highly motivated,
autonomous, low-controlled and neutral. Compared to motivational profiles
for conventional safety training, the highly motivational and low-controlled
motivational profiles are two profiles that were not described before while no
people were identified with amotivated profile anymore. Moreover, with VR
serious game as training method, more people (n = 11) are identified with
high-ranked profiles (i.e. highly autonomous, highly motivated) than when a
lecture-based training method (n = 6) is given. These changes can be related to
the aforementioned strengths of using VR as training tool, since these employees
find training with a VR serious game more engaging and more amusing while
feeling less obliged.

Limitations of using VR serious games as safety training tool

It was observed that motivation to attend a VR safety training is related with
age. Younger employees (20-30 years old) have high-ranked motivational profiles,
namely highly autonomous, highly motivated, moderately autonomous (i.e. I,
II, III). Older employees (51-60 years old) have a lower-ranked motivational
profile, namely low-controlled, neutral (i.e. IV, V). Furthermore, age is found
to be negatively correlated with intrinsic motivation and positively correlated
with amotivation. Based on the interview results and that the age of employees
is positively correlated with the time spent in VR, a possible explanation could
be that the usability of VR technology is more complicated for older people.
This goes in-line with the definitions of ‘digital native’ and ‘digital immigrants’.
Digital natives are people, commonly from younger generations in developed
countries, who are more proficient with the use of digital technologies. Whereas
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digital immigrants, commonly people from older generations, are not used to
these technologies (Prensky, 2001b). Digital natives have more experience with
using the internet, using smart devices and playing video games, thus being
more skilful than digital immigrants (Akçayır et al., 2016). This is also reflected
in the negative correlation between game experience and the time spent in VR
LaboSafe Game tutorial levels. The novelty of VR technology can also bring
mild ergonomic issues when users are not used to it. First-time users mentioned
that long periods of constant concentration and movement can make them
tired, slightly nauseous or lose spatial awareness. Despite these issues of using
a novel tool, most employees are still willing to familiarise themselves with VR
technologies. They suggested to provide more frequent and smaller session with
VR while also introducing the technology gradually for first-time users.

An important observation for chemical companies is that employees do not
believe that VR safety training can replace conventional safety training. While a
VR serious game is good to practise real-life dangerous situations, it is less suited
to learn factual knowledge about safety (Makransky, Borre-Gude, & Mayer,
2019). This attitude about VR safety training could explain the significant
lower scores for identified regulation and higher scores for amotivation compared
to conventional methods. Employees are used to attend safety training with
conventional methods, but are unfamiliar with using VR games as training tool.
They are certain that conventional safety training has a high priority for them.
However, based on the questionnaire and interview results, it could be that they
do not know if VR serious games will be as important for them, since some
people have minor issues with the technology. Nevertheless, they suggest VR
serious games should be utilised as a complementary tool with lecture-based
training. Conventional safety training can be given before the VR serious game
to teach theoretical content and can also be given after the VR experience as a
debriefing session (Crookall, 2010).

5.6.3 Other aspects of VR serious games as training tool

The term ’conventional training method’ is used in this dissertation to depict
how safety training has been taught conventionally, namely classroom and
lecture-based training given by an instructor. However, currently, there is a
trend to support more learner-centred teaching methods where the focus is more
on the learner rather than on the instructor’s teaching. Without using a VR
serious game, there are other ways to add engaging and motivating elements
to conventional teaching: adding interactive questions; allowing collaborations
between trainees; giving helpful feedback; etc. (Burke et al., 2006; Alaimo et al.,
2010). With these techniques there is a possibility to significantly increase the
engagement and motivation of the trainees for conventional training methods.
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However, a VR serious game as training tool can bring other benefits. For
example, for a very large training group, the aforementioned techniques can
become more challenging for the instructor to implement while providing every
trainee with optimal support. While with a VR training tool, training could be
given with better individual support taking into account the available devices
and group distributions. Moreover, trainees can follow more training sessions
more frequently without requiring more time and effort from the instructors.

Such VR game training also has the advantage to simulate real work
procedures with a high level of realism without endangering the trainee.
When the work environment and procedural handling are accurately simulated,
trainees could practise procedures multiple times and stimulate their spatial
and procedural memory of their work (Buttussi & Chittaro, 2018). With these
realistic simulations, it would be possible to detect procedural issues and latent
design failures in their real work activities, making real procedures more efficient
when corrected. However, with current VR technology, there are limitations
that restricts the system to be an exact copy of the real world. For example,
interactions within the virtual environment are designed and programmed by
its creators. This means that unforeseen events, such as unpredicted chemical
reactions, would not appear in the virtual world. Furthermore, there is a
limit on how many possible outcomes one can program in a virtual simulation
(Amokrane & Lourdeaux, 2009). Another limitation is that an experience of the
full human sensory input remains very difficult to replicate. With current VR
technologies, users cannot touch or smell virtual objects like in the real world
(Wu et al., 2019). This is particularly important to detect hazardous chemical
odours. Perhaps the implementation of other rapidly evolving technologies, such
as AI, haptic/olfactory devices and cloud computing, can mediate the exact
replication of the real world in the virtual universe.

Regarding the cost of implementing a VR serious game as safety training
tool, it can be very expensive depending on how complex the training should be.
The hardware and physical space needed would require a large investment from
the companies for such VR implementations. Moreover, additional cost and
time is needed for the development of the training software, depending on the
development team and the complexity of the software. Therefore, the initial cost
for a company to implement VR safety training would be significantly larger than
just providing a conventional training with learner-centred teaching methods.
However, in the long term period, VR safety training could bring a better
return of investments as these applications can be frequently used after initial
acquisition, while classroom training needs a constant fee for hiring instructors.
This also avoids the effort of recruiting suitable instructors, thus allowing for
consistent high quality training even across international departments.
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Eventually, in order to consider the implementation of a VR serious game
as safety training tool, one should consider: the type and complexity of the
training; initial financial investments; frequency and period of usage; and the
digital/VR literacy of the trainees.

5.7 Conclusions

This evaluation study shows that lab technicians and managers at a chemical
company have a high autonomous motivation to follow safety training in general,
particularly the subscale identified regulation. They find it important to acquire
the necessary skills to keep a safe work environment for them and their peers.
However, with conventional training methods, such as classroom and video
lecture, some employees do not find it entertaining to follow because they are
rather passive, find it too repetitive and can lose their attention quickly. Results
of this study show that when safety training is given with a VR serious game,
for example the VR LaboSafe Game, intrinsic motivation and engagement of
the trainees are increased significantly. They believe that they are more active,
can keep their attention better and enjoy the realisation of relevant situations in
a virtual environment. This leads to a significantly lower controlled motivation
and makes people more oriented to higher-ranked motivation profiles.

However, this study also presents limitations of using VR as safety training
tool. The digital novelty of VR technology makes it hard for people to get used
to such training method. Complicated usability and uncomfortable ergonomics
can lead to lower-ranked motivational profiles. Especially older employees
(above 50 years old) in this study have more issues with this technology than
younger employees (below 30 years old). Moreover, some learning content are
better taught in a classroom than with VR. So, people are still unfamiliar with
VR serious games being used in safety training which explains that some people
believe that safety training with VR serious games is not more important for
them than with conventional methods. In order to overcome these shortcomings,
it is suggested to combine conventional methods with VR as complementary
tool and provide more frequent and smaller sessions, gradually introducing VR
technology to beginners.

One of the limitations of this study is that results of the motivational profile
analysis could be affected due to the relatively small sample population. However,
a larger sample size could not be achieved due to the extensive testing duration
and due to the limited availability of volunteering employees at the chemical
company. Another limitation of this study is that the elevated engagement and
motivation could be subdued by the volunteer bias. The voluntary participation
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of the employees could mean they already had an increased interest in the VR
technology, thus explaining the increased intrinsic motivation. Though, obliging
employees to participate would raise ethical issues and would also affect the
results.

At the end, employees are more intrinsically motivated and are more willing
to reengage with VR safety training than with conventional training methods
only. This leads to a better attitude towards safety training and could eventually
bring better safety outcomes. Although, participants in this study are highly
educated personnel working in chemical laboratories, similar motivational results
should be expected for other kinds of safety training, taking into account that
the VR training is specifically tailored to their real job.
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General Conclusions and
Future Perspectives

In this doctoral dissertation a complete process is presented from ideation of a
VR safety training to a fully developed and evaluated VR training application.
An example is shown of a VR serious game for a chemical lab safety training, but
the process of creating and implementing VR serious games can be generalised
for other safety training programmes. Furthermore, an evaluation study with
this VR serious game reveals the impact of using such training tool on the
motivation and engagement of employees in a chemical company environment
compared to a more conventional training method. This chapter is intended
to give a general overview of results achieved in each chapter and concrete
suggestions are provided for future research and exploitation.
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6.1 General conclusions

The main scope of this doctoral research project is to investigate the potential
value of VR serious games as a novel training method for in-company and
academic chemical laboratory safety training. Therefore, this research study
applies a design-based research methodology to design and develop a VR serious
game with design guidelines that are applicable for other VR safety training
games. This game was also evaluated as a solution to solve a real-world problem
of improving motivation and engagement for safety training.

In Chapter 2, we analysed the state of the art of virtual chemical laboratories.
A systematic literature review was performed to summarise the research,
technology and instructional design of virtual chemical laboratories. Papers on
virtual labs for educating laboratory practices were also included because of
the lack of literature on virtual labs for safety training. Results of this review
revealed that virtual labs can provide better results in learning outcomes of
all domains (i.e. cognitive, affective and skill-based) than passive teaching
methods (e.g. lecture, text and video) and show equal or greater effectiveness
compared to hands-on laboratory. Better results are shown when virtual labs
and traditional methods are combined. Furthermore, most of the included
studies use 3D Desktop technology, while immersive VR technology is trending
in the last few years. This review also identified that the majority of the studies
have not mentioned any instructional design elements. So from this chapter it
can be concluded that there is a need to investigate virtual laboratories using
immersive VR technology as a tool to motivate and engage learners to follow
lab safety training.

The combination of VR technology and serious game should be ideal to
encourage motivation and engagement. However, such VR training game needs
to be optimally designed and developed. The design and development of such
VR serious game is not easy, as it is highly multidisciplinary and not much
information can be found in literature about the entire process. Therefore,
the need to define formal design and development instructions is fulfilled in
Chapter 3. This process is summarised in Figure 6.1 with multiple perspectives
and tips on how to design and develop a VR serious game for safety training.
These design principles are based on well-known literature studies on how to
manage the cognitive load of the learner with instructional design and how
to stimulate intrinsic motivation through serious game design. The RAMP
guidelines informs which safety skills are important to be taught in a VR safety
training. In addition, VR-specific guidelines are discussed that minimise severe
symptoms of simulator sickness by improving immersion and interactivity. In
Chapter 3, a selection is presented of inexpensive and easily accessible software
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development tools in order to develop VR serious games. The most important
tools are the game engine Unity3D and 3D modelling tool Blender. Particular
for novices, online resources are suggested in the chapter that could help with the
use of these software tools. Furthermore, development techniques are described
in order to optimise the performance of heavily rendered VR environments.
The most common practices are polygon count reduction and occlusion culling.
Eventually, these design instructions and development suggestions are applied
to establish VR LaboSafe Game and can be seen as a illustration of the good
practices that are put forward.

In Chapter 4, the VR LaboSafe Game is implemented and tested on an
academic population (i.e. from KU Leuven) and on an industrial population
(i.e. from Arkema). These tests measured the system usability and simulator
sickness when playing the VR game. It is important to ensure that the VR
LaboSafe Game is easy-to-use and induces minimal simulator sickness symptoms,
because bad usability and severe simulator sickness have a negative influence
on learning and motivation. A first test was performed with the VR LaboSafe
Game version 1.0 that contained textual instructions in tutorial levels and no
animated characters. The participants in this test played the game for 40 minutes
without a break. Results from this test revealed that players had difficulties
with controlling VR by following textual instructions and that they experience
some simulator sickness symptoms. This suggested that adjustments should
be implemented to improve system usability and to lower simulator sickness.
Therefore, in the updated VR LaboSafe Game version 2.0, textual information
was reduced, spoken instructions were included and guiding character animations
were introduced. Then, a second test was performed with VR LaboSafe Game
2.0 where the participants were allowed to take breaks from VR between game
levels. Results from the second test indeed revealed that game version 2.0
had a superior system usability and lower simulator sickness than version
1.0. A possible explanation is that the cognitive load of the users could be
overwhelmed by the high amount of visual information in the game version
where textual instructions were displayed. This cognitive overload then has a
negative effect on the system usability. Therefore, the solution is to replace the
textual information with spoken instructions in order to improve the system
usability. In addition, allowing frequent breaks from VR helps the users to rest
their eyes, thus, lowering the simulator sickness symptoms. The VR LaboSafe
Game version 2.0 is then suitable to be used for further evaluation studies.

In Chapter 5, an evaluation study is described to answer the research question
on what the impact is on motivation and engagement when lab safety training is
given with a VR serious game and with a conventional training method. In this
case, motivation and engagement to follow safety training with a video lecture
and with VR LaboSafe Game were measured with employees of the chemical
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company Arkema. One of the results of this study reveals that employees are
mostly autonomously motivated for safety training, which means that they find
it important for the safety of themselves and others. With conventional training
methods, however, they are less intrinsically motivated. This means that they
are not completely motivated by their own and that they find these training
courses not entertaining. The reason for that is that they are not active and
find it repetitive, thus losing their attention easily. The intrinsic motivation and
engagement is increased when VR LaboSafe Game was provided as training tool.
Employees are more active during the VR training and enjoy that situations,
which are relevant to their job, are realised in the virtual environment. However,
one of the limitations is that people do not have the habit of using the novel
technology of VR as a learning tool. The VR headset devices can be difficult
to use for certain people. More particularly employees of older age (above 50
years old) have more difficulties with handling the VR devices than younger
employees (below 30 years old). Suggestions are given on how to overcome
the shortcomings of implementing VR serious games for safety training (See
Figure 6.1). For example, by offering more frequent and smaller VR sessions
while introducing the novel technology gradually, will help trainees familiarise
themselves with such technology. Moreover, as discussed in Chapter 2, providing
VR serious games as a complementary tool to conventional training methods will
make safety training more engaging and effective than those methods separately.
In any case, with VR serious games, employees are more willing to follow
safety trainings more often than conventional methods. This will lead to a
better attitude towards safety training and possibly better safety outcomes. An
important remark of this study is that the positive outcomes could be elevated
because participants were voluntarily enrolled. There is a possibility that they
already have an increased interest in the technology.

As a result of this project, dual outcomes are accomplished. On one hand,
a set of guidelines are established based on well-known literature studies and
user experiences in order to design, develop and implement VR serious games
for safety training (See Figure 6.1). The set of guidelines can contribute as a
guide that can be implemented by other researchers, designers and developers
who are working in a similar topic. Although, these guidelines were used in
the context of chemical lab safety for highly educated personnel, the same
design guidelines are applicable for any kind of safety related training (e.g.
operator, maintenance, warehouse safety). These guidelines are not limited and
can be adjusted depending on the needs of the project. On the other hand, a
fully operational VR prototype was created as a usable artefact for chemical
laboratory safety training. This real-world application has proven to increase
intrinsic motivation and engagement of trainees for safety training. However,
additional considerations should then be taken to let people familiarise with
the VR technology before fully deploying it in training programmes.
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Figure 6.1: Guidelines for the design, development and implementation of VR
serious games of safety training programmes.
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6.2 Future perspectives

Future perspectives are outlined in terms of research as well as possible
exploitation.

This research project performed evaluations on motivation and engagement
which belong to learning outcomes in the affective domain. It is concluded
that employees are motivated and engaged to play this VR serious game, but
it is possible that learning with this tool is ineffective. The design of the
VR LaboSafe Game has incorporated elements of the cognitive instructional
design principles to optimise learning processes and based on accomplishing
safety-related learning objectives. However, no investigations have been made
in this research on the effectiveness concerning knowledge and skills acquisition
of a VR safety training. The time and effort required to perform such studies
are beyond the scope of this research project. Therefore, the next step of this
research is to investigate other domains (i.e. knowledge and skills domain) of
the effectiveness of using VR serious games for safety training so that further
design choices could be made to improve the game. In particular, future research
should focus on a thorough analysis on the effectiveness of acquiring laboratory
safety skills by means of training with VR serious games. Evaluations can
be performed testing the safety awareness and safety behaviour of trainees by
providing quizzes or using real-time measurements. Moreover, research can focus
on acquisition of procedural skills with VR simulated lab experiments. Then,
a comparison can be made with real laboratory activities. Finally, long-term
studies with VR serious games as complementary tool for conventional safety
training will reveal their potential value of transferring acquired skills to the
workplace leading to substantial return of investments for industries. However,
in order to perform these studies on learning effectiveness, a detailed and
rigorous research plan is required. In this case, not only the reliability and
validity of the learning measurement tools should be optimised, but also the
reliability and validity of the in-game assessment elements. This is still needed
in order to obtain consistent and accurate outcomes.

In recent years, immersive display technologies, such as AR and VR, have
experienced a rapid expansion in popularity. This growth emerged mainly
because VR/AR devices are now more affordable and more accessible, while
improving its performance (Report Linker, 2022). Particularly, the COVID-19
pandemic crisis has substantially increased the interest in such technology; not
only for entertainment but also for other use cases, such as fitness, business
collaborations, – but most importantly – distance learning and virtual in-person
training (Petrock, 2021). The expanding potential value of these technologies
has already been noticed by Big Tech companies, such as Facebook (now Meta)
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(Kastrenakes & Heath, 2021), Apple (Owen, 2022), Samsung (Benyossef, 2022)
and Microsoft (Novet, 2021), which have recently put large investments in
VR/AR technologies. Even large chemical enterprises are now considering these
technologies as integral part of Industry 4.0 developments; companies such as
BASF (Aveva, 2021), Merck (Merck Group, 2021) and Arkema (Arkema, 2019),
who are also collaborating partners of the ETN-CHARMING project.

It is evident that industries across all sectors are in urgent need of more
advanced and tailor-made VR/AR products. The chemical sector is not an
exception since this sector is in high demand of tools to educate and train
employees in a virtual and safe environment. Therefore, the next logical step is
to take advantage of the knowledge, skills and expertise acquired in this research
project in order to establish a VR/AR start-up to support this high demand.
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Appendix A

Appendix to chapter 2

Table A.1: A list of categories and their description used for coding the
reviewed publications

Variables Category Description
Basic publication
information

Author, title, publication year

Research purpose Comparative
study

Studies that investigated two or more
intervention groups either comparing the
media (media comparison) or the design of
the virtual laboratory (value-added
research) (Mayer, 2014a)

Evaluative study Studies that only considered the virtual lab
intervention group to evaluate performance
assessment, user study or correlation study

Technical study Studies that have not performed
measurements but describes the design and
development of the virtual chemical
laboratory

Sample size Number of participants that were involved
in the study

Sample population Elementary school Children until 11 years old in elementary
school

Middle/High
school

Students between 11 to 18 years old in
middle or high school

University Students between 18-24 years old in
university

Teachers Adults older than 24 years old working as
teachers
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Variables Category Description
Comparison Virtual lab vs

passive media vs
hands-on lab (or a
combination)

The comparison between a virtual chemical
laboratory with passive media (e.g.,
classroom lectures, video, text manual,
demonstrations) or with traditional
hands-on laboratory, including a
combination of these media (e.g., virtual
lab + hands-on lab or virtual lab + passive
media).

Evaluation method Test A quiz testing cognitive outcomes of the
student right before (pre-test) or/and after
(post-test) the intervention.

Experiment A chemical experiment performed in a
traditional hands-on laboratory as
evaluation of the student’s laboratory skills

Real-time
assessment

Embedded performance evaluation within
the digital application and recorded in data
log files.

School grade The school grade of the student after an
academic period (usually a trimester or
semester)

Questionnaire A survey with questions to be answered by
the participant

Interview A structured conversation with the
participant containing questions to be
answered

Observation Findings by direct observation of the
participant during the intervention

Learning outcome Cognitive Learning outcomes of the cognitive
dimension (including declarative,
procedural and conditional knowledge)

Affective Learning outcomes of the affective
dimension (including self-efficacy, attitude,
usability)

Skill-based Learning outcomes of the skill-based
dimension (including laboratory handling
skills)

Technology type 2D Desktop Two dimensional representation of the lab
environment or equipment using a desktop
monitor display

3D Desktop Three dimensional representation of the lab
environment or equipment using a desktop
monitor display

Immersive VR Immersive virtual reality device that allows
a high level of immersion (including
head-mounted displays)

NUI (2D, 3D or
imVR)

Natural user interfaces that uses ergonomic
movements or gestures as input to control
the virtual lab (including spatial tracking,
hand gestures, body gestures)
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Variables Category Description
Instructional design Instructional

approach
Learning theories applied in the virtual lab

Instructional
support

Instructional support elements that serve as
an aid for the user’s cognitive processing in
the virtual lab
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Appendix B

Appendix to chapter 4

Table B.1: Adapted items from the SUS questionnaire (Brooke, 1995). Even
numbered items (R) are reverse-coded

Item
number

SUS item

S1 I think that I would like to use the VR LaboSafe Game frequently
S2R I found the VR LaboSafe Game unnecessarily complex
S3 I thought the VR LaboSafe Game was easy to use
S4R I think that I would need the support of a technical person to be able

to use the VR LaboSafe Game
S5 I found that the various functions in the VR LaboSafe Game were well

integrated
S6R I thought that there was too much inconsistency in the VR LaboSafe

Game
S7 I would imagine that most people would learn to use the VR LaboSafe

Game very quickly
S8R I found the VR LaboSafe Game very awkward to use
S9 I felt very confident using the VR LaboSafe Game
S10R I needed to learn a lot of things before I could get going with the VR

LaboSafe Game
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Appendix to chapter 5

Table C.1: Questionnaire items on the attributes of engagement.

Subscale Items Source

Absorption in
the task

E1. This safety training (with VR serious games) was
not boring for me (Magyaródi

et al., 2013)E2. Following this safety training (with VR serious
games) totally engrossed my attention
E3. I forgot about the progress of time

E4. Time passed faster than I thought

Control active
learning

E5. This safety training (with VR serious games) allows
me to be more responsive and active in the learning
process. (Lee et al.,

2010)
E6. This safety training (with VR serious games) allows
me to have more control over my own training of safety
awareness and safety behaviour.
E7. This safety training (with VR serious games)
promotes self-paced learning.
E8. This safety training (with VR serious games) helps
to get myself engaged in safety trainings.

Behavioural
Intention

E9. I intend to follow this safety training (with VR
serious games) more, assuming I had access to it for a
relevant subject

(Makransky
& Lilleholt,
2018)E10. I would follow this safety training (with VR

serious games) frequently in the future
E11. I would like to participate in other safety trainings
that uses this teaching method (with VR serious games)
E12. I would train my safety skills more if I had access
to this safety training (with VR serious games) in my
workplace
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Table C.2: Questionnaire items on safety training motivation (adapted from
(Scott, 2016)).

Subscale Items

Intrinsic
motivation

M1. Because I take pleasure in following safety trainings (with VR
serious games)
M2. Because safety trainings (with VR serious games) are fun

M3. Because safety trainings (with VR serious games) interest me

M4. Because I enjoy following safety trainings (with VR serious
games)

Identified
regulation

M5. Because I believe it is important to follow safety trainings
(with VR serious games)
M6. Because safety trainings (with VR serious games) are
personally important to me
M7. Because I want to learn new things

M8. Because I believe safety trainings (with VR serious games)
improve my safety skills

Introjected
regulation

M9. Because I would feel ashamed of myself if I didn’t follow safety
trainings (with VR serious games)
M10. Because otherwise I will feel guilty

M11. Because I want others (e.g., supervisor, colleagues, family,
client) to think I take safety trainings (with VR serious games)
seriously
M12. Because I want others (e.g., supervisor, colleagues, family,
client) to think I have good safety skills

External
regulation

M13. Because others (e.g., supervisor, colleagues, family, client)
oblige me to follow safety trainings (with VR serious games)
M14. In order to get approval from others (e.g., supervisor,
colleagues, family, client)
M15. Because I am supposed to follow safety trainings (with VR
serious games)
M16. Because I risk losing my job if I don’t

M17. In order to acquire an attendance certificate for following
safety trainings (with VR serious games)

Amotivation

M18. I am not motivated, because it doesn’t make a difference
whether I follow safety trainings (with VR serious games) or not.
M19. I am not motivated, because safety trainings (with VR serious
games) are not a priority to me
M20. I am not motivated, because safety trainings (with VR serious
games) are not a priority in my workplace
M21. I am not motivated, because following safety trainings (with
VR serious games) are not worth the effort
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Figure C.1: Dendrogram representations of the hierarchical clustering
method of (top) pre-test and (bottom) post-test motivation data.
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